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INTRODUCTION

The Instituto Nacional de Energia de Ecuador (INE) has been
engaged in the exploration for low-tb;moderate enthalpy
geothermal resources in the Valle de Los Chillos area near the
volcano Ilalo’. Funding for this project has been provided in
part by U.S. AID. The University of Utah Research Institute
(UURI) has been contracted to provide expert technical assistance
in a geothermal resource risk assessment, geophysical survey
planning and execution, geochemical studies, and technology
transfer and training of INE geoloéists. Previous geophysical
work included electrical resistivity surveys at Sangolqui-El
Tingo and Tumbaco-Cumbaya. Previous UURI assistance efforts have
been documented by gg&,P. M.‘Wright, (1985, 1986) and Dr. J. N.
Moore (1985). |

Dr. Howard P. Ross, Senior Geophysicist of UURI completed a
gravity mission for INE during July 2-July 13, 1986. The
requirements of this work and funding for the project are
provided in:a contract agreement betﬁeen INE and UURI dated 8
July 1986. A Statement of Work for the project as understood by
UURI is provided in Appendix 1. Daily activities for the gravity
mission are recorded in Appendix 2. A preliminary report
describing the gravity mission was written in Quito and delivered
to INE (Ross, 1986). This final report reviews the project in
brief and describes the final data compilation and
interpretation.

INE geologists have recognized the potential value of the

gravity methoed for defining subsurface rock density contrasts.



Abrupt changes in the density distribution may indicate the
presence of faults which serve as conduits for geothermal fluids
in the valle de Los Chillos. Thus the gravity survey may provide
supporting data which, used in conjuhction with geologic,
geochemical, and electrical resistivity déta, will indicate the
preferred locations for drill testing. INE geologists have
completed‘the gravity sufvey themselves using a leased gravity
meter, and utilizing technology transfer provided by UURI during
the July mission. The survey data were reduced in Quito and
transmitted to UURI for review and intefpretation. The data were

received by UURI October 3.

THE GRAVITY SURVEY METHOD

The gravity survey method has been used for many years in a
variety of geologic studies, including exploration for mineral
deposits, petroleum exploration, and academic studies of the
earth’s crust. The method has been used in geothermal
exploration for approximately 20 years, principally for the
detection of faults and mapping of buried intrusives and volcanic
features.

Much has been written about the gravity method and a
detailed description of the method is not appropriate in this
report. Several reports.and studies were transmitted to INE
.geologists for referehce and study and the interested reader is
referred to these. Dobrin (1976) and Telford et al. (1976)
provide excellent descriptions of the gravity method and basic

interpretation techniques. A good introduction and summary of



the method excerpted from Wright (1982) is provided as Appendix 3
of this report.

Feininger (1977) has compiled the data of several gravity
surveys totaling 14,000 stations to produce a Simple Bougueer
Gravity Anomaly Map of Ecuador, at a scale of 1:1,000,000. The
gravity stations are irregularly spaced and mainly without
terrain corrections. Nevertheless the map helps to provide a
good regional understanding of the crustal geology of Ecuador.
Feininger and Seguin (1983) describe the_inferred crustal
structure of Ecuador based on a numerical model interpretation of
portions of these aata, and provide useful density information on
major rock units in Ecuador. A single profile of approximately 5
stations extends from Quito east to Cumbaya near the survey areas
in the Vvalle de Los Chillos, and indicates a major north trending
gravity low in the area of INE geothermal interest.

As indicated in Appendix 3 the precision and usefulness of
the gravity survey depends on accurate elevation control and
survey position. Gravity line positions and station elevations
and locations for the Sangblqui—El Tingo and Tumbaco-Cumbaya
surveys were established in advance of this gravity mission, by a
private engineering firm located in Quito. It was impractical to
make major changes in the survey as already laid out during the
July mission. Some additions to the Sangolqui-El Tingo survey

were made in response to recommendations by Ross (1986).

INSTRUMENTATION



'The instrument used in this gravity survey was a Lacoste and
Romberg, Inc. Model G Geodetic Gravity Meter, No; 325. The
instrument was leased from Mining Geophysical Surveys, Tucson,
Arizong, under fundin§ from U.S. AID. This gravity meter is a
high precision instrument with a worid—wide reading range of
7,000 milligals, a reading accuracy of + 0.01 milligal, and a
normal drift rate of substantially less than 0.10 milligal per
month. Review of the drift records for the completed surveys
indicates several "tares" or instrument drift changes of 0.1 to
0.5 milligals, as discussed later. The operating principals and
instructions for use are described in detail in the instruction
manual provided with the instrument (Lacoste and Romberg, Inc.,

19 2 ).

The gravity meter is protected against minor vibration by a
clamping mechanism which isolates the measuring spring and mass,
and is sealed and internally pressure compensated. Nevertheless,
the instrument is very sensitive to damage from being dropped,
kicked, knocked over, or similarly disturbed. Instrument repairs
can be very costly ($1,000-$10,000, U.S.) and could take a 1long
time (10-100 days). Fortunately the surveys were completed
without the need for repairs.

During the July gravity mission, three days were spent
providing instruction in instrument reading, handling, and field

techniques to INE geologists. Additional information was
available in the instrument manual. Geologists Marco Acosta and
Milt&n Balseca became Quite proficient in the operation ahd

handling of the instrument in this time. It appeared possible to



achieve a reading precision of 0.01 milligals at most stations.
Local noise and vibration conditions caused by unstable ground,
strong winds, and truck traffic on rough roads would of course

compromise this precision and accuracy at many stations.

INSTRUCTION FOR INEAGEOLQGISTS

An important part of the July gravity mission was the
training of INE geologists and discussions about the gravity
survey method. This was most important since INE geologists
would complete all the field observations, apply the numerous
corrections to the data, and reduce the data themselves. An
effort was made to transfer an understanding beyond that which
can be obtained Q@aﬁ the referenceé since field conditions are
variable and unexpected coenditions could arise, and INE personnel
would have to make many decisions leading to the successful
completion of the survey. The major elements of the instruction

and discussion are summarized below.

Instrument Operation

Training in accurate instrument reading and care of the
instrument has been described in the previous section. INE
geologists completed more than 12 instrument readings in the
field in addition to daily instrument check readings at the INE
office. Instruction, observation, and comments on instrument

procedures were provided for these activities.

Field Instruction




Inst;uctioh in gravity meter measurement under field
conditions was accomplished by identifying a survey base station
for Sangolqui-El Tingo and a separate base station for Tumbaco-
Cumbaya, and then completing a survey loop tying a secondary base
on each profile to the survey area base station. A number of
"typical" field problems were noted, including: missing survey
stakes; unstable ground at the station due to thick grasses; high
winds; traffic problems; unsuitable station location (adjacent to
buildings, walls, or power poles; at the edge of severe
topographic features; on pointed rocks, etc.); drifting meter
values or instrument level bubbles. Best effort solutions to
these problems were discussed and effected. This often required
a movement of the station, estimating the elevation difference,

and recording the changes in the survey notes.

Survey Methodology

Considerable time was devofed to discussions of survey
methodology such as ties to known gravity values at the Quito
Astronomical Observatory and the Quito Airport, establishing
survey bases at Sangolqui-El Tingo and Tumbaco-Cumbaya, and the
use of secondary bases on each profile during the conduct of the
survey. The optimum methodology must account for characteristics
of the established stations, useebility of the road network,
survey efficiency,‘characteristics of the data reduction scheme,
and time and funds available. After considerable discussion and

study of the data reduction program (Kwoon et al., 1977) and the



survey maps} a general methodology was agreed -upon and is

described in the following pages.

Establishing Absolute Gravity

(Tie-in to known stations). The gravity meter records
differences in the earth’s gravitational attraction to a high
precision but does not measure absolute gravitational attraction.
The absolute value of the gravity field for survey stations can
be a¢hiéved through a tie-in by completing an observation loop
beginning and ending at one station for which the true
gravitational field is known. Gravity values at all other
stations can then be expressed in terms of the true observed
gravity, true Bouguer gravity, or as the true Bouguer gravity
anomaly by addition of the constant value determined for the
known station.

Two principal stations in Quito'for which the absolute
observed gravity value is known are located at the Quito Airport
and at the Quito Astronomical Observatory (QAOb). The gravity
values for these stations are tied uniforﬁly to the new basic
value of gravity at Potsdam, through the Latin America Gravity
Standardization Net (Feininger and Seguin, 1983). The exact
location of the station at the Quito Airport was not known to INE
geologists and is believed to be in a high traffic area
unsuitable for multiple station reoccupation. The station in the
QAOb was located in the basement floor of the o0ld seismograph
room, was identified by a brass marker, and was available for

gravity observations. An initial observation at this site was



taken on 9 July 1986, but was found to be noisy and drifting.

The variable readings were attributed to construction in progress
, satisfactory
at the site and to heavy morning traffic. The results of %h?s\«¥<f

measurement® and principal facts for the two known stations are ~
n

shown below in Table 1.



TABLE 1

RELATIONSHIP TO ABSOLUTE GRAVITY VALUES

Gravity Longitude W Latitude Elevation Observed Theoretical Differ-
Station (Degrees- (Degrees- (m) Gravity Gravity ences
Min) Min) (milli- (milli-
gals) gals)

Apto M 78° 29.0° 00 10.4" 2812.41 977270.32 978049.04 7.65 mil-
Sucre ligals

observed
Q. Astron 78° 29.5¢ 00 13.2r 2817.21 977262.67 978049.10 Grav.
Obs.
Q. Astrom 78° 29.5’ 00 13.2r 2817.21 1011.26 + .03 976251.41

Obs.

+ .25



Table 1 shows that the absolute gravity for the QA Obs. is -7.65
milligals with respect to the Quito Airport value. Also, the 14
July meter readings by INE geologist with L & R G-325 of 1011.%%
+ .03 milligals requires the addition of a cénstant, approx-
imately 976,251.41 milligals to adjust the L & R G-325 value to
absolute gravity readings. ighe constant correction value to
expreés L & R G-325 gravity values in terms of absolute gravity

can be expressed as:

" C}{“\\ 5\'5 e obs— obs ‘ ) ’
60»5 Kﬁéﬁf. = %ms (QS Obs) - %bs (QA Obs) = +976251.41 mg
(aosoluted (LER &-325)

Base Station Looping

. FN 4N
To tie the survey data for Sangolqui-El1 Tingo (s\;hﬁT) and

Tumbaco-Cumbaya (T-C) to QA O@frequired a separate loop between
QA Obs. and a selected base station for each area, since only
poor roads exist between S;ET and T-C areas. A single loop
should be sufficient for each tie-in unless a large drift and
tidal variation is apparent upon repeat observations at QAO0. If
the difference after tidal correction is greater than 0.03
milligals, a repeat loop should be completed. The recbmmended

procedure can be expressed as:

Loop 1: QAObs -- S-ET base -- QAObs

Loop 2: QAObs -- T-C base -- QAObs

12



Table 1 shows that the absolute gravity for the QA Obs. is -7.65
milligals with respect to thé Quito Airport value. Also, the 14
July meter readings by INE geologist with L & R G-325 of 1011.26
+ .03 milligals requires the addition of a constant, approx-
imately 976,251.41 milligaIS‘to adjust the L & R G-325 value to
absolute gravity readings. The constant correction value to
expreés L & R G-325 gravity values in terms of absolute gravity

can be expressed as:

K .=G (QS - Obs) - G (QA Obs) = +976251.41 mg

(absolute) - (L & R G-325)

Base Station Looping

To tie the survey data for Sangolqui-El Tingo (S-ET) and
Tumbaco-Cumbaya (T-C) to QA Obs required a separate loop between
QA Obs. énd a selected,basé station for each area, since only
poor roads exist between SQET and T-C areas. A single loop
should be sufficient for each tie-in unless a large drift and
tidal variation is apparent upon repeat observations at 0AO. If
the difference after tidai correction is greater than 0:03
milligals, a repeatAloop shduld be completed. The recommended

procedure can be expressed as:

Loop 1: QAObs -- S-ET base -- QAObs

Loop 2: QAObs -- T-C base -~ QAObs



The survey procedure for all profiles required additional
loops to identify major instrument changes (tares) and to
establish instrument drift and tidai changes. Tidal corrections
were calculated by the reduction program (Kwoon et al., 1977).
This procedure for a Siﬁgle days activity, for S-ET profile 5

(for example) could be:

QAObs -- S-ET 3-28 -- QAObs (previously established,
Base 1 Base 2 Base 1 i.e., Day #1)

S-ET 3-28 -- S-ET 5-24 -- 5-1 -- 5-2 -- 5-3 ,,..-5-12 -- S-ET 5-24

Base 2. Base 3 Base 3
Morning Morning Mid-day
Day #3 ‘ -
-- 5-13 -- 5-14 -- 5-15 ,.... -- 5-23 -- S-ET 5-24
Base 3
End of
Day #3

Similar procedures would apply to other profiles and to regional
stations to be discussed later. This looping technique-appeared
to be fully compatible with the input format required by the
Kwoon et al. (1977) computér program which was used for data
reduction. Thus, all data should be reduced with respect to the
QA Obs and will be expressed as Bouguer Anomaly values rather

than as absolute gravity values.

AData Reductioen

Data reduction for gravity surveys must be carefully
completed and requires considerable time, especially for terrain

corrections. The correction process is described in Appendix 3



(note Figure 1) and;other'references. Because of the large
number of Qravity stations in ‘the INE surveys, the need for exact
manipulatioh of large numbers, and the looping of base stations
the reduction process is most necessarily done by computer. INE
geologists have implemented a computér program written by Kwoon,
Rudman and Blakely (1977) on the INE computer to complete the
data reduction. |

‘Topographic corrections, both in field and iﬁ office map
determinations, were reviewed in some detail. Topographic
corrections were expected to be large for many stations in the
survey area and could be the largest error in the corrected
gravity values. . It was recommended that topographic corrections
be détermined as well as possible and that a student be employed
for some of this work. Short-cut procedures to reduce the
required work were discussed with INE geologists. Templates,
topographic correction charts and various forms were made
available to INE. .

A denéity of 2.45-g/cm3 was used for topogréphic and Bouguer
cbrréctidns. This is close. to the 2.40 g/cm3 used by Feninger

and Seguin (1983) for volcanic fill of the Inter Andean valley.

Data Interpretation

Time permitted only a genefal discussion of data interpre-
tation, density changes, regional gradients, etc. A general
gualitative interpretafion can be performed on survey gravity
maps at scales of 1:10,000 or 1:25,000. betailed gquantitative

interpretation could be completed with program GRAV2.D which



models the density distribution of finite strike length two-
dimensional bodies if the data warrant. The principal aim of the
interpretation is to identify and define suspected faults which
may be the conduits for geothermal fluids.

Dr. P. M. Wright recommendedvregional gravity stations
between Quito and the survey areas to assist in defining the
regional gradient. No engineering was completed to prepare
gravity stations and these data were not obtained. Regional
gravity stations on Ilalo’ were considered more important.

‘Additional fill in gravity stations, at épproximately 50 m
intervals, were recommended to INE geologists when very steep
gravity gradients were observed on profiles near the suspected
faults. Time did not permit obtaining gravity data at
intermediate stations before the gravity meter was returned to

Mining Geophysical Surveys in the United States.

EVALUATION OF INE SURVEY DATA

A preliminary inspection of the INE Tumbaco-Cumbaya and
Sangolqui-El1 Tingo gravity maps indicated generally smoothly
varying gravity fields but also the presence of several single
station anomalies, which often indicate observation or
compilation errors. Some concerns also arose about optional ways
to contour the data. A careful review of all steps of the data
compilation was iﬁdicated'grior to any interpretational efforts.
This is a rather standard procedure even for gravity data

compilations by very experienced groups.



The following work was completed in order to verify and

improve the data compilation and resulting gravity maps.

1. Station elevation wverification. The elevation of all
gravity stations as tabulated by program GRAVSUR were compared
with the survey engineer tabulation of elevations. Several
errors were found in both areas (see Appendix 4), and gravity
values were recomputed.

2. Instrument drift was determined for all base station

reoccupations to detefmiﬁe instrument stability and drift
correqtion magnitude. This was not printed out by GRAVSUR and
had to be recalcuiated. Drift correctiogkvaried ffom -0.375 to
+0.569 but‘ggg'generally less than 0.20 mg. The largest single
error occurs at station 34B, TCG-5 where an input meter value of
1099.980 should have been 1009.980. This resulted in huge drift

corrections for 10 stations and a large, false anomaly.

3. The elevation of the datum plane was checked for all
profiles. An input error on Profile TCG-5 caused the entire
profile to be reduced to a datum plane of 5.00 m rather than sea

level (0.00 m). Final’Bouguér gravity values were corrected.

4. Printed Bouguer gravity values for each pfofile were
compared with yalues plotted on the maps, statién by station.
Errors were corrected,and numerous values changed when roundﬁoff
‘to the nearest 0.1 milligal.

5. Single station anomalies and large or erratic gradient

areas were compared with topographic corrections, drift

corrections, elevation variation and observed gravity meter



readings to locate or identify possible errors. Good topographic
maps were not available for further comparison.

6. Bouguer gravity maps were recontoured to emphasize

Questionable.single station anomalies and to remove linear bias
as deemed appropriate.

Program GRAVSUR was readily implemented by INE and has given
rise to a satisfactory data compilation. Some aspects of the
program and compilation could be improved in any future surveys.
The topogfaphic corrections‘are typically applied after the
simple Bouguer anomaly haé béen calculated, (hence last) to
permit tabulation of both the simp;e Bouguer anomaly and the
terrain corrected Bouguer anomaly. Some reduction prograﬁs also
print out topographic, tidal, and drift corrections for easy
comparison with the fully corrécted Bouguer gravity value. This
would héve been most useful in the present study.

The reviéed Bouguer gravity maps for Tumbaco—Cumbaya and
Sangolgqui-El1 Tingo are substantially different from INE
preliminary maps, with generally smoother contours and fewer
single station énémalies. Several gquestionable anomalies with
gradients larger than 2.0 hg between stations, and several mg
between lines, still occur.: Most of these features can be
attributéd to unusually high or low observed instrument readings,
as compared to nearby stations. The largef amplitude (3 mg 6r
more) single>statign anomalies are almdst certainly errors. No

interpretation will be offered for these anomalies.

INTERPRETATION



The interpretation of gravity data often consists of three

separate phases:

1. Qualitative evaluation: of noise level; identification
of geologic caused anomalies and their magnitudes; character of
regional gradients; concordance with known geology; and

delineation of probable géologic features.

2. Quant;tative interpretation: Numerical modeling, model
matching, of"cﬁrve matching to determine depths, density
contrasts, size and shape with a reasonable degree of accuracy.
Interpretation of this type is only warranted when anomalies are
well defined and anomaly magnitudes are well ébove the
uncertainty of regional gradients and sutrvey and/or geological
noise levels.

3. Geqlogiéal interpretation: Identification of geologic

causes or rock units giving rise to features interpreted from 1.
and 2. above. Due to some limitations of the survey data this

interpretation shall focus on phases 1 and 3.

TUM‘BACC -CUMBAYA SURVEY

The Boﬁguer‘gfavity map for the Tumbaco-Cumbaya area is
presented as Plate IA, Plate IB presents interpretational notes
and interpreted features superimposed on the data base of Plate
IA. |

An inspection of stacked profile plots, tabulated Bouguer
gravity values, and the final contour map suggest that much of
the survey has been cdmpleted to an effective accuracy of + 0.1

or + 0.2 mg which is an excellent result. More than 10 single



station anomalies of 1 mg or more db occur however, and since the
gravity method is sensitivé to the effects of elevation and
instrument reading errors, and to topographic effects these
"anomalies' must be consideied as possible errors. A fairly
large distance betWeen lines, stations where readings could not
be taken, and the lack of "fill in" or check values on isolated
anomalies further complicates the interpretation.

Profile plots and Plate IA were searched for possible
indications of geologié changes, generally represented by an
increased slope of the'Bouguer gravity data. These locations
were plotted on profiles and Plate IB. The more likely
continuify between these high gradient areas was inferred from
the contour map itself using our basic understanding of the
geologic environmént, as presented by Acosta (1985).

The geology of the Interandean Valley, as described by
Acosta (1985), includes a complex stratigraphy of Ilalo’
volcanics, generally breccias and flows, overlain by several
units of erosional debris. These include conglomerates, volcanic
debris, lahars, colluvial and landslide deposits. In volcanic
settings such as this the density contrasts between mappable
units is generally small, 0-0.4 gm/cm3. The identification of
valid gravity anomalies is often difficult and depends to a large
extent on the cqntinuity of the geologic feature, especially
faults.

Four basic.types of geologic features which may be present
in this area, and are important to geothermal exploration with

the gravity method, are shown schematically in Figure 1. The



gravity anomaly of a deeply buried fault (la) should be indicated
as a gradient across many (4-20) station intervals of 100 m. A
shallow fault (1lb) may be expressed as a weak anomaly gradient
over a few station intervals, but may be superimposed on a much
broader gradient if the fault extends to great depth. Local
three-dimensional anemalies may occur along faults or at fault
intersections. If brecciatiqn and dissolution occur, as in
Figure 1lc, a weak gravity low may result. 1If %%?fgzﬁT_fEEQ& or
ofher mineral deposition occurs at a fault intersection, or if
lava cooled in a fault intersection, a gravity high, possibly a
single station gravity anomaly, may result (Fig. 14d).

Plate IB shows the interpreted structures for the Tumbaco-
Cumbaya area. Low anomaly amplitudes and limited continuity
acrose survey lines demands considerable uncertainty in the
ihterpretation.of many features. The more speculative faults are
indicated by broken lines and question marks. Substantiation by
independent data (geolbgic mapping, resistivity, etc.) is
desirable before much credence ean be given to these features.

Limited geologic control was available at a scale
appropriate for comparison with the gravity data. Major linear
featuree interpreted as structures by Acosta (1985) in his figure
3.2 have been added to Plate 'IB for comparison. Mapped pools
(piscina) are also shown.

Linear‘36B may be expressed in the gravity data along the
northern portions of Profiles TCG-3, TCG-4, and TCG-5. Linear 9
may be expressed along the southern portion of TCG-5 and may

cross TCG-6 near a well defined gravity low at station 13. The



interpretation of structures crossing profiles at a small angle
is often speculative however. Several more easterly trending
features have been mapped, as shown. Easterly trending
structures in the southern parts of all profiles may correspond

somewhat with linears 16 and 17 of Acosta’s Fig. 3.2.

SANGOLQUI-EL TINGO SURVEY

The Bouguer anomaly map of the Sangolqui-El Tingo area,
Plate IIA, shows only a few questionable single station anomalies
and is characterized by generally smoothly varying contour
patterns. The dominant feature of the map i%isystematic increase
in Bouguer gravity from southwest to northeast as one approaches
the volcano Ilalo’. |

Another major trend is the decrease in gravity values from
northwest to southeast. The'gradients become quite steep between
lines STG-7 and STG-8 near Barrio San Vincente. This gradient is
imperfectly defined since it occurs mainly between profiles. A
careful reviéw of the data indicates the lower gravity values
along Profile STG-8 arise directly from lower observed gravity
" meter readings, and the effect of elevation changes, drift and
topographic corrections are not importanf in defining this
feature. Hence it is considered to b%:balid anomaly of geologic
origin, although the rapid changes between stations 14-15, and
36-39 strongly suggest the possibility of errors in observed
gravity values.

Probable and possible faults interpreted from the gravity

data are shown on Plate IIB. No real correlation exists between



major linea;s No. 25 and 30,,mapped by Acosta (Figure 3.2), where
these features cross the survey area. Linear feature No. 31
crosses STG-7 and STG-8 near interpreted faults in the eastern
portion of the survey area. A fault indicated by Acosta in Fig.
No. 3-4, Fault No. 4 closely parallels structures mapped on the
northern portion of profiles STG-1, -2, -3, and -4. The gravity
déta have probably confirmed the location of a major structure in
this area. Another mapped fault presented in Fig. No. 3-4, Fault
No. 5 crosses profile STG-6 near two indicated possible
structures, but these a{'inferred to have an easterly trending
continuity.

A possible northeast trending fault is indicated
approximately 100 m northwest of STG-8. If there is no error in
the gravity data, a substantial fault may occur within 100 m of
this location.

A few other possible faults are interpreted on Plate IIB,
but their validity and importance in controlling geothermal fluid
movement is unknown. Some'%géé, possibly thermal springs, occur
near the mapped structure. Verification of these features will

require additional field work by INE geologists.

SUMMARY AND CONCLUSIONS
)
In July 1986, Dr. Howafd Ross of ESL/UURI completed a
mission to Quito, Ecuador for the purpose of instructing INE
geologists in the gravity survey method. Subsequent to this

field mission, INE geologists successfully completed two detailed

gravity surveys in the Tumbaco-Cumbaya and Sangolqui-E1 Tingo



areas, Valle de Los Chillds. Data reduction and coﬁpilation was
completed in Qufto using a prbgram GRAVSUR which had been
implemented on INE’s computer. |

The gravity data compilation has been reviewed by ESL/UURI
and some modifications have been made. Revised maps of Bouguer
gravity for the Tumbaqo-Cumbaya.and Sangdlqui-El Tingo areas are
included in this final report.

An interpretation of these gravity data has béen largely
qualitative since the anomaly expressions a;iweak, some data were
not recorded, and few anomalies are adequateiy sampled to justify
a'npmerical interpretatioﬁ. INE geologists aﬁ’prepared to
complete numerical modeling of selected anomalies using program
GRAV2D if they desire to do so. A limited number of continuous
fault structures have been mapped in each survey area. A larger
numbervof possible, shbrt of discontinuous structures have been
interpretéd.

Some correlation exists between mapped lineaments and faults
spatila

and the structures inferred from the gravity data. The spee&aﬁ -

~location of these interpreted structures can be no better than
the basic station spacing of 100 m. The structures interpreted
from the gravity data are considered too ambigudus to‘define
drill test locations by themselves, but may contribute to target
concepté and area selection in conjunction with thermal,
geochemical, elect;i%\resistivity and geologigfdata. A field

evaluation of inferred structure locations may aid in

establishing the validity of the interpreted geologic structures.
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APPENDIX 1
STATEMENT OF-.WORK

INE GRAVITY MISSION

Travel SLC-TUC (R/T). Review operation of Lacoste a Romberg
gravity meter with W. Gordon Wiederwilt. Complete field
calibration loop to verify operating condition and
calibration -of instrument. ’ '

Travel SLC-Quito. Inétrument as carry on luggage. Also
transmit RIP2 and GRAV2 computer tapes and Wright’s
resistivity report to INE.

Instruct INE geologists in operation of gravity meter.
Review gravity survey station locations and surveying
results to date. Sign INE - UURI contract on behalf of P.

M. Wright.

Begin gravity survey with. INE trainees. Complete loops to
establish base station for survey areas tied to central base
station. Verify survey procedures, data taking, data
reduction and terrain correction procedures.

Complete office discussions regarding status of project,
communication problems, etc. Discuss resistivity survey
interpretation and report. Discuss sampling techniques and
procedures for radioactive age dating in USA (Duncan Foley’s
memo). ‘

Review use of GRAV2D, basic interpretation. Write report of
trip and work completed and leave with INE.

Travel Quito-SLC

Review and/or complete interpretation of gravity survey data
after shipment to Salt Lake City. Prepare interpretative
report (September-November, 19867?). ’

<



Date

2 July 1986

6 July 1986

7 July 1986

8 July 1986

9 July 1986

10 July 1986

11 July 1986

12 July 1986

13 July 1986

-APPENDIX 2
RECORD OF, DAILY ACTIVITIES
Dr. Howard P. RoOss

2-13 July, 1986

Acti&ity

Travel Salt Lake City to Tucson, Arigzona.
Review gravity meter operation with Mining
Geophysical Survey geophysicists, verify
meter condition. Return to Salt Lake City-~-
hand carry meter.

Depart Salt Lake City for Quito.

Travel to Quito. Clear gravity meter through
customs. with assistance of U.S. AID
personnel. Deliver gravity meter to INE
geologists. Check in at Tambo Real Hotel.

Visit Dr. Fausto Maldonado, U.S. AID, and
discuss INE geothermal project. Met with INE
geologists; begin warming of instrument and
adjustment for local latitude and elevation.
Verify instrument is working properly. Begin
instruction in handling and operation of
meter. Deliver computer tapes for RIP2 and
GRAV2.D programs. Review INE-UURI contract.
Leave meter on batter/eliminator. ,

Take gravity reading at geodetic reference
station, Quito Observatory. Travel to
Sangolqui-El1 Tingo area, establish gravity
base stations, all lines, return to base
station. Training INE geologists.

Travel to Tumbaco-Cumbaya area, establish
base stations. Training INE geologists.
Return to INE, review computer program for

-data reduction, noting input errors, program

errors, etc.

Instruction and discussions at INE: data
reduction, terrain corr., interpretation,

- survey additions. GO to computer center.

Work on report all day.

Travel Quito - Miami - Salt Lake City.



APPENDIX 3
THE GRAVITY METHOD

This introduction to the gravity survey method - as typically
used in geologic exploration problems, is taken from:

Gravity and Magnetic Methods in Mineral Exploration, by P.
M. Wright, Seventy-Fifth Anniversary Voldme, Economic Geology,

Society of Economic Geologists, 1981.



APPENDIX 4

CORRECTIONS TO GRAVITY DATA

Tumbaco-Cumbaya

Line Station Elevation Bougquer . (Lectura)
: ‘ . Gravity Gravity
TCG-2 42 2366.54 1560.323 <--
TCG-4 27 2311.45 1556.770 ---
TCG-5 34B ok—-- --- 1009.980(?)
TCG-5 15 2292.42 --- ' ---
TCG-5 (Datum Elevation should be 0.0 meters not 5.0§ INE

should recompute all stations on TCG-5 after correcting
datum elev. and reading at 34B, 9h/58gm,- 7/17/86)

Sphess-

Sangolgqui-El Tingo
Line Station Elevation Bouguer

' ‘ ' Gravity
STG-1 15 2475.19 1551.95
STG-2 49 2436.75 1559.018
STG-4 22 2460.32 1558.037
STG-4 29 2462.09 1548.473
STG-6 38 2468.01 1549.123

~

Data values on maps have been rounded off to. the nearest 0.1
milligal. ‘ :
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TELEFONQS: 541-500 - 541-588

CASILLA Ng¢ 007 - C. QUITO - ECUADOR
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Howwd Po Ross
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

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

October 14, 1986

INSTITUTO NACIONAL DE ENERGIA

Attn: 1Ing. Franklin Carrasco G.

Director Ejecutivo Encargado

Ave Mariana de Jesus No. 2307 y
Martin de Uteras

Quito, Ecuador

Dear Sir:

We regret the delay in transmitting to you the listings for
two subroutines for gravity modeling program GRAV2D. We had
hoped to include the resistivity report in Spanish but this is
not yet completed.

Our computer people are certain that subroutine GRAV2D.COM
was included as the first file in the source code on the computer
tape I presented to Marco Acosta while in Quito. The second
enclosed subroutine, §  MERG.COM was missing however. Computer
listings for both subroutines and sample data files are included
here. '

Please inform Marco Acosta that we received the Sangolqui-El -

- Tingo and Tumbaco-Cumbaya gravity data via DHL on October 3. We

have begqun our interpretation and a memorandum describing my
preliminary evaluation is enclosed.

A detailed accounting of outstanding payments due to UURI
through August, 1986, has been prepared and is transmitted
herewith. : :

Dr. Phillip M. Wright has been away on travel much of the
last two months. He will complete the resistivity report and
respond to recent INE telex messages after his return to Salt
Lake City.

Sincerely,

Foward PHpoa

Howard P. Ross
» Section Head/Geophysics
Encl,


http://GRAV2D.COM
http://MERG.COM
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
3971 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295
TELEPHONE 801-524-3422

MEMORANDUM

TO: Marco Acosta

Instit

uto Nacional De Energia

FROM: Howard Ross

SUBJECT: Preliminary Evaluation

INE Gr

DATE: 10 October, 1986

'Tumbaco-Cumbaya

avity Survey Data

1. Several single station gravity anomalies have been mapped -
which may be real geologic features or may be recording
errors, uncertainty in topographic corrections, or data

reduction e

rrors. Questionable data values are:

Line TCG2 Sta. 16; 23; 35; 43
Line TCG3 Sta. 15; 17; 22; 26
Line TCG4 Sta. 11; 18; 39
Line TCG5 Sta. 40; 50

Line TCG6 Sta. 40; 45

A careful i

nspection of observed data, all corrections, and

detailed topographic maps may determine which of these data

values, if

2. The express

any, should be considered unreliable.

ion of faulting is rather weak. Some indication

of faulting may be present between:

TCG2:
TCGl: -

3. A detailed
other data
ing of the

Sta. 14 to TCG4: Sta. 17
Sta. 34 to TCG4: Sta. 33

review of the data, corrections, topography and
may be warranted to determine if numerical model-
low amplitude anomalies is justified.



4. With the exceptions already noted, most of the data appear
to be relatively free of noise and of good quality.

sangoloqui-El Tingo

1.  The contoured bouguer gravity data are generally smoothly
varying with very few single station anomalies which may be
due to recording or correction errors, or to local topo-
graphic effects. The following stations are suspect, and
the data will be carefully evaluated:

Line STGl, Sta. 47

Line STG3, Sta. 48

Line 8STG4, Sta. 22; 29; 41
Line STGS, Sta. 5; 18

Line STG6, Sta. 38

2. A northeast trending geologic structure (fault?) may
be present between Lines STG5 and STG6. There is also
a suggestion of northwest trending structure near Sta.
41 on Lines STG 3 and STG 4.

3. Other structures may be present but the gravity anomaly
amplitudes may be too small, or anomalies incompletely
defined (i.e. at the northern end of the survey area) to
interpret structure with much confidence.

Interpretation

This preliminary evaluation has identified several single
station anomalies which may be unreliable data. The data
reduction for these stations must be carefully checked before
additional geologic interpretation can take place. After this
effort the data will be recontoured if necessary, gualitatively
interpreted,and then numerically modeled if the anomaly
amplitudes are significantly above the level of local noise and
regional gradients.

o

Howard P. Ross
Section Head/Geophysics
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23)

c*t-*-*ﬁttt"*tﬁtat*tt'.tw**-t**tttt*it**ttttt¢_MERG,COM
COMMON BLGCK FGOGR MERG1-MERG13
DESCRIFTION OF COMMON VARIABLES

LR- (INT«.) RECORD LENGTH IN WORDS (4 BYTES EACH)
NSF= (INTe) # OF SUBFILES THAT HAVE BEEN
WRITTEN IN THE® MERGE FILE.
TITLE- (A=-N) 60 CHARACTERS. TITLE CONTAINS THE
DESCRIPTION OF THE MERGE FILE.

1PR~ (INT.) SEGUENTIAL RECORU READING POINTER

IPW- (INTo) SEGUENTIAL RECORD WRITING POINTER

ISF- (INTo) CURRENT SUBFILE STARTING RECORD POINTER
NUMK= (INTe.) # OF RECORDS IN THE CURRENT SUBFILE.

NUMR IS ALWAYS FOUND IN THE FIRST WORD OF THE
FIRST RECORD IN EACH SUBFILE., THE RECORD COUNT
. INCLUDES THE RECORD WHICH CONTAINS NUMR.
13UF- (INTe) WORKING ARRAY USED BY VARIOUS MERG
SUBROUTINES TO MOVE RECORUS FROM PLACE T0 PLACE.
IBUF MUST .BE DIMENSIONED AT LEAST AS LARGE AS LR
IN THE USERS MAIN PROGRAMe. THUS IT IS REQUIRED

THAT THE MRG COMMON BLOCK IS DECLARED IN THE
‘USERS PROGRAM.,

COOCOCOO0O00O000NO00O0O0O0O000O000O00n

COMMON /MRG1/ IbBUF(1)
COMMON /MRS2/ LRyNSFeTITLEC1S)sIPReIPWs ISF9NUMR

Paée L

‘A2NYID %
SANLLOO3BNG '\7\*\.9?‘.\“

— Ay —
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CrAN s aw A s A r NN AN A AR A s AR A AR AR AN A A A darrawdsd GRAV2),COM

COMMON 3LOCK FOR GRAV2D
($INSERT FILE)

® 0 0 0 0G0 00 G0 OBV O OGO O OO0 OO0 PO G OO O OO PO OT OB O OO0 OGO LLL OSSO POTRIBOEGEEOOG"

Co==-- WHEN CHANGING IPWIDsbE SURE THAT

c 1) POLYG * NVERTX MUST BE LESS THAN IPWID

C 2) 1G2H4IG2HGsIG2HP ARE POSITIVE #°*S,

C 3) UIMENSION OF -DUM®*S IS SUCH THAT THE COMMON BLOCK HAS
C IPWID WORDSy :

C 4) LIM IN SUBROUTINES WRyRR IS CHANGED

c 5) NLEN=11 IS UFDATED IN SUEROUTINE INPUT IF

C ADDITIONAL COMMON BLOCKS ADDED TO WORK/MERGE

c FILE DATA

C

PARAMETER 1PWID =500
PARAMETER NSROIR=50

PARAMETER
PARAMETER
PARAMETER
PARAMETER

NPOLYG=15
NVERTX=33
IPWID2=4+]IPWID
NSIRU2=NSRDIR+1

PARAMETER NVTP =NPCLYG*NVERTX

PARAMETER NSTATS=IPWID

PARAMETER IG2H =IPWID-54

PARAMETER 1G6G2HP =IPWID-NVTP

PARAMETER IG2HG =IPWID-5*NPOLYG-2+NSRDIR
PARAMETER CSZ2=0.1 :

PARAMETER ISYM1=1

PARAMETER ISYM2=4

c
LOGICAL VALIDI
REAL*B CTo0TTeGTE 9SSeXMIgXMAWXMAXeXMINoDELM,
$ AINV 9SSTeVeVTeTSVD
c
(cemccccccrccrec e cerccc e e nemc— e e e e eeee ettt e e c e e — - ——————
(o COMMON CLOCKS FGR WORK AND MERGE FILE DATA
C
COMMGCN /G2H1 / NLENJHEAD(2C)¢PROFIDC(20)¢DUMDC(2) ¢NUNITS
3 NBASE9IORDgISSeHSCALEsVSCALEsVBODINSTAT »
3 NPOLYsSSReMAXITDUMICIG2H)
COMMON /G2HZ2 / TOCNSTATS)
COMMON /G2H3 / TTA(NSTATS)
COMMON /G2H4 / DIFOC(NSTATS)
COMMON /G2HS / XSTAT(NSTATS)
COMMON /GZHE& / 2STAT(NSTATS)
COMMON /G2HT7 7/ NSIUES(NPOLYG)+SUS(NPOLYG)¢STRI1I(NPOLYG)
$ . STR2(NPOLYG) o ISUSINPOLYG) o XLIMUNSRDIR) o
3 GELX(NSRDIR) 9DUME(IG2HG)
COMKMGON /G2HB8 / XSTARTU(NPOLYGeNVERTX)OUM2(C(IG2HP)
COMMON /G2H9 7/ ZSTART(NPOLYGeNVERTX) sODUMIC(IG2HP)
COMMON /G2H10 / IVO(NPOLYGeNVERTX)¢DUM4(IG2HP)
COMMON /G6G2H11 7/ IVX(NPOLYG¢NVERTX)eDUMS(IG2HP)
C
(S I R e L R Y e L L T PP

c COMMON BLOCKS FOR TEMPORARY STORAGE
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58) C
59)
60)
61) C
62)
63)
b4)
65) C
66)
67)
ob)
£59)
70)
1)
72)
73)
74)

COMMON

$

COrMMON

by
i

COMMCN
COMMON
COMMON
COMMCN
COMMCN
COMMON
COMMON

/G2RMAN/

/G2HIV /

/LU /
/TERMS /
/MRG1  /
/IMRG2  /
/OFRTXT/
/BLKS  /
/CGPLCTS/

N A R AR R VRV R

SSINSTATS) ¢ GTECNPCLYGYNSTATS)IsGTTUINSTATS)SC T
DELM(NPOLYG yNVERTXoNSTATS) ¢ XMAS XMI ¢ AMAX g XMIN

TSYVOCIPWID2) o SSTINSRCIRK «NSROIR) o
VINSRDIReNSRDIR) ¢ VI(NSRDIReNSRDIR) o
AINV(NSTATS«NSIRD2)

ITRy1TWelUWeIUMeIUPsIUR

ITRH

BUFCIPWID)
LReNSFSTITLEC1IS) 9 IPRWIPW 9 ISF 4NUMR

NLe TEXT(1246)

NIMgIMC200) ¢SDUMC200) oNSCUM

XCHAX 9 XCMINGYCMAXoYCMIN o XMMINgXMMAX,

YMMAX g YMMIN o XCAL o YCAL o XMAL S YMAL »OALX DALY
NOSYMy1PL1s1IPLZ
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1)
2)
3)
4)
5)
6)
7)
)
g9)
10)
11)
12)
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14)
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16)
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18)
19)

1
JGe=eD910c91Cee0
~100.000¢40.0000¢04¢0
11845009Ce00090Ge0
118500¢0.010¢040
1675404019047
1579916259607
120501025'5'5
11e2504%e93¢5
FeD9b4a9d04
BeSecZasdet
Te2592+2340
6e¢379¢1254040
5.'.2500'0
449209140
2'020'1'2
1eS9e019042
-~100e4e019040"
'100-‘0. 'D’O»
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1)

2)

3)

4)

5)

€)

1)

&)

9)
10)
11)
12)
13}
14)
15)
16)
17
18)
19)
20)
21)
22)
23)
24)
25)
26)
27
28)
29)
307
31)
32)
33)
34)
35)
36)
31
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
595)
50)
D]

MODEL FROM SNOW
1
1
90 .
0000090‘090.
~0.29440.240.
‘Gt633’004900
-1402990ab90e
~1.49540.840.
‘2006791001004
'2.770’102!0.
’3.664’104'00
~4.85491e690.
656291840,
-90789'2.0’0.
‘14.024'2.2’0.
‘16.657'204'00'
=18e59092e690.
'20.056’208’0.
’210175’3.0900
‘22.0159502’00
~22e62T935e490
‘23-038!306'0.
'23.2560308’0'
‘230277'400'00
=254061940290
'2206329“.4!0.
‘21.883'“0600.
'20079694-890.
=19.%7495eC90s
’18.411'502’00
-17.937'504'00
'17.995’506900
=18.517+548%40.
=19.51006.040.
'210074'602900
‘23.504'604'0-
=27.09546464Cs
=30.5789608400
=33652297e000a
~56e0599 70240
‘38.2839704’00
40425247640,
‘4200090708’00
~43.568298490,
~464992+84290.
'46.256’804’0.
°470587’8¢6’00
484395484840,
“49.2889%e900
-50.06819.2'00>
‘50.743'9.4000
=51:315949464¢0.
=51.786+9+840,
~524156910.90,
‘52.928’10.2'8.
~52.00391Ce490.
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52)
60)
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63)
64)
65)
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65)
70)
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72)
73)
74)
75)
7€)
T7)
78)
75)
£0)
81)
82)
£3)
84)
&§5)
£6)
87)

88)

89)
20)
91)
92)
93)
34)

~52¢680s1Ueb9Ue0
5246060910840,
~52e545411e90.

~5265335411¢240.
-524031911e440.
-51065491106900
514147911800,
=5045729412490.

=49491291242400
'49.1729120“'00
~484355912¢b0 0
'470“6891208900
-4&-517013.,00

’45.5099150290.

-4a5448'1304900A

‘430341’13.6’0.
4241689136890
~43+991414e90
~39e742914240.
-38.433.1404?00
'37.04701406900
"350564’14.810.
=33095591530
~32¢181915.240
-30e196915e440,
'27.951'15.6'0.
‘25028611508'00
=22.079916e90.
‘17-785116.2‘00
-13020401604100
'10079591606’0.
-9o042916.8450.
‘70665'17090.
-60535'1702000
-50591'1704900
'40785’17-6’0.
‘4.090!17.8'00

- o
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1)
2)
3)
4)
9)
6)
7)
g)
9)
109
11)
12)
13)
14)
15)
16)
17)
1&)
19)
2C)

21)

22)
23)
24)
25)
26)
27)
28)
29)
30)
31
32)
33)
34)
39)

5 .
He~e6T795Ce150440
~24.81690e69040
42;24’00'0'0
4242409459040
3943360079040
2448169679040
-240816900'000
49-eb6T92e92090
42024090.!0'0
55449009040
472569029000
4242409659090
420240’0090’0
6Ee-e23910e94%e 40
55e¢4404044040
S0e81690e00490
908169249090
4202409164040
4262409459090
470256!02’0'0
55440909090
4"'.389500950010
=~24ebE169e740480
3943369479040
200649439040
2448169439040
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3)
4)
5)
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1)

GRAVITY MODEL

S
23
46

'191.9'24.816900

'205095.28'0.
‘2060!60690-

8) -2074910e5690.

G) -207¢9915e31240.

10) -207.’200064000

11) '206.'21.542900

12) ‘2050’23.12690.
13) -2044425.Ube0s
14) -2034926482240.
15) ‘20209280459!00
16) -201.4929.832490.

17) -200.’310258’0c'

18) '199.932.472’00

19) -1984433:95090."

20) -1974935.05940,
21) -196.’350482900
22) ‘1950937.066900
23) -1940!370910!00
24) '1930938059700.
25) ‘1920’390589900
26) '191.,40-445’0.
27) =191¢94092090.
28) -192¢442.2404900
29) =192.8943.82440
30) =193.44544084+0.
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UNIVERSITY OF UTAH RESEARCH INSTITUTE

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295

TELEPHONE 801-524-3422

October 15, 1986

INSTITUTO NACIONAL DE ENERGIA
Attn: 1Ing. Franklin Carrasco G.
Director Ejecutivo Encargado
Ave Mariana de Jesus No. 2307

y Martin de Uteras

Quito, Ecuador

Dear Sir:

Transmitted herewith are a Statement of Account and Invoices
1, 2, 3, and 4 regarding UURI work on Instituto Nacional De
Energia contracts. Please note that the Statement of Account is
in agreement with the total fixed price amounts agreed upon in
Contracts 1 and 2, that is $26,820 and $8,170 respectively.

A preliminary copy of the final resistivity report was
transmitted to Marco Acosta during my gravity mission of July 6-
13, 1986. A final version of this report is being completed in
Spanish and will be transmitted to INE at no additional cost to
INE. ) |

A report describing the Gravity Mission of July 6-13, 1986
was presented to INE prior to my departure from Quito on July 12,
1986. A preliminary evaluation of the gravity survey data, and
computer listings of subroutines missing from program GRAV2D
(delivered earlier) accompany this letter. Additional
interpretation and reporting of the gravity data will be
completed by UURI and transmitted to INE at no additional cost to
INE. ‘ :

o We regret any inconvenience to INE due to late reporting or
transmittal of invoices which may have resulted from Mike

Wright’'s extensive travel schedule. We have enjoyed working with
INE geologists and wish INE success in the continuing exploration



and development of geothermal resources in the Valle De Los
Chillos. ' :

Sincerely,

Howard P. Ross :
Section Head/Geophysics

Enclosures
cc: Dr. Fausto Maldonado

P. M. Wright
W. L. Forsberg

HPR:leo



STATEMENT OF ACCOUNT
INSTITUTO NACIONAL DE ENERGIA

Invoice Payments
Contract No. Amount Date Received Date
Geophysical
Study At valle
De Los Chillos : Oct.
No. 1 ‘ May 29, 30,
1. September 1 $5,692.91 1985 $5,692.91 1985
1983 Mission
Geophysical
Study at

Valles De Los
Chilles No. 2

1. March 1984

Mission $7,035.74
2. July 1984 :
Mission 6,147.72
Subtotal 1 $13,183.46 Dec. 31, $13,183.46 Oct.
- 1985 30,
1985
3. April to
November
1985 - 2 7,943.63 Dec. 31,
1985
4, Feb. 1-
v 28, 1986 3 00.00 Mar. 21,
' 1986
Total B $21,127.09 $13,183.46

Total A & B $26,820.00 ‘ $18,876.37



Technical Assis-
tance to INE .
Geophysical study
at Valles De Los

Chillos. 4'

1. Gravity Training
Mission July '86

2. Gravity Intern
Program GRAV2D

Total D
Total C & D

Balance Due

$ 8,020.00 Aug. 31,

150.00
$ 8,170.00

1986

$18,876.37

$16,113.63



UNIVERSITY OF UTAH RESEARCH INSTITUTE

UURI

EARTH SCIENCE LABORATORY
391 CHIPETA WAY, SUITE C
SALT LAKE CITY, UTAH 84108—1295

TELEPHONE 801-524-3422

INVOICE

Payor's Name & Address

Payor's Reference

Instituto Nacional de Energia
Mariana de Jesus No 2307 y M. De Utrevas

Period of Agreement

Quito, Ecuador

Total Amount ‘ $18.876.38
Payee's Name & Address Payge's Reference ?fgggg% §
"UNIVERSITY OF UTAH RESEARCH INSTITUTE - - s
Research Park Invoice # - Date Prepared
391 Chipeta HWay Suite C May 29, 1985

Salt Lake City, UT 84108

~Billing Period

Sept. 1983 - March 198

Description - Services Rendered

Salary and Support Expenses for Phillip M. Wright,

Mission to Ecuador in September 1983; 10 man-days total.

Sglary and Support Expenses for Phillip M. Wright,
Mission to Ecuador in July, 1984; 10 man-days total.

Salary and Support Expenses for Phillip M. Wright

and Joseph N. Moore, Mission to Ecuador in March, 1984;
13 man-days total.

TOTAL DUE

* 5-84802

** 5-84803

Amount
% § 5692.91 2d. Oct.. 30,1985

%+ 6147.72 -
Pd.-Qct 38,:1985
See-attached -
invoice
** . 7035.74

$18,876.37 . U.S.



INVOICE
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Payor?®s fdame K Aadress | Payor®s Refcrence
|  CARL UUISBERGe INE-AID

INSTITUTC NACIONAL CE ENTRGIA =~ mmmmm e e e
MARIAuA UE JESUS nG 2307 Y Y. LE UTREVAS | Period ot Aureement

CUITG, ECUADCR | OPEN

} Total Amount | Total Fee
| s 0.00 | % 0.00

- B e e AP e e eh WP e G WS e R D 4D S AP Wb WS E GR ML M gm G, B S D W Gn e T P W WS e e O W e

Payee®s Name & Aoaress Payee®s Reference

5-84802 & 5- 84803

I
|
URNIVERSITY OF UTAH RESEARCH INSTITUTE R ittt bt ted
Research Fark | Invoice No. | Oate Prepared

391 Chipeta Ways Suite C I 1 . | TUEy DEC 31 19

Salt Lake Citys Utah 84108 ]
] B8itling Period

| SEPTEMBER 1983 TO MARCH 1984

--------- - A e A e e b e e G o o> =

Cost This Cumulattve
Cescription Bitling Perioo Cost

Birect Costs:
Labor e 3 5¢034.25 3 5¢034.25
Employee 8enefits ' 25009.79 29009.79
Modifiec Totat oirect Costs 7+044.04 7+044,04
G & A 913.24 913.24
Indirect Costs 3¢028.94% 3¢028.94
hAdministrative Fee 2+197.24 2¢197.24
Total Reimpursatle Costs 3 13+183.46 : 4 13+183.46

AMOUNT PAYABLE FLR ThIS INVOICE:D 5 13+185.46



UURI

Invoice
Payor's Name and Address Payor's Reference
Instituto Nacional de Energia Carl Duisberg, INE-AID
Mariana de Jesus No. 2307 Y M. de Utrevas
Quito, Ecuador . Total Amount
Payee's Name and Address Payee's Reference *
UNIVERSITY OF UTAH RESEARCH INSTITUTE. 5-84802 & 5-84803
Research Park Invoice # Invoice Date
391 Chipeta Way, Suite C 2 Tue, Dec. 31, 1985
Salt Lake City, Utah 84108-1295 o -
» Billing Period
801-524-3422 0
April 1985 to November 1985

* Please include Payee's reference number with payment .
Y tost Thie i PaY 'CUMULATIVE

Description Billing Period Amount
Direct Costs: o :
Labor $ 3,245.37 $ 10,465.06
Employee Benefits 1,265.70 4,140.92
Travel 1,977.26 1,977.26
Purchased Services 199.00 199.00
Communications ' 37.25. : 37.25
Modified Total Direct Costs 6,724.58 16,819.49
G&A ' 840.55 2,135.14
Indirect Costs 2,891.54 7,232.35
Administrative Fee 2,091.31 5,237.37
$ 12,547.98 $ 31,424.35
Less Overrun on Fixed Price
Contract No. 1 : -4,604.35 -4,604 .35
Total Reimbursable Costs $ 7,943.63 $ 26,820.00
AMOUNT PAYABLE PER THIS INVOICE: $ 7,943.63

Total amount due and payable within 30 days of invoice date



Invoice

Payor's Name and Address

INSTITUTO NACIONAL DE ENERGIA

MARIANA DE JESUS NO. 2307 Y M. DE UTREVAS

QUITO, ECUADOR

Payor's Reference

CARL DUISBERG, INE-AID

Total Amount

Payee's Name and Address

UNIVERSITY OF UTAH RESEARCH INSTITUTE

‘Research Park
391 Chipeta Way, Suite C

Salt Lake City, Utah 84108-1295

801-524-3422

Payee's Reference *
5-84802 & 5-54803

Invoice # Invoice Date
3 FRI. MAR 21, 1986
Billing Period '

2/1/86 to 2/28/86

* Please include Payee's reference number with payment  cumuypaTIVE

Description

COST THIS

BILLING PERIOD

Direct Costs:

Labor ' $ 210.83
Employee Benefits 82.22
Travel -
"Purchased Services -
Communications -
Modified Total Direct Costs - 293.05
G & A 36.63
Indirect Costs 126.01
Administrative Fee 91.13
. 546.82
Less Overrun on Fixed — 546.82
Price Contract No. 1
Total Reimbursable Costs 00.00
AMOUNT PAYABLE PER THIS INVOICE: $ 00.00

$ 10,675.89
4,223.14
1,977.26

199.00
37.25

17,112.54

2,171.77
7,358.36

__5,328.50
31,971.17
- 5,151.17

$ 26,820.00

Total amount due and payable within 30 days of invoice date



Invoice

Payor's Name and Address Payor's Reference
INSTITUTO NACIONAL DE ENERGIA CARL DUISBERG, INE-AID
MARIANA DE JESUS NO. 2307 Y M. DE UTREVAS
QUITO, ECUADOR ‘ Total Amount
Payee's Name and Address Payee's Reference *
UNIVERSITY OF UTAH RESEARCH INSTITUTE
Research Park , Invoice # Invoice Date
391 Chipeta Way, Suite C ‘ 4
. WED, AUG 27, 1986
801-524-3422 '
7/1/86 to I1131/84

* Please include Payee's reference number with payment CUMULATIVE

Description COST THIS

BILLING PERIOD

Direct Costs:

Labor $ 2,432.76 $ 13,108.65
Employee Benefits 1,041.23 5,264.37
Travel ' 1,635.33 3,612.59
Purchased Services - 199.00
Communications - 37.25
Modified Total Direct 5,109.32 22,221.86

Costs
G & A 638.66 2,810.43
Indirect Costs 2,197.00 9,555.36
Administrative Fee 1,588.99 6,917.49

9,533.97"

Less Overrun on Fixed
Price Contract No. 2 - 1,363.97 41,505.14

Less Overrun on Fixed
Price Contracts Nos.

1&2 - 6,515.14
Total Reimbursable 34,990.00
Costs 8,170.00

AMOUNT PAYABLE PER THIS INVOICE: 8,170.00

Total amount due and payable within 30 days of invoice date



INSTITUTO NACIONAL DE ENERGIA

MARIANA DE JESUS No 2307 Y M. DE UTRERAS
TELEX 2991 INE ED.

TELEFONOS: 541-500 - 541-588

CASILLA No 007 . C. QUITO - ECUADOR
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INSTITUTO NACIONAL DE ENERGIA

PROYECTO EXPERIMENTAL DEMOSTRATIVO
DE GEOTERMIA DE BAJA ENTALPIA
"VALLE DE LOS CHILLOS" - -

UBICACION PLANIMETRICA DE LOS PERFILES

STGI STG2 STG3 STG4
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L o FECHA DE REPLANTEO

- ESCALA ﬁlzlooog.;ng . “

ENERO, 1986
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O
ENE
INSTITUTO NACIONAL DE ENERGIA

4861099

OFICIO # v INE

QLL&O; a -
' SEP. 291888

SeAon Docton

Howard P. Ross

EARTH SCIENCE [ABORATORY

UNIVERSITY OF UTAH RESEARCH INST. 71 r 7'U7c"

391 CHIPETA W4Y, SUITE C : -
SALT LAKE CITY, UTAH 84108

U.S.A.

De mi consideraciéne

Una vez concluida La toma de datos en el campo de gravimetrlia y devuel-
to el gravimetro como estaba previsto pon DHL, e fLa compaiia arrendata-
ria en Tucson, Arnizonay se ha procedido a cornern todos fLos datos en
fa computadora parna efectuan fLas. /w/s/?ectwa/s reducciones y Llegarn
-l cdleulo de fla anomalia de Bouguen,

Adjunto se servind encontran Los Listados de datos cornespondientes
a Los 14 penfiles, 6 de Tumbaco-Cumbayd y 8 de Sangolqui-EL Tingoy
ademds, 2 copias de Los mapas correspondientes a Llas dreas de estudio
(7:70.000) con lLas curvas isoandmalas de Bouguen, construidas en el
INE,

Para Lo implementacién del programa de intenpretacién GRAV2D, esperamos
el envio de [flas subrutinas que faltaen, y el .informe definitivo de
nesistividad eléctnica,. para dan. porn concluido el convenio respectivo,
suscnito el 12 de julio de 1984,

De acuendo a fa metodologia de toma de datos, come se establecid duron-
te su misién al Ecuador, se Lognro prolongarn en 1900 metros Los penfiles
§7G-5 y S7G-8, con estaciones cada 200 metros, como se observa en
el mapa.

lina vez que Ud., ya ha revisado todos Los datos enviados, fLe solicito
nos envie sus comentarios preliminares a Los misnos Y recomendaciones,

CUTIVO, ERCARGARO
INSTITUTO NACIONAL DE ENERGIA

(ZZ/ MR/ msa.

3 : - FRRRPTE SV Vo \ ] o . , . 19\154‘\-500 . 549-73'\ CaS\\\a007-C
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INSTITUTO NACIONAL DE ENERGIA

PROYECTO EXPERIMENTAL DEMOSTRATIVO
DE GEOTERMIA DE BAJA ENTALPIA
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APPENDIX 1. ,
STATEMENT OF WORK
INE GRAVITY MISSION

Travel SLC - TUC (R/T). Review operation of Lacoste o
Romberg gravity meter with W. Gordon Wiederwilt. Complete.
field calibration Toop to ver1fy operating condition and
calibration of instrument.

Travel SLC - Quito. Instrument as carry on 1uggage Also
transmit RIP2 and GRAV2 computer tapes and Wr1ght S
resistivity report to INE.

Instruct INE geologists in operation of gravity meter.
Review gravity survey station locations and surveying
results to date. Sign INE - UURI contract on behalf of P.
M. Wright. ‘

Begin gravity survey with INE trainees. Complete loops to
establish base station for all lines, tied to central base
station. Begin profiles. Verify survey procedures, data
taking, data reduction and terrain correction procedures.

Complete office discussions regarding status of project,
communication problems, etc. Discuss resistivity survey
interpretation and report. Discuss sampling techniques and
procedures for radioactive age dating in USA (Duncan's
letter).

’Review use of GRAV2D, basic interpretation. Write report of
trip and work completed and leave with INE.

Trave] Quito - SLC

Review and/or complete interpretation of gravity survey data
after shipment to Salt Lake City. Prepare interpretative
report (September-November, 19869 _
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APPENDIX B. S -Lcﬁw sw/
‘Infroducéion |

Although many differences exist between them, gravity énd.magnetic

methods of prospecting are often di scussed together because of similarities in

data display and interpretation techniques. In this section we will consider

ond

. cthe |
the principles, 1nstrumentat1on data co]]ect1on, data reductwonSEﬁd g&vaN%*y
MQ“A’\OCQ .

The Gravity Method

Principlés

~In gravity prospecting we often speak about the acceleration of gravity,
which is the acceleration that a freely falling body would experience in the A
earth's gravitational field. This acceleration is given by G Me/rz ,where M,
and rg are the mass and radius of the earth, respectively. It is found by
measurement that thé earth's gravitational acceleration is about 983 gals
(cm/secz) at the poles and about 978 gals at the equator. The gaZ‘and the
milligal are common units, named after Galileo, used in gravity prospecting.
Gravity is less at the equator than at the poles because the equatorial radius
is greater than the polar radius and because of the variation, with latitude,
of centrifugal force due to tﬁe earth's rdiation.

Modern gravity meters routinely measure spétia] variations in thé earth's
gravity field to 0.01 ﬁi]]igals (1 part in 108) or better in field -
application, and the newest geheration of inStrgments is. capable of + 0.002
milligals under -ideal field conditions. These spatial variations in gravity

are caused by lateral variations in rock density when measurements are



restricted to the earth's surface. Near-surface density variations affect the
gravimeter more than do deep variations, in accOrdanee with the inverse square
nature of Newton's law, and most gravity variations of interest in mi ning
exploration result from changes in density within shallow crustal rocks.
Because the gravimeter detects lateral variations in rock density, a density
contrast must exist between the rock body under investigation and its cavity
rock if an énoma]y is to be found.

Rock density‘depends upon mineral composition, degree of induration,
porosity, and compressibi]itye 'Shales display marked variations of density
with depth because- of their relatively high compressibility. As a general
rule, older sedimentary recks‘are»higher in density than younger sedimentary
rocks. Acid igneous rocks are less dense than basic igneous rocks. Most
}<p1utonic and metamorphic rocks display smaller ranges in density than do
sedimentary and volcanic rocks. Volcanic rocks generally display rapid
density variations due to porosity changes from place to place. Table 1 lists
typical values of density for a variety of rock types. Note that density
variations greater than 25 percent of the average crustal density, 2.67
.gm/cma, are rare in near-surface rocks; in sharp contrast to electrical and
magnetic properties of rocks, which can vary over several orders of magnitude.
Surveying and data reduction

Field surveys are performed by reading the gravimeter at selected station
sites, either on a regular grid or in an irregular pattern as station access
and optimum survey design dictate. Repeated readings are commonly made at
one- to four-hour intervals at one or more previously established base

stations in order to determine instrument drift and local gravity tidal

variations.



TABLE 1

DENSITIES OF ROCKS AND MINERALS
(Modified from Dobrin, 1976, with additions)

NAME

Alluvium and Soil

Sandstone
“Limestone
Dolomite
Shale -
Granite
Diorite
Gabbro
Diabase
Dunite
Quartzite
Gneiss
Schist
Slate
Amphibolite
Eclogite
Salt
Pyrite
Pyrrhotite
Sphalerite
Magnetite

Water

Range‘
1.6-2.2

1.6-2.6
1.9-2.8
2.4-2.9
1.8-2.5
2.5-2.8
2.6-3.0
2.8-3.1
2.8-3.1
3.2-3.3
2.6-2.7
2.6-3.1
2.6-3.0
2.6-2.8
2.7-3.2
3.3-3.5
1.9-2.2
4.9-5.2
4.5-4.7
3.9-4.1
5.0-5.2

DENSITY, gm/cm3

Average
1.90

2.32
2.54
2.70
2.42
2.67
2.84
2.98
2.97
3.28
2.65
2.75
2.82
2.81
2.99
3.39
2.15

5.00

1 4.60

4.00

5.10



Information in addition to the gravimeter reading.must be known at each
site in order to reduce the raw field data. The instrument must be carefully
calibrated. Correcfjons must be made for diffefénces in elevation and
latitude among the stations. The 1étitude correction rémoves the éffects of
the northward increase in thé earth's field. There are two elevation effects
that are usually combined into one correction (Figure 1). A reference
“elevation is selected to which all elevation correétions are made. For
simplicity, in the following discussion the reference elevation is assumed to
be the elevation of the survey base station, although any elevation could be
selected. The free air correction éccounts for the decrease in the gravity
field with increasing distance from the earth‘s center, but this correction
ignores the mass of material that liés between the‘ground surfaée and the
reference elevafiqn. ‘The Bouguer correction accounts for this mass by
assuming it to be an infinite slab of uniform thickness and specified'
density. Variations from this slab assumption are accounted for by a
topographic correction which is commonly applied only in areas of rugged
v topography; Both the Bouguer and the topographic correction require an
assumption for the density of near-surface rocks. This density is often
assumed to be 2.67 gm/cma. ‘ ‘

Thg anoma10us gfavity value in milligals, Gotgs At thé field station:

relative to the base value, Gbase’ is given by

Gsta = Sbase * Jobs - 0-8121d Sin2¢ mgal/km

sta
' (north) + 0.3086h mgal/m - 0.04186 ph mgal/m

+ terrain correction,

where
9obg = Observed Qravity reading at the field station

distance in km the field station lies north of the

o
]



base station

geographic lTatitude of the base station

- ©-
1} 1]

' e]eyation'difference‘between field station and
reference elevation.

Any convenient value for Gbase‘may be taken. If the gravity anomaly
re]atfve to the International EZZ{psoid is known for the base, then that value
is generally used because the field stétion then becomes tied to other similar
stations elsewhere én earth. ‘ |

From the above formulés we see that north;south station location must be
known to about 10 m and elevation must be known to about 0.05 m in order to
make the latitude-and elevation corrections of the samelbrder as the 0.01
milligal specification of many sur?eys. Vériations in measured gravity due to

latitude and elevation effects will usually be much larger than the anomaly

sought.
1 14 b .
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surveys.~Copper ore associated with massiye pyrite bodies was discoyvered by
«ndérground gravy surveying at Bisbee, Arizoqa (Rogers, %9524/§:6;;i and

Schnepfe, 1966).%&i:;;Tt data were acqujred along min'nﬁ’T;:;1s and were thep.
contoured for intefbretation both on levels and ofi vertical sections. ‘Figure
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MILLIGALS

i

GRAVITY CORREGTIONS
"2 HR. REPEAT READINGS ON BASE A

STA

SURFACE

TIDAL & INST. DRIFT CORRECTIONS =
.3mg/ 24 HRS

FREE AIR CORR.
BOUGUER CORR.

it

- 01306 mg/ FT. E
' \ﬁhm&z &M\S‘*y, ‘

STy T (0

N

AR
NV

4

/SEA LEVEL

'LATITUDE CORR: = - 1.3mg/ MILE NORTH @ lLat=dse
= O:Owma/xm @ Lok =O°

TERRAIN CORR: = + mg

BOUGUER GRAVITY (mg) SEA LEVEL DATUM = 0BS GRAVITY + TIDAL & DRIFT CORR. + LAT. CORR.

.+ FREE AIR CORR. + BOUGUER CORR. + TERR. CORR.

= iguxe_ .

+.094 mg/ FT. ELEV. = +0:3084 wus/m e\ey,
LEV.==0-04 (A A wglmelev.
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APPEND1IX 4

UNIVERSITY OF UTAH RESEARCH INSTITUTE

RI

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

March 11, 1986
MEMORANDUM

T0: Howard Ross
FROM: Duncan Foley
SUBJECT: Collection of Samples for K-Ar Dating

, Several preliminary questions need to be answered before geologic samples
are collected for dating by K-Ar methods. The goal of the dating program must
be identified, and the samples must be selected appropriately to meet that
goal. A program to establish geologic ages of rock units will require differ-
ent samples than a program to establish ages of alteration episodes or thermal
events. _

For young volcanic rocks, Paul Damon at the University of Arizona sug-
gests the following procedures. Only fresh material should be collected.
Remove all weathering and, if possible, collect massive rather than fractured
portions of units. For basalt, this means that the middle of flows, rather
than rubbly flow tops or bottoms, will give the best rseults. Damon separates
plagioclase out of the groundmass for dating basalts. In rhyolitic units, he
prefers to use potassium feldspar with good crystal face ref]ectlons, espe-
cially sanidine. These procedures are undertaken to minimize contamination by
atmospheric argon, as such contamination could totally obscure the small
amount of radiogenic argon generated in short geologic times. Other K-bearing
minerals can be dated, but they may not give reliable results for young units.
Damon has found, for instance, that biotite, which is often used in K-Ar
dating programs, may contain significant amounts of excess argon.

The amount of sample collected will, of course, be dependent upon the
amounts of K-bearing minerals in the various rocks. No general rule applies,
but 10 to 30 1bs (5-15 kg) may be needed. It is always best to err on the
side of too much sample.

. An additional requirement is to estimate the age of the sample. This
will allow Damon to est1mate the amount of sample that will be loaded in the
mass spectrometer,
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INTRODUCTION

Geothermal development is an interdisciplinary endeavor. Figure 1 shows
some of the components of the team that must work together successfully if a
geothermal site is to be developed. Because geothermal resources are geologi-
cal phenomena, earth science jnformation is needed for essentially all phases
of the development. This involvement of the earth sciences is similar to that
required for development of petroleum and mineral reserves. However, the
petroleum and minerals industries are well established whereas the geothermal
industry is in its infancy.

The petroleum and minerals industries have deve]dped earth science tools
and techniques to solve their particular problems in an optimum way, and this
has required the expenditure of tens of billions of dollars for research and
technology development. By contrast, relatively little has been spent in
developing earth science tools and techniques especially for application in
the geothermal environment. Because the geothermal industry is so young and -
is not yet generally profitable except at a few sites, it is unable to
generate the money needed fbr this research and technology development.
Geothermal developers have had to resort to application of existing explora-
tion and development techniques and equipment, which afe not generally optimum
for geothermal application. In some cases, no tools or techniques have
existed to solve a particular geothermal problem,

The geosciences have two primary applications in geothermal development:

1. Exploration for geothermal systems, and

2. Exploration within geothermal systems.

Figure 2 indicates one suggested series of steps for this exploration for
- high-temperature geothermal systems. The reconnaissance stagebis designed to

fiTtéE;avaiIab]e prospect areas and to prioritize them for detailed explora-
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tion. This stage refers to (1) above, i.e. exploration for geothermal
systems. Once a geothermal system has been located, exploration becomes more

detailed within the system. The primary objective of both phases of this

exploration is to select drill sites--drill sites to locate a resource area,

to confirm the presence of a resource, and'then to obtain production of fluids
for the utilization plant and to dispose of spent fluids through injection.
Because the drilling of geothermal wells is so costly, propervapplication of
exploration techniques has great potential for lowering development costs by
avoiding wasted drill holes.
| Exploration programs for low-enthalpy geothermal systems usually are more
modest than those depicted in Figure 2 for high-enthalpy systems because low-
enthalpy applications often cannot generate enough money to amortize a large
exploration effort. The exploration is usually confined to geologic mapping,
geochemical surveys of existing springs, and some form of electrical
geophysical survey.

Once a geothermal system has been explored to a certain extent, the
scientists and engineers working on the project can begin to form a conéegtua]

resource model, Figure 3 indicates this process. Data for the model come

from the fields of geology, geochemistry, geophysics and hydrology. These
data are preferably detailed enough to be a function of three 3 space coordi-
ﬁates and of time (x,y,z,t). The model consists of a depiction of subsurface
conditions, i.e. a sketch of the subsurface that accounts for known geology,
geochemistry, geophysfcs and hydrology and shows the estimated boundaries and
geologic features that control the location of the geothermal system. The
-conceptual resource model is, in turn, used to form hypotheses and make
predictions for use in further exploration and in reservoir engineerfng and

management. The conceptual mode] is continually refined by comparison of
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predictions to the expanding data base. As new data become available, these
~data are used to update and perhaps change the model so that it always agrees
-with known facts in an optimum way. The conceptual model thus forms the
context in which all work on the project is considered. It should be men-
tioned also that each scientist working on the project may have a different
conceptual model in mind--rarely do all scientists agree on the same model.
Even though the development and refinement of such a resource model has
gone on far more than 20 years at some well-known geothermal areas such as The
Geysers in California, developers there still are unable to predict with
certainty the boundaries of the resource, the best places to drill a well, and
such important reservoir engineering results as optimum field development
strategies or reservoir‘longevity. A great deal more research and development
will be required to provide techniques to increase the reliability of models

and of predictions made from these models.



STRUCTURE OF GEOTHERMAL PROJECTS

Geothermal projects are carried out in phases. At the end of each phase
is a so-called "decision-point" at which a decision can be made either to
continue the project or to stop. At each such decision point, all information
generated to that time is reviewed and project plans are updated with the
primary objectives of (1) determining what remains to be done on the project,
(2) revising the estimates of the total project cost, if necessary, and (3)
reassessing the chances that the project will succeed.

The following phases are suggested as being logical units into which a
typical geothermal project can be divided:

Exploration Surveys
Exploration Drilling

Aquifer Identification
Production Drilling

Reservoir Testing

Application Engineering
"Economic Feasibility Analyses

Construction
Operation and Maintenance

OO0 NOOUTLWN -

I will briefly discuss each of these in turn.

-Exploration Surveys

Objectives: 1. To estimate the chances for occurrence of a geothermal
resource in the subsurface;
2. To locate sites for drill testing.

Appropriate techniques from the disciplines of geology, geochemistry,
geophysics and hydrology are applied. The exploration should be optimized and
integrated. By optimizing, I mean that it should be épparent that each
exploration method selected can make a necessary contribufion to achieving the
project objectives. No technique should be applied just because equipment and

personnel are available for it. If there is not a good scientific reason for



applying a technique, it will probably be a waste of money and time. Obvious-
1y, understanding of and experience with each potentially useful technique is
needed in order to choose an appropriate mix of exploration techniques.

It is very important that an integrated interpretation be made of all

data generated from the exploration surveys. Geologists, geochemists, geo-
physicists and hydrologists must each have access to all available data and
must work together in its interpretation. The objective of the interpretation
should be to construct or update the conceptual resource model, as discussed
before.

At each stage in the exploration, we must ask ourselves several questions
to determine whether or not it is appropriate to drill yet. Among these
questions are:

1. Do the facts support the existence of a geothermal resource at depth?

2. Do the data fe]] us where on the surface to locate a drill hole to

test for the presence of a geothermal resource?

3. Should additional exb]oration surveys be run before drilling, and if

so what surveys and why?

Exploration Drilling

Objective: 1. To obtain equilibrium measurements of subsurface
temperature at all depths in the hole;
2. To obtain geologic data from the subsurface.
One obviously drills an exploration hole in order to determine the
geothermal properties of the subsurface. Samples of drill core (from core
drilled holes) or drill cuttings or chips (from fotary drilled holes) are

useful for geologic input to the conceptual resource model. However, the most

important item of information is the measured subsurface temperature.

Because the drilling process, including circulation of drill muds or



water during drilling, disturbs the thermal equilibrium of the ho]é, one must
be careful that one is obtaining true formation temperatures. The best method
to assure that equilibrium formation temperatures are being measured is to
wait for a suitable length of time after drilling before a temperature log is
made, Estimates can be made of the time required for equilibrium from the
drilling rate and total time required for drilling. Although temperature logs
made during or shortly after drilling will not measure true formation tempera-
ture, such logs are useful because they can indicate zones of uptake of drill
fluid, i.e. zones of permeability that may be aquifers. These zones will show
a more disturbed temperature than will adjacent zones where permeability is
Tow.

A method to obtain approximate equilibrium temperatures during drilling
is to lower a maximum reading mercury thermometer or a conventional logging
tool to total depth when drill bits are changed or at the end of a wire-line
core run. The temperature right on the bottom of the hole will not be dis-
turbed from equilibrium by a great amount, and a good idea of formation tem-’
pefature can thus be obtained. Such bottom-hole temperature measurements
should be routinely made during drilling whether with rotary or with core.

Because drilling is expensive, it must be carefully planned and exe-
cuted. There is always a risk of being unable to dri11‘to the depth objective
or ofyhaving the hole cave in. This risk is greatest in difficult drilling
environments (such as volcanic areas tend to be) or in unknown- environments,
where there is little drilling experience. Thus, one must be prepared to risk
the cost of drilling and even though one may fail to achieve the drilling
objectives. It is very important that management understand this risk before
drilling is begun.

There are basically two drilling techniques that are usually used for



exploration drilling, core drilling and rotary drilling.

Core Drilling. In core drilling, a hollow drill bit with diamond inserts

is used to grind the rock away around the periphery of a solid core of rock.

The core moves up into the drill rods as drilling pbogresses and into a core

barrel. It is brought to the surface periodically by lowering a wire through
the drill rods to retrieve the core barrel. Once emptied on the sﬁrface, the
core barrel is lowered in the rods again and drilling is resumed.

In core drilling, the diameter of the drill bit is only slightly greater
than the diameter of the rods, and the drill rods themselves help keep the
hole from caving in. Water is circulated down thrdugh the drill rods and it
exits through the bit at the bottom of the hole, where it raises along the
outside of the rods and brings up the drill cuttings, which are very small
rock particles, like dust. At times the drill water will exit the hole in
some permeable zone (lost circulation). This is generally not a problem in
core drilling, and driiling can continue. The circulation wéter also helps po
cool and lubricate the drill bit and rods.

Most core drills produce a hole from 3 to 4 inches in diameter, which is
generally too small to be used as a production hole and which is too small for
a pump. Larger core holes can be drilled, but the cost increases rapidly with

diameter,

Rotary Drilling., In rotary drilling, the drill bit cuts away the entire

bottom of the hole by breaking the rock, rather than the grinding action of
core drilling. The rock chips or cuttings produced are much larger than core
chips, and tﬁey constitute the sample used for geologic purposes.

~ The rotary bit is significantly larger than the drill rodé in order to
ilq11ow room between the rods and the wall of the hole for the cuttings to flow

'Lﬁpwgﬁq; The cuftings are carried upward in a drill mud which has the three
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purposes of (1) keeping the cuttings in suspension untfl their removal at the
surface so that they do not block the drill bit or rods, (2) preventing the
hole from caving in by forming a mud cake on the walls of the hole and by
virtue of their greater density and therefore pressure at a given depth
compared to the pressure of the adjacent hydrostatic water column, and (3)
cooling and lubricating the drill bit and rods.

At times the drill mud may flow out into the formation before reaching
the surface (lost circulation). This is much more serious than is the case of
lost circulation in core drilling, because since the rotary drill chips are
rather large, they tend to fall out of suspension at the point of lost
circulation and to accumulate around the drill bit and/or the rods. If the
chips become too tightly packed, they cause the drill bit to become stuck, and
it can be very difficult to free the bit. Thus, when circulation is lost in
rotary drilling, the drilling operation is stopped and an attempt is made to
plug off the permeable zone. Circulation must be regained before drilling can
be resumed. :

Most rbtary drill rigs produce a hole that is 4 to 10 inches in
diameter. At the larger diameters, such holes may be useful for production,

Comparison of Core and Rotary Drilling. Each type of drilling has

advantages and disadvantages, as discussed below, for projects 1ike that in

Valle de los Chillos:

Advantages

Core Drilling 1. Water or very light muds used, so that
potential aquifers are not plugged and are
easier to identify

Produces a core, a complete geologic sample
Can continue to drill in permeable zones of
lost circulation

wW N
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Disadvantages

1. Hole diameter is too small for geothermal
production

Advantages

Rotary Drilling 1. Produces a larger diameter hole which may
(or may not) be useful for production

Disadvantages

1. Uses heavier drill muds which may tend to

" plug and hide aquifers or permeable zones

2. Must plug zones of lost circulation in order
to continue drilling. Such zones may be
aquifers.

For the Valle de los Chillos project, I tend to favor core drilling,
especially for the first few holes. I believe that either method may be
capable of reaching the 400 m depths of the planned hole. However, there are
other factors that must also be considered. Among these are:

1. What types and capacities of drilling rigs will actually be available

in Ecuador?
| 2. What are the comparative cpsts of core and rotary drilling? In the
| Cascades volcanic province of the U.S., core drilling and rotary
drilling are about the same cost for holes up to 4000 feét deep, and
core seems to be preferred by the geothekma] industry;

3. What would be involved in converting each type of hole to a

production well? (This is discussed further below).

The best way to answer these and similar questions and to plan the

drilling program is to work with one or more drilling contractors in detailed

design and cost estimates for the project.

Aquifer Testing

Objective: 1. To determine whether or not there is an aquifer in the



subsurface that is capable of producing water.

Before production drilling can be recommended it is absolutely necessary

to know that (1) the subsurface equilibrium temperature is high enough for the
intended application, and (2) there is an aquifer potentially capable of
producing the volumes of fluids needed. Most exploration drill holes are too
small for the type of flow testing needed to definitively test the aquifer
(discussed under Flow Testing, below). Large-diameter exploration holes are
more costly, however, than small-diameter holes, and the desire to keep
exploration drilling costs to a minimgm until viable temperatures are
confirmed accounts for the fact that exploration holes are not usually large
diameter,

In small diameter (3-6 inches) exploration wells there are several
methods of testing the potential aquifer(s). They all include bringing water
to the surface, i.e. producing the hole., Therefore, provision must be made at
the surface for handling and disposing of the water produced. These methodsl
are discussed below.

Swabbing. If the hole is core drilled or rotary drilled with flush-
inside joinf drill pipe, there is a device called a "swab" that can be lowered
down the hole inside the drill pipe. It has a one-way water valve on the
bottom so that water can flow up into the swab but not back down the hole.
There is a device to seal the sides of the swab against the inside of the
drill pipe; When the swab reaches the bottom of the well, it is lifted out
again, and it pulls up the entire column of water out of the hole. At the
surface, provision must be made to handle this water. By repeated lowering
and -raising of the swab, an evaluation can be made of how much water flows
into the hole between swabs, giving some idea of aquifer producibility. Also,

the hole can be swabbed until a clean water sample is obtained, and then an

13



uncontaminated water sample can be taken for geochemical analysis. Verifica-
“tion of the uncontaminated nature if the water sample is done by monitoring a
parameter, such as electrical conductivity (which is a function of total
dissolved solids), of the water at the surface until this parameter becomes
constant at the aquifer valve.

Bailing. If the hole is rotary drilled without use of flush-inside joint
casing, a device called a bailer can be used to obtain water from the hole.
Its operation is similar to that of a swab, but it is used with the drill pipe
out of the hole and it cannot be sealed against the sides of the hole because
of the roughness of the hole wall. Thus, the water brought up is only that
which the bailer itself contains and not the entire water column. Neverthe-
less, bailing is a frequently used method of aquifer testing.

Air Lifting. If there is sufficient air compressor equipment on the
drill site (such as rotary rigs usually have), it can be used to induce flow
in the well. A small diameter tube, called a "bubbler" tube or "induction"
tube is lowered into the hole. Then compressed air is injected into the hole
through the tube., - As the air exits the tube at its bottom, it rises and the
air bubbles expand. With high enough air volume, water may be brought to the
surface, |

This type of test is desirable because it produces a continuous water
flow at a volume that can be easily measured. The air 1ift can be continued

long enough to obtain an uncontaminated sample for geochemical purposes.

Drill-Stem Tests. With either core or rotary drilling, a drill-stem test
is possible. Equipment to perform these tests in small-diameter wells is
recently available. In the DST, packers are lowered into the hole to seal off
the aquifer. Then an air tube is used to introduce air into the sealed off

portion. This causes fluid to rise inside the drill pipes, which are left in

14



the hole for this purpose. A continuous or periodic flow to the surface can

be achieved.

For the Valle de los Chillos project, the drilling contractor should be

asked whether or not he can provide one or more of these tests. At least one

type of test will be necessary to assure ourselves that water production can

be obtained from the well, i.e. that there is an aquifer at depth. This will

give us the confidence to proceed with production drilling.

Costs will vary among the aquifer testing methods. If the hole is rotary
drilled, so that large air compressors are available on the rig, the airlift
may be cheapest. If tﬁe hole is cored, swabbing will probably be cheapest.

The DST is likely to be the most expensive.

Production Drilling

Objective: 1. To obtain geothermal water of high enough temperature and
in large enough quantity to support the intended
application.

Production geothermal wells are large diameter, typically 8 inch to 14

inch, because of the large amount of water they must produce to support an
application., They are different from exploration wells in being larger in

diameter and also in being completed as production wells. Whereas the typical

exploration hole will not be completed so as to produce fluid, the production
well will be carefully cleaned after drilling, and will have a production

liner or screen installed, sometimes with a gravel pack between the liner and

the wall of the well. This allows water to enter the well freely. Such
completion techniques, while necessary, are costly. Design of a production
well must include the completion method selected. Completion is done with the

'dnﬁj}nrig on the hole because the rig provides the equipment necessary for

15



setting the production casing.

At times, exploration holes can be converted to production wells by
appropriate completion techniques. This would probably be less expensive and
mdre satisfactory with a rotary exploration hole than a core hole because
brotary holes are usually somewhat 1érger in diameter. The process of
conversion consists of installing a production casing (slotted liner or
screen), perhaps with a gravel patk. For smaller diameter holes it may be
necesséry to ream the hole out to a larger diameter before completing it.
Reaming is similar to drilling, requires a drill rig and is expensive.

The diameter required for sufficient production of water for the intended
use is a function of how much water can be moved through well casing of a
certain diameter. This, in turn, depends upon aquifer pressure (whether the
well flows by itse]f, for example) and on depth in the well to standing
water., If the well must be pumped, then the diameter of the portion of the
well in‘which the pump is to be installed must‘be, say, 8 inches or 1argef.
The installation depth of a pump depends on standing water level, and, more
1mportant1y, on the water level when the well is under production. These
parameters are not determined at this point, but are determined during flow

testing (reservoir engineering testing) to be discussed next.

Flow Testing (Reservoir Engineering Testing)

Objective: 1. To.determine the response of the well to various rates of
water production and, ultimately to determine the best
rate of continuous production to preserve well life and
achieve project objecfives.

Reservoir engineering testing consists of filowing the well at several

different rates of production while at the same time measuring wellhead and

downhole pressure, If the well does not flow spontaneously, then pumping will
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“be required for the flow test. Each rate of production is maintained at a
constant level for a specified length of time, and the‘pressure response is
measured. By considering changes in the pressure response curves, the
reserQoir engineer can defermine aquifer permeability, maximum rates of
production, and can make predictions about useful well life. This type of

testing can be quite expensive, especially if a pump is required.

Application Engineering

Objective: 1. To design the surface equipment for the method geothermal

use.

In order for the engineer to design the surféce'system for utilization of
the geothermal resource, he must know the production temperature and rate for
the well. He then uses this information along with the requirements for the
end use to specify sizes and materials for pipelines to transport the
geothermal waters, and of the heat exchangers and other equipment used to
extract and use the heat,

Generally a preliminary design is specified by.thé engineer, and then an
economic feasjbﬁ]ity analysis is performed.to make certain that the project
will be economically successful., If the project appears to be economically
viable at this point, then a final design would be made, with detailed cost

numbers generated.

Economic Feasibility

Objective: 1. To determine whether or not the project is feasible from
an economic viewpoint.
The economist works closely with the engineers to determine a cost for
installation of the surface utilization system. To this is added costs for

the project to that time to arrive at a total estimated project cost. This is
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compared with the potential savings from the use of the geothermal water, and

a decision can then be made about whether or not to continue,

Construction

Objective: 1. To install the utilization system.
Provided the project is determined to be economically viable, a final
system design is made by the engineer, and the project construction is

undertaken following that design.

Operation and Maintenance

Objective: 1. To optimize and perform operation and maintenance of the

geothermal system.

Once installed, the system will require trained personnel to operate and

maintain it.
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RISKS ASSOCIATED WITH GEOTHERMAL DEVELOPMENT AT VALLE DE LOS CHILLOS

It must be clearly understood that there is a certain level of risk that

‘the project will not succeed. In Table 1 below I have briefly described and

evaluated the risks that come to my mind. Other risks exist, including
running out of mdney before the project is finished, but I cannot evaluate
these,

As Table 1 suggests, I currently believe that the greatest risk is in
finding temperatures at depth that are too low to support a viable
application. Only of slightly less risk is drilling but being unable to
intersect a production aquifer.

We must make sure that management is willing to accept the fact that the

project may fail through no fault of those working on it.
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1.

2'

Area of Risk

Exploration Surveys -

Exploration Drilling

Aquifer Identification

Production Drilling

. Reservoir Testing -

Project Completion

TABLE 1
RISKS IN THE VALLE DE LOS CHILLOS GEOTHERMAL PROJECT

Present _
Level of Risk for Camments or
Nature of Risk Valle de los Chillos Steps to Decrease Risk
- The resistivity low may not correspond to Low to moderate - None apparent
geothermal waters in the subsurface
- The well may be drilled in the wrong location Low A - MAdequate exploration surveys
- Drilling may be so difficult that the depth Moderate - Include a contingency fund of
objective would not be reached before available money to be used only in this case
money is spent
- The hole may cave or otherwise be lost before Mderate - Install inexpensive casing
an equilibriun temperature profile can be obtained
- The maximum measured down-hole texperat'ure may Moderate to high -~ This is one item the drilling is
be too low to be of interest for application designed to test
- The drilling may not intersect a producible Moderate - This is the second item the
aquifer at the depths desired drilling is designed to teste
- The production well may not be successfully Low to moderate - Experience with explorétion
drilled ' : drillling will help assess this risk
- The production well may fail to find Low - Successful exploration drilling
adequate temperatures » _ decreases this risk
- The flow rate fram the production well Moderate to high - Successful aquifer testing
may be inadequate to support an application decreases this risk
- Even though gecthermal parameters may be Low

known the application may not be economic



RECOMMENDED TECHNICAL ASSISTANCE FOR VALLE DE LOS CHILLOS PROJECT

As requested by INE, I have had conversations with a fumber of geothermal
groups in the U.S. over the past weeks in order to assemble a team of
university personnel that could provide technical assistance for the entire
project. The groups that are interested in doing this work are:

University of Utah Research Institute
Stanford University
Oregon Institute of Technology

Each of these groups has specific expertise and experience that would be
useful on the project, and 1 see the division of labor among participants as
shown on Table 2. UURI, of course, specializes in all aspects of earth
science through drilling. OIT specializes in flow testing design of
uti]ization systems and economic analyses. Stanford (Dr. Roland Horne) would
consult during the flow testing (reservoir engineering) studies, which is
their particular expertise. UURI would be willing to coordinate this work and
to subcontract with both Stanford and OIT, as requested by INE. Costs for
this technical assistance are given in a separate letter to Dr. Carlos Quevedo

T. Attached in Appendices A, B and C to this report are resumes for each of

the potential participants.

21



TABLE 2
PARTICIPATION BY TECHNICAL ADVISORS IN VALLE DE LOS CHILLOS GEOTHERMAL PROJECT

Exploration  Exploration Aquifer Production Flow Application  Economic ; Operation .
Surveys Drilling Testing Drilling Testing Engineering Feasibility Construction Maintenanc
UURT X X X ' X X
STANFORD | X
01T X X X X X X
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INTRODUCTION

From Thursday, June 28, 1984 to Saturday, July 19, 1984, I
was on a mission to Quito, Ecuador to assist INE and DGGM in’
getting the resistivity surVey in Valle de los Chillos
underway. The work I accomplished during this second mission
is documented in this report. It is based on and amplifies
work deécribed in my first report, written invSeptembef 1983
after a l0-day mission to Ecuador.

My September, l§83 report deals with design of the
resistivity survey, the nature and magnitude of expected
resistivity anomalies due to anticipated subsurface geothermal)
waters, pptential problems with culture - (the many electric )
power lines, p;belines, fences and other electrically_greunded
structure in the survey areas), and recommendations for survey
and interpretation p;ocedure. This report makes further
recommendations for field and interpretation brecedures,
_discusses cultural problems, presents an anticipated (and
perhaps optimistic) project schedule and documents other
miscellaneous work and ideas.

I would like to call »attention to my first report because
it contains information on survey planning, expected
resistivity anomalies. The problem that I anticipate because
of culture due to the many towns and urbanizations in the area
of Ilald and other information which the reaéer of this report

will need to know.



OBSERVATIONS AND RECOMMENDATIONS PERTAINING

TO THE FIELD SURVEY

Based on my observations of field work to date, I would

like to make a few comments in this section.

The DGGM Field geohysicists, Carlos Rodriguez and Manuel
Altamirano understand the field surveying techniques quite
well. They can be counted on to do a good job in data

acquisition. I am very happy with their competency. .

During the course of the field work, several items may
require changing from line to line, area to area or day tof

day. I recommend that if such changes are needed in the

© judgment of Carlos and Manuel to improve the survey, that

they be allowed to make -the changes, with the agreement of
INE, of course. Examples of items that may need changes

are:

A. Thé locations of certain survey lines or portions of
survey lines to avoid culture or obstacles, or. the
locations of indi&idual current or potential
electrodes along the lines;

B. The method of making electrical connection with the
earth, especially for current electrodes. Along

- some lines, steel stakes may be best wheréas along

other steel grate (parrilla) or aluminum foil may be



better. I recommend that if electrode resistance‘
can not be reduced with stakés, for example, that
Other electrodes be tried, that more electrodes be
added or that electrodes be established and watered
the day before their actual use (see'my September
1983 report for further details on_electrodés).

It may be worthwhile to consider changing to the
McPhar equipmeﬁt if electrical noise is too great.
The Scintrex equipment and the McPhar equipment’each
hqve certain advantages over the other:

Scintrex.~ Has a higher power transmitter and cén
thus transmit more current, giving a bigger signal

at the receiver to help overcome electrical noise.

Lt

But because this eqdipment operates in the time

domain, filtering of electrical noise is not very

good.

McPhar.- Has a lower power transmitter, but

opérates,in the frequency domain, where filtering of

electrical noise in the input signal can be

accomplished,

If the field geophysicists believe it to be
worthwhile, a test of the McPhar gear against the
Scintrex geaf td see which gives the best results
fastest would be a possibility. 1If a change in

equipment is made, then the McPhar gear must be

_cross—calibrated with the Scintrex gear (see below).



D.

I have designed one.possible way to divide each line
into parﬁs that can usually be accomplished in one
working day (see Figure 1l). -If for any reason
experiences in the survey areas shows that some
other method of field operation would improve the
survey results or make surveying more efficient,

Changes should be made.

'In the event that the Scintrex equipment breaks down,

there are at least two other options.

The McPhar equipment be made ready for field

operafion, if it is not ready now, in the'event that

it must be used.

The Fluke multimetef belonging to DGGM can be usédv

as a receiver. It can be used in the same way as a

conventional resistivity recéiverAby connecting it

to tﬁe potential electrodes. It will measure the

following voltages:

- A constant voltage due to the self-potential SP
effect (Bﬁcked—out in Mcphar & Scintrex gear)

- A noise voltage due to telluric cdrrents and
electrical noise from culture ‘

- The transmitﬁed signal, which looks like this:
+v, 0, -V, O, +V ‘etc. Thus, a typical set of
Fluke data will have transmitted voltage and SP

components as follows:



vl

Vl = V + Sp
V2 = Sp Transmitter off
V3 = -V +SP Transmitter reversed

We can see that:
Vv =Vl - V3

2 For example,
supppose the signal due to the transmitted
current is 40mv, there is a constant 10mv SP
signal and = 5mv of electrical noise, including
telluric currents and the noise carried to the
receiver by nearby powerlines. A typical set

of Fluke data may look like this:

FLUKE READING (MV)

XMTR (+) =~ XMTR OFF - XMTR (-).
50 12 - 27
54 13 - 33
55 . 15 . =25
48 10 - 34
46 9 - 35
49 6 . - 32
51 9 - 28

50.4 V3= -30.6



Averagdes of the high and low groups would be
formed, and we would find:

V=Vl - v3 = 50.4 - (-30.6) = 40.5

2 2

which is close to the real voltage desired.

It is important to rate that if equipment is changed
for any reason, the new equipment must be

cross-calibrated with the Scintrex equiment. This

"can be easily done by measuring 5 to 10 resistivity

values with the new equipment that have already been

measured with the Scintrex equipment. The reason
for doing this is that»receivers made primarily forf
iP (induced poiarizatioh) work, as theASCintrex_and
McPhar receivers are, may not measuré precisély the
true-value of resistivity, although the relative
values of resistivity will be correct. (It is.the
relative values that are most important in
resistivity surveying.) Thus, different sets of
equipment will usgally yvield slightly different
values for resistivity. If this is found to be the
case with the McPhar or Fluke equipment, then
cross-calibrated would allow us to determine a

constant correction factor by which all of the

McPhar or Fluke data would have to be multiplied in



order for the values to match with data previously taken

with the Scintrex equipment. For example, we may derive

a correction factor as follows:

Scintrex Resistivity Rl McPhar -Resistivity R2 R1/R2

29.5 32.4 0.91
36.8 | 40.7 ' 0.90
103.2 ' 112.6 0 0.92
47.6 51.4 | 0.93
66.9 73.3 0.91
Average Correction Factor = 0.91
‘_AtAtimes the received signal may be'Very low -- lower

than‘the 0.3 mv full scale of the receiver at its most-;

sensitive setting. This may be due to either of two

- causes:

A. Low resistivity at depth. For a transmitted current

of 5 amps, a signal of 0.3 mv n = 6 corresponds to.
‘a calculated resistivity of 19 ohm-m. If

resistivity is lower than this value, the VP meter

will not read to full scale.

- Cultural interference. At times, cultural

interference will cause very low signal levels to be
measured. This is due to redistribution of
transmitted current. by the cultural features,

powerlines, pipelines, etc.



If low signal levels are a problem, it will be the
decision of the field geophysicist whether or not to
continue surveying or to move on to another parg of
the line. 1In general, I recommend that an attempt
be made to continue because if the low signal is
caused by cultural problems, the next dipole may not
be affected by such problems. 1In any case, it 1is

important to-measure the signal level, even if it is:

below the full-scale -deflection of the meter. This

will allow a calculation of the maximum value the

resistivity could possibly be, which is important to

know.
The’mostAreliable measurements can be made when the
transmitted current is the maximum possible. This is
especially true when n = 4, 5, or 6. For n =1, 2, or 3
it will sometimes (but not always) be ok to transmit
less than maximum current, but for n = 4, 5 or 6 the
transmitter should always be operated so that maximum
possible current is transmitted.

I recommend that the time of day be added to the field

receiver notes for each receiver site. This will allow .
us to make judgements about possible changes in survey
design on the basis of a more firm knowledge of the time
consequences of}such changes. It will also help
document survey progress as a function of actual

surveying time.
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In the case éhat radio contact cannot be maintained
between the receiver operator and the transmitter
operator, it may be necessary to survey "on time", i.e.
for the transmitter operator to transmit continously,
changing depoles each 10 minutes. In this case, both
the transmitter operator and the receiver operator must

keep accurate records of the time at which they

transmitted to or read a specific dipole.
It would be good practice, but not essential, for the
transmitter operator to keep a set of notes showing

dipole, current, time and comments.

I recommend that an easily visible sign be made to be
pleced at each current electrode site to warn people,
especially children, of the danger of touching or
standing or laying near one of the electrodes. Voltages
as high as 1500 volts above ground potential may be
present in the transmitter wire. Tnis is more than
enough to kill someone. The voltage gradient away from
an electrode is very high near the electrode, as shown

schematically below: : v

i+

oo v

{0 v —? |




We can see from this diagram that a person stands with
one foot at point A and the other foot at point B, he

could be across-a voltage of several hundred  volts, and

could be injured if his shoes are wet and conductive.
This effect could be even worse for someone laying down
near an electrode that is carrying current. One does

not need to touch -an electrode to be hurt. It would be

wise never to stand closer than 2 - 3 m from an
electrode, and never to touch an electrode.

If enough field helpers are available, I recommend that
one be stationed at each electrode site to warn people
away. |

I recommend that the resistance of the potential

electrodes be measured periodically. The input

impedénce of the Scintrex equipment is 3 megaohms

(3 X lOéJ\;). If the resistance of this value, than
the resistivity value measured will be in error by 5%.
A current diaéram for the receiver when it 1is connected

to the electrodes is shown below.
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R = Resistance of receiver = 3 megaohms .
Rpl, Rp2 = resistance of potential electrodes
Rwl, Rw2 = wire resistance
Re = resistance of the earth

Due to the transmitted signal, a voltage, V, 1s induced
across the potential electrodes, as shown by the symbol for the
battery; This voltage causes a small current, I, to flow in
the circuit. There is a voltage drop across each of the
vresistances due to I. The voltage drop across Rnm, the

receiver, is what is measured as UP on the instrument. We want

UP to Equal V, i.e. we want the receiver to measure the whole

signal. But we can see that

V =1 (Re + Rpl + Rp2 + Rwl + Rw2 + RR)
= I (Re + Rpl + Rp2 + Rwl + Rw2) + IRnB.
Now if Rc = Re + Rpl.{ Rwl + Rw2 = 0.05 RR.

Then 5% of the total signal voltage, V, well be
dissipated in the potential electrode circuit, and IRR = 0.95V,

so the receivér will measure only 95% of the true 'signal.



In order to prevent problems, which are unlikely in the
Valle de los Chillos survey, we should measure Re + Rpl + Rp2 +
Rwl +Rw2 = Rc with the Flube meter periodically, say once a day
for one receiver depole. We will usually find that Rc will be

less than, say, 10,000 ohms. IF<Rc-is~as high-as~l%-of~Rn;

i.e. if Rc _ 30,000 ohms, then measures should be taken to

reduce Rc. This can usually be done by applying water to the
holes dug for the potential electrodes. Only 1/4 to 1/2 liter
should be enough. The muchacho who dig the electrode hole

could éarry a canteen or bottle of water to do this.



ANTICIPATED SURVEY PROGRESS AND SCHEDULE

During my mission in September, 1983, 1I stuaied air photos,
maps.that showed towns, urbanizations, power lines, railroads
and other cultural features, and speht several days.in\the
field, all for the purpose of deciding on a survey design. The
results of this work were plotted on maps and documented in my
report; delivered to INE, when I returned home, near the end of
September. Since that time, topographic work has been done by
Cartotecnia, S.A., who established, by survey, permanent points
along each of these lines as well as plotting topographic and,
cultural features at a scale of 1:10,000. 1In some‘instances,H
lines had to be shifted éomewhat from the positions that I
originally iecommended in order,td»avoid cultural objects. Nb
adverse effects in the survey are expected from these shifts.

The September, 1983 report recommends the surveying of
lines of varying length and varying numbers of current

electrodes, roughly as follows:

Area : Number of

Number  of

lines current electrodes
Sangolqui - Tingo 12 69
Tumbaco - Cumbaya - 4 17
La Merced - Ilalo o7 27
Totals 23 113



As the survey‘progresses, certain additional lines may be
recommended, especially to obtain detailed data over
resistivity anomalies of interests. Thus, the lines planned so
far should be considered to be thg minimun number.

In determining an approximate schedule for the survey, I
have made a number of assumptions, as given below. If the

- actual survey is not conducted:in accordance with these

assumptions, then the schedule will not be accurate. The

assumptions are:

1. In a normal day'é work, 4 current electrodes can be
established and 7 receiver sites associated wih these 4
current electrodes can be occupied for a total of 18
resistivity readings per day;

2. Twenty per cent of the total time will be lost_because'ﬁ
of bad weather, equipment breakdown, lack of adeqqate
vehicles, training new field laborers and othér
unspecified occurrences that plagueAgeophysical’su;veys
the world over;

3. Additional lines will be planned to obtain detail over
approximatly 10% of the area, increasing survey time by
10%. |

During my second mission, progress has been much slower

than this, and I assume that once the sufvey gets underway in
earnest that a minimum of 4 full 6-9 hour days per week can

actually be spent acquiring data.



Using these assumptions and the lines as presently-planned;lthe

aproximate surveying time will be as follows:

Area Survey time- (months)
Sangolqui - Tingo
Tumbaco - Cumbaya
La Merced - Ilalbd

TOTAL

~ lwhun

We can, therefore, anticipate the schedule given in figure
2. : ;

Of course many factors could upset this schedule.
Equipment breakdown is one event that is likely to cause
problems. If the security equipment breaks down, the Mcphar
gear could be used to continue surveying. Ié‘is recommended
that the Mcphar equipment of UGGM be made'operational, if it.is
ﬁot operational now, so that it would be ready if»neeaed. |

A second probable cause of loss.of time would be laqk of
adequate field vehicles. The surveying crew and the
résistivity crew will each need to have one truck all day for

each day in the field.
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ANTICIPATED SCHEDULE

SURVEYING AND INTERPRETATION

July August September October

November December January February March

sur\@ying Sangolqui  Tingo

10 days
Mission
.Wright

Surveying ,
La Merced - Ilald
Surveying
¢ Tumbaco <
Cumbaya
1 5 - day
- T @ ¥
Wright .
Moore 2

1. Preliminary report, Sangloqui-Tingo

2. Final report, all areas

FIGURE 2



TESTING OF VARIOUS CURRENT ELECTRODES

One Wednesday, 4 July 1984 the fiéld crew went to the
Sangolqui - Tingo area in Valle de los Chillos to test various
current electrodes and to assure ourselves that the Scintrex
resistivity gearvwould operate correctly. We established
current electrode positions at 1200s and 1500s along line

ST-1. A variety of electrodes was tested:

a. aluminum foil
b. steel grate (parrilla)
c. copper stakes

d. stainless steel stakes.

‘The aluminum foil was placed in the bottom of one pit

about 12" wide x 24"rlong X 8" deep which had been watered and

salted at each site. Steel grate was placed in a pit of about

the same size and about 4" deep at each electrode site. The
stake electrodes wefe all driven in about 18" deep and salted
watered. Four copper»aﬁd four steel stakes were used at each
electrodg»site,

' The soil cdnditions at each électrode site were similar.
Soil was soft and clayey. The cipper 2 - 3% were dry, but
the soil wés(quite damp beléw that depth. All electrodes were

thus placed in damp soil, and the contact was further enhance

by adding salt and water.



~

Once the electrodes were in place, wire was led from each
of the four types to the transmitter Station along a road, and
then the four types were connected in turn to the
transmitter. Voltage was increased on the transmitter until
the maximun current obtainable was. transmitted.

Typical electrode circuit resistances as measured by the
transmitter and by a Fluke multimeter ranged from about 80 to
more than 500 ohms. We found it difficult to obtain a
reliable measure of electroée circuit resistance because the

electrodes would normally become polarized, i.e. they acted

‘like batteries, -driving a very small current of their own

through the meters and disrupting the resistance readings.

"This is a normal occurrence as the metal electrodes and does

not often créate a problem'ih making actual field resistivity )
measurements because the transmitter current is much larger
than-the.polarizing current. In extreme situations, electrode
polarization can cause problems in current regulation for thg
transmitter, but we saw no evidence that this was a problem in
this case.

Although different sizes of wire were used to connect the
four electrode types to the trahsmitter. The.differences in
wire resisténce introduced into the circuit are not believed
to be very.significant‘because the main component of circuit
resistance is due to the electrode contact with the soil. 1In

the figure below, Rw is the resistance of the wire, Rg is the



resistance of the earth and Re is the contact resistance of
the electrode with ‘the earth. The total circuit resistance,

against which the transmitter works is Rti.

o)
s
i

Rw + Rel + Re2 + Rg

Because forishort wire lengths, Rw _ Re, our tests‘ére
believed to be valid tests among the various electrodes.

Aé a result of these tests, we were able to classify the
electrodes from best to worst as follows: steel stakes, steel
grate, aluminum foil and cbpper stakesg Four steel stakes and
_the:steel grate were abbut equal. Using fewer stakes would |
increase Rt, above, and decrease maximum current that could be
transmitted.

I recommend that eithéf s;eel stakes or steel grate
(parrilla) be used, at least to begin the survey. If fewer
than 4 stakes per electrode site are available, then a
decision mustvbe made about whether torbuy more stakes (these
are presently 11 steel stdkeg in DEEM at a cost of 2000 - 3000
‘sucgés or to use‘Steel grate. 'Steel gfate may prove to be

cheaper and faster to use than steel stakes.



DATA INTERPRETATION

Intrerpretation of geophysical data is a two-step process:

1. Interpreﬁation of reduced and corrected field data in
terms of the subsurface variations of the physical property
being measured, in this case electrical resistivity; and

2. Interpretation of the subsurface variations of
resistivity in terms of variations in subsurface geology and
hydrology. |

Step 1 is the speciality of the geophysicist. He is
familiar with methods and techniques for interpretation. Of
course, he must be careful not to make a geophysical model of
the subsurface that is not gelogically realistic. Step-2 must
be a cooperative effort between ﬁhe geophysicist and the
geologist and/or hydrologist. This is a critical stage in
obtéining the best possible results from the survey, and
people who understand the geophysical work must work closely
with people who are in the best position to seiect among
vafious geological options that would explain the geophysical
data. Because step 2 is a cooperative effort, it will not be
discussed here. 1In this section we will treat only step 1.

.Geophysical interpretation (étep 1) of dipole - dipole
resistivity data is itself a very broad topié. Interpretation
techniques range from the very simple to the very complex;

.Interpretation is always made in terms of models of the

subsurface vanations in resistivity can be computed for an



assumed model and compared with the observed variations. The
model is then changed until an adequate agreement is reached
between expected and observed variations.

Models fall into one of three general categories:

1l - dimensional, 2 - dimensional, and 3 - dimensional:

1 -D Layers are specified

1 - Dimensional by depth to top and
(resistivity chages resistivity (P) only.
only vertically) Layers extend to infi-

nity in horizontal
directions.

more than two layers may, of course, be presented.

2 -D : Bodies are bounded in 2
- Dimensional ‘ : two dimensions, but
(resistivity changes - extend to infinity in
in the vertical and the third dimension

on horizontal dimension)

3 -D ‘ : ' Bodies are bounded
3 - Dimensional ‘ in all three dimensions.

(resistivity changes
in all three dimensions).

Mathematical formulations of the resistivity response over 1 - D
bodies (layered - earth models) are quite simple; those over 2 - D
bodies are reésonably complex; and mathematical formuiations for the
resistivity response of a 3 - D body is highlyvcomplex.

Of course, in building a reasonably realistic model of the
subsurfaqe, we must use generally use 2 - D or 3 - D models because
the earth seldom displays resistivity chages only in thé vertical
direction. 1 - D models are therefore of limited use.

To build, say, a 2 - D model that as representative of subsurface

resistivity changes usually requires us to put together the



resistivity effects at the surface of several (5 - 20 or more)

individual 2 - D bodies, as shown below:

k2

re

P s vl P

Calculation of the resistivity effect at the surface of
such a model quickly becomes more complex as more bodies are

added, and a large computer running a complex program is

required. The 3 - D case is even more complex. In general, 3
- D modeling is not used except to check 2 - D model results
because 3 - D models requiré too much computerAtime. 2 -D
models are adequate if resistivity chages are minimal for
distances 3 - 6 times the electrode spacing (a) on each side
of the time. 'This assumption is valid in a large number of
cases.

In order to form a "first-guess"” 2 - D model, various,
simple interpretation techniques are applied. 1In fact, using
these simpler interpretation technigue can yield a great deal
of information from the data in the field without resort to a

computer. So, simple interpretation techniques can be used to:



1. Get a first overview of resistivity results, including
variations in resistivity with depth, location of
vertical or dipping contacts, etc.

2. Form a first model to begin computer interpretation.

Some-simple interpretation techniques

Figures 3, 4, 7 and 8 show some very elementary models
that are of use in thinking about interpretation. Figures 3
and 4 show the expected resistivity pseudosection for cases in
which the earth is composed of only two layers - an upper
layer of resistivity 100 dm - m and a lower layer of 10 dm -
m. The differences among the models is that the depth to the
top of the horizontal resistivity interface increases -- in
Figure 3 (a). This depth is a/2, where a = electrode épacing
= 300 m for our Valle de los Chillos survey. So inteface is_
150 m. In Figure 3 (b) the depth is a =300 m, in Figure 4
(a) the depth is 1.33 a = 400 m, and in Fiqgure 4 (b) the depth
is 2a = 600 m.

We notice several things from these models :

1. Contoures of values of resistivity are horizontal;
2. Resistivity decreases as electrode separation,vn,'
increases, due to a deeper depth of exploration for larger

n and the fact that the lower layer has lower resistivity;
3. For depth = 6/2 (Figure 3 a), the shallowest resistivity

values (n=1) are less than half of the true upper - layer

A



resistivity, whereas for depth = 2 a (Figure 4 b), the
shallowest resistivity values do reflect the dpper layer
resistivity. However, as depth increases, the deepest
resistivity values (n = 6-8) are higher than the true
lower layer resistivity.

The above items illustrate the very important point that

the values of resistivity measured in the field are

apparent resistivity only -~ they are a kind of average of

subsurface resistivities. Proper interpretation

techniques must be applied to convert the values of

apparent resistivity on the pseudosection to a model_of
true resistivity changes with depth. |

In the case of these pseudosections, the horizontal
apparent resistivity contours tell us immediately that thg,

appropriate model is-a layered earth. I have left a

complete set of layered earth modeling curves with INE and
OGGM, and have explained their use. Theoretical models
for 3 or more layers quickly become difficult to use
because the number of models needed to describe all
possible combustions of resistivity and thickness becomes
large. This layer earth curves are usually adequate for
first overview interpretations.

Figures 5 and 6 illustrate how valués of aparent
resistivity are plotted versus electrode separation,
nlignore the curves marked 0.0l - 0.5 on these Figures.

After plotting the field data on this particular log - log



paper, the points are connected by a somooth curve, and
then the observed curves are compared with various ones of
the theoretical curves that I have given to INE and OGGM.
Note that the curves that I have given to INE and OGGM.
Note that the curves may be moved along the vertical
(resistivity) axis to achieve a match, but the values of
electrode separation (n) must overlie each other on both
the theoretical and observed plots.

Figure 7 shows the models for a vertical resistivity
contact. For 7 (a) the contact is locted between
electrode positions} whereas for 7 (b) the contact is
located at one of the electrode positions. Notice that

the resistivity contrast across the interface is 10:1, as

in the layered earth models. Important points to note
are: (a) when both current and potential electrbdes are
wholly on one side of the interface, the true value of
resistivity is measured; (b) when current and potential
electrodes are on opposite sides of the interface, an
intermedaﬁe value of resistivity is measured -- this
intermediate value does not actually occur in the
subsurface;v(c) the intermediate value of resistivity is
approximately constant in a pie - shaped are whose apex
pocats toward the location on the surface that Cofresponds

to the position of the contact. Thus the contact can be

located by the anomaly shape, and the wvalues of

resistivity on each side can be determined (d) if the



contact is not vertical, but dips at same angle, this in
general the dip must be shallower than about 45%°before dip

effects are seen on the pseudosections.

8. Figure 8 shows someshat more complex models. A vertical
resistivity contrast 1is buried beneath a layer of varying
thickness. On these models we can see effects of both the
vertical contact and the horizontal upper layer. As we
would expect, the picture is much'clearer on Figure 8 (a),

where the contact is shallower than on Figure 8 (b).

These models show only a modest beginning to those that
should be considered for purposes of simple interpretation. I

plan to send along more models and explanation when I return

to the USA.
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TRANSMISSION OF DATA TO UTSA

We have agreed among INE, OGGM and UURI to transmit data
to Utah on a weekly basis (or more frequently if needed) by
using the USAID office. <Carl Duisberg will mail the data to

Utah.
‘Items that will be sent are:

(1) copies o the receiver notes

(2) copies of any transmitter notes

(3) copies of plotted apparent resistivity4pseudosections
and the plotting paper furniéhed by UURI

(4) a copy of the appropriate portron (é) of the map to

show line and electrode locations.



