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INTRODUCTION 

The Instituto Nacional de Energia de Ecuador (INE) has been 

engaged in the exploration for low-to-raoderate 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 geologists. Previous geophysical 

work included electrical resistivity surveys at Sangolqui-El 

Tingo and Tumbaco-Cumbaya. Previous UURI assistance efforts have 

been documented by D/cyrĵ - ^- 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 between 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 method 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 conjunction with geologic, 

geochemical, and electrical resistivity data, will indicate the 

preferred locations for drill testing. INE geologists have 

completed the gravity survey themselves using a leased gravity 

meter, and utilizing technology transfer proyided by UURI during 

the July mission. The survey data were reduced in Quito and 

transmitted to UURI for review and interpretation. 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 reference 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 data, 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 Valle 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 Sangolqui-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, 

Arizona, under funding from U.S. AID. This gravity meter is a 

high precision instrument with a world-wide reading range of 

7,000 milligals, a reading accuracy of ĵ  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 ? ) . 

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 long 

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 

Milton Balseca became quite proficient in the operation and 

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 INE GEOLOGISTS 

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 fidxiia. the references since field conditions are 

variable and unexpected conditions 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 



Instruction 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 devoted 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, useability 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 achieved 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 uniformly 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 old 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 

at the site and to heavy morning traffic. The results of -tĥ -»<<T̂ T 

measurement and principal facts for the two known stations are -"̂ ^ 

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 780 29.0' QO 10.4' 2812.41 977270.32 978049.04 7.65 mil-
Sucre Iigals 

observed 
Q. Astron 780 29.5' QO 13.2' 2817.21 977262.67 978049.10 Grav. 
Obs. 

Q. Astrom 780 29.5' 0° 13.2' 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 1011.2̂ 5' 

ĵ  .03 milligals requires the addition of a constant, approx­

imately 976,251.41 milligals to adjust the L & R G-325 value to 

absolute gravity readings. the constant correction value to 

express L & R G-325 gravity values in terms of absolute gravity 

can be expressed as: 

ci^^^^ KG|.f-r. = Gf^'*(QS Obs) - Gofes (QA Obs) = +976251.41 mg 

Base Station Looping 

To tie the survey data for Sangolqui-El Tingo (S - ET) and 

Tumbaco-Cumbaya (T-C) to QA Ob^ required 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 QAO. If 

the difference after tidal correction is greater than 0.03 

milligals, a repeat loop should be completed. The recommended 

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 the 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 milligals to adjust the L & R G-325 value to 

absolute gravity readings. The constant correction value to 

express 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. 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 QAO. If 

the difference after tidal correction is greater than 0^03 

milligals, a repeat loop should 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 tidal changes. Tidal corrections 

were calculated by the reduction program (Kwoon et al. , 1977). 

This procedure for a single 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 aii (1977) computer 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. 

Data Reduction 

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 gravity stations in the INE surveys, the need for exact 

manipulation of large numbers, and the looping of base stations 

the reduction process is most necessarily done by computer. INE 

geologists have implemented a computer program written by Kwoon, 

Rudman and Blakely (1977) oh the INE computer to complete the 

data reduction. 

Topographic corrections, both in field arid in 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 determined 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 density of 2.45 g/cm^ was used for topographic and Bouguer 

corrections. This is close to the 2.40 g/cm^ used by Feninger 

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

Data Interpretation 

Time permitted only a general discussion of data interpre­

tation, density changes, regional gradients, etc. A general 

qualitative interpretation can be performed on survey gravity 

maps at scales of 1:10,000 or 1:25,000. Detailed quantitative 

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 fluidsi 

Dr. p. M. Wright recommended regional gravity stations 

between Quito and the survey areas to assist in defining the 

regional gradient. No engineering was completed tp prepare 

gravity stations and these data were not obtained. Regional 

gravity stations on Ilalo' were considered more important. 

Additional fill in gravity stations, at approximately 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 
r 

Mining Geophysical Surveys in the United States. 

EVALUATION OF INE SURVEY DATA 

A preliminary inspection of the INE Tumbaco-Cumbaya and 

Sangolqui-El 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 indicated prior to any interpretational efforts. 

This is a rather standard procedure even for gravity data 

compilations by very experienced groups. 



The following work was coiripleted in order to verify and 

improve the data compilation and resulting gravity maps. 

1. Station elevation verification. 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 determine instrument stability and drift 

correction magnitude. This was not printed out by GRAVSUR and 

had to be recalculated. Drift correction varied from -0.375 to 
A 

weffi-
+ 0.569 but 'wa-s- generally less than 0.2G 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 Bouguer gravity values were corrected. 

4. Printed Bouguer gravity values for each profile were 

compared with values plotted on the maps, station by station. 

Errors were corrected,and numerous values changed when round off 

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 topographic corrections are typically applied after the 

simple Bouguer anomaly has been calculated, (hence last) to 

permit tabulation of both the simple Bouguer anomaly and the 

terrain corrected Bouguer anomaly. Some reduction programs also 

print out topographic, tidal, and drift corrections for easy 

comparison with the fully corrected Bouguer gravity value. This 

would have been most useful in the present study. 

The revised Bouguer gravity maps for Tumbaco-Cumbaya and 

Sangolqui-El Tingo are substantially different from INE 

preliminary maps, with generally smoother contours and fewer 

single station anomalies. Several questionable anomalies with 

gradients larger than 2.G mg between stations, and several mg 

between lines, still occur. Most of these features can be 

attributed to unusually high or low observed instrument readings, 

as compared to nearby stations. The larger amplitude (3 mg or 

more) single station anomalies are almost 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 geologic features. 

2. Quantitative interpretation: Numerical modeling, model 

matching, or curve 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 above the 

uncertainty of regional gradients and survey and/or geological 

noise levels. 

3. Geological 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. 

TUMBACO-CUMBAYA SURVEY 

The Bouguer gravity 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 completed to an effective accuracy of ĵ  0.1 

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



station anomalies of 1 mg or more do occur however, and since the 

gravity method is sensitive to the effects of elevation and 

instrument reading errors, and to topographic effects these 

"anomalies' must be considered 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 geologic changes, generally represented by an 

increased slope of the Bouguer gravity data. These locations 

were plotted on profiles and Plate IB. The more likely 

continuity between these high gradient areas was inferred from 

the contour map itself using our basic understanding of the 

geologic environment, 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/cm^. The identification of 

valid gravity anomalies is often difficult arid depends to a large 

extent on the continuity 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 ra. A 

shallow fault (lb) 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 anomalies may occur along faults or at fault 

intersections. If brecciation and dissolution occur, as in 

Figure Ic, a weak gravity low may result. If sja 1 ici5&-i=«?apfei5em- or 

other 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. Id). 

Plate IB shows the interpreted structures for the Tumbaco-

Cumbaya area. Low anomaly amplitudes and limited continuity 

across survey lines demands considerable uncertainty in the 

interpretation of many features. The more speculative faults are 

indicated by broken lines and question marks. Substantiation by 

independent data (geologic mapping, resistivity, etc.) is 

desirable before much credence can be given to these features. 

Limited geologic control was available at a scale 

appropriate for comparison with the gravity data. Major linear 

features 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 
a. 

patterns. The dominant feature of the map is systematic 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 review 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 important in defining this 
a. 

feature. Hence it is considered to be valid anomaly of geologic 
A 

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 linears 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 

data 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 ar inferred to have an easterly trending 
A 

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 
voo\£ 

movement is unknown. Some pojas, possibly thermal springs, occur 
A 

near the mapped structure. Verification of these features will 

require additional field work by INE geologists. 

SUMMARY AND CONCLUSIONS 

In July 1986, Dr. Howard 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-El Tingo 



areas, Valle de Los Chillos. Data reduction and compilation was 

completed in Quito using a program 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 Tumbaco-Cumbaya and Sangolqui-El Tingo areas are 

included in this final report. 

An interpretation of these gravity data has been largely 

qualitative since the anomaly expressions ar weak, some data were 

not recorded, and few anomalies are adequately sampled to justify 

a numerical interpretation. INE geologists ar 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 

number of possible, short or discontinuous structures have been 

interpreted. 

Some correlation exists between mapped lineaments and faults 

and the structures inferred from the gravity data. The ̂ p©«4-a-l-

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 ambiguous to define 

drill test locations by themselves, but may contribute to target 

concepts and area selection in conjunction with thermal, 
al «*̂ '̂ 

geochemical, electric resistivity and geologic data. A field 
A ^ 

e v a l u a t i o n of i n f e r r e d s t r u c t u r e l o c a t i o n s may a i d in 

es tab l i sh ing the va l id i t y of the in terpre ted geologic s t r u c t u r e s . 
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APPENDIX 1 

STATEMENT OF WORK 

INE GRAVITY MISSION 

1. 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. 

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

3. 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. 

4. 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. 

5. 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). 

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

7. Travel Quito-SLC 

8. Review and/or complete interpretation of gravity survey data 
after shipment to Salt Lake City. Prepare interpretative 
report (September-November, 1986?). 



APPENDIX 2 

RECORD OF DAILY ACTIVITIES 

Dr. Howard P. Ross 

2-13 July, 1986 

Date Activity 

2 July 1986 Travel Salt Lake City to Tucson, Arizona. 
Review gravity meter operation with Mining 
Geophysical Survey geophysicists, verify 
meter condition. Return to Salt Lake City-
hand carry meter. 

6 July 1986 Depart Salt Lake City for Quito. 

7 July 1986 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. 

8 July 1986 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. 

9 July 1986 Take gravity reading at geodetic reference 
station, Quito Observatory. Travel to 
Sangolqui-El Tingo area, establish gravity 
base stations, all lines, return to base 
station. Training INE geologists. 

10 July 1986 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. 

11 July 1986 Instruction and discussions at INE: data 
reduction, terrain corr., interpretation, 
survey additions. Go to computer center. 

12 July 1986 Work on report all day. 

13 July 1986 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 Volume, Economic Geology, 

Society of Economic Geologists, 1981. 



APPENDIX 4 

CORRECTIONS TO GRAVITY DATA 

Tumbaco-Cumbaya 

Line 

TCG-2 
TCG-4 
TCG-5 
TCG- 5 
TeG-5 

Station 

42 
27 
34B 
15 
(Datum 

Elevation 

2366.54 
2311.45 
•e-.-k. 

2292.42 : 
Elevation i 

Bouguer ) (Lectura) 
Gravity Gravity 

1560.323 
1556.770 

1009.980(7) 

should be 0.0 meters not 5.Of INE 
should recompute all stations on TCG-5 after correcting 
datum elev. and reading at 34B, 9hfe8̂ m, 7/17/86) 

'yStx-CAf.-

Sangolqui-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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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: Ing. 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 begun 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, 

Howard P. Ross 
Section Head/Geophysics 

End. 

http://GRAV2D.COM
http://MERG.COM


UNIVERSITY OF UTAH RESEARCH INSTITUTE 

EARTH SCIENCE LABORATORY 
391 CHIPETA WAY, SUITE C 

SALT UKE CITY, UTAH 84108-1295 
TELEPHONE 801-524-3422 

M E M O R A N D U M 

TO: Marco Acosta 
Instituto Nacional De Energia 

FROM: Howard Ross 

SUBJECT: Preliminary Evaluation 
INE Gravity Survey Data 

DATE: 10 October, 1986 

Tumbaco-Cumbaya 

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 errors. 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 inspection of observed data, all corrections, and 
detailed topographic maps may determine which of these data 
values, if any, should be considered unreliable. 

2. The expression of faulting is rather weak. Some indication 
of faulting may be present between: 

TCG2: Sta. 14 to TCG4: Sta. 17 
TCGl: Sta. 34 to TCG4: Sta. 33 

3. A detailed review of the data, corrections, topography and 
other data may be warranted to determine if numerical model­
ing of the 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 
Line 
Line 
Line 
Line 

STGl, 
STG3, 
STG4, 
STG5, 
STG6, 

Sta. 
Sta. 
Sta. 
Sta. 
Sta. 

47 
48 
22; 29; 
5; 18 
38 

41 

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, qualitatively 
interpreted,and then numerically modeled if the anomaly 
amplitudes are significantly above the level of local noise and 
regional gradients. 

' ^ ^ U / i Z ^ 
Howard P. Ross 
Section Head/Geophysics 
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1) 
2) 
3) 
4} 
5> 
6) 
7) 
6) 
9) 
10) 
11) 
12) 
13) 
14) 
l b ) 
16) 
17) 
18) 
1'5) 

20 ) 
21 ) 
22) 
23) 
24) 
2 t ) 
26) 
27) 
28) 
29) 
30) 

* « « * » 

COMMON BLOCK FOR MERG1-MERG13 

DESCRIFTION OF COMMON VARIABLES 

LR-
NSF-

TITLE-

IPR-
IPW-
ISF-
I^UMk-

IBUF-

(INT.) RECORD LENGTH IN WORDS (4 BYTES EACH) 
(INT.) » OF SUBFILES THAT HAVE BEEN 
WRITTEN IN THE-'MERGE FILE. 
(A-N) 60 CHARACTERS. TITLE CONTAINS THE 
DESCRIPTION OF THE MERGE FILE. 
ClNT.) SEQUENTIAL RECORD REAUING POINTER 
(INT.) SEQUENTIAL RECORD WRITING POINTER 
(INT.) CURRENT SUBFILE STARTING RECORD POINTER 
(INT.) U OF RECORDS IN THE CURRENT SUBFILE. 
NUMR IS ALWAYS FOUND IN THE FIRST felORO OF THE 
FIRST RECORD IN EACH SUBFILE. THE RECORD COUNT 
INCLUDES THE RECORD WHICH CONTAINS NUMR. 
(INT.) WORKING ARRAY USED BY VARIOUS MERG 
SUOROUTINES TO MOVE RECORDS FROM PLACE TO PLACE. 
IBUF MUST.BE DIMENSIONED AT LEAST AS LARGE AS LR 
IN THE USERS MAIN PROGRAM. THUS IT IS REQUIRED 
THAT THE KR6 COMMON BLOCK IS DECLARED IN THE 
USERS PROGRAM. 

y 
70 

L7) 

C 
tP 
ro 
o 
c 
d 

COMMON /MRGl/ IbUF(l) 
COMMON /MR32/ LR,NSF,TITLE(15)•IPR« IPW» ISF»NUMR 
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1 ) 
2) 
3) 
t) 
5) 
6) 
7) 
8) 
9) 
10) 
11) 
12) 
13) 
14) 
lb) 
16) 
17) 
18) 
19) 
20) 
21) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
31) 
32) 
33) 
34) 
35) 
36) 
37) 
I)b) 
39) 
H O ) 
41) 
42) 
43) 
M t * ) 

45) 
46) 
^7) 
48) 
49) 
50) 
51 ) 
52) 
53) 
54) 
5b) 
56) 
57) 

**•*«*••********••**************«*••************•• 6RAV23.COM 

COMMON 3L0CK FOR 
(SINSERT FILE) 

GRAV2D 

-WHEN CHANGING IPWlD»b£ SURE THAT 
1) POLYG * NVERTX MUST BE LESS THAN IPWID 
2) IG2H,IG2HG»IG2HP ARE POSITIVE »*S i 
3) DIMENSION OF DUM'S IS SUCH THAT THE COMMON 

IPWID WORDS* 
H) LIM IN SUBROUTINES WR»RR IS CHANGED* 
5) NLEN=11 IS UPDATED IN SUBROUTINE INPUT IF 

ADDITIONAL COMMON BLOCKS ADDED TO WORK/MERGE 
FILE DATA 

PARAMETER IPWID =500 
PARAMETER NSRDIR=50 
PARAMETER NP0LYG=15 
PARAMETER NVERTX=33 
PARAMETER IPWID2 = 4*1PW ID 
PARAMETER NSIRD2=NSRDIR*l 
PARAMETER NVTP =NPCLYG*NVLRTX 
PARAMETER NSTATS=IPWID 
PARAMETER IG2H =IPWID-54 
PARAMETER IG2HP =IPWID-NVTP 
PARAMETER IG2HG =IPWI0-5*NPOLYG-2*NSRDIR 
PARAMETER CS2=0.1 
PARAMETER ISYM1=1 
PARAMETER ISYM2=4 

LOGICAL VALIDI 
REAL*8 CT»GTT*GTE»SS»XMI,XMA»XKAXtXMIN»DELM, 

$ AINV*SST*V*VT*TSVD 

COMMON BLOCKS FOR WORK AND MERGE FILE DATA 

BLOCK HAS 

COMMON /G2H1 

COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 

C O M r - i O N 
C O M M O N 
C O M M O N 
C O M M O N 

/G2H2 
/G2H3 
/G2H4 
/G2H5 
/G2H6 
/G2H7 

/G2H8 
/G2H9 
/G2H10 
/G2H11 

NLEN»HEAD(2C)»PROFID(20)•DUMD(2)»NUNITS* 
NBASE»IORD,ISS»HSCALE,VSCALE»VBOD»NSTAT» 
NP0LY»SSR»MAXlTtDUMl(IG2H) 
TD(NSTATS) 
TT(NSTATS) 
D I F O C ( N S T A T S ) 
XSTAT(NSTATS) 
ZSTAT(NSTATS) 
NSIDES(NPOLYG)*SUS(NP0LYG)»STR1(NPOLYG), 
STR2(NP0LYb)*ISUS(NP0LYG),XLIM(NSRDIR)» 
DELX(NSRDIR)*DUM6(IG2HG) 
XSTART(NPOLYG,NVERTX),DUM2(IG2HP) 
ZSTARKNPOLYG,NVERTX ),DUM3(IG2HP) 
IVO(NPOLYG,NVERTX),DUM4(IG2hP) 
IVX(NPOLYG,NVERTX),DUM5(IG2HP) 

COMMON BLOCKS FOR TEMPORARY STORAGE 

http://6RAV23.COM


u r. M V £. L- • ̂  u I 

V c ^ . ^ 

f 

9 

f 

9 

f) ( 

9) 

58) 
[ 59) 
I bO) 
( 61 ) 

62) 
63) 
bt) 

t bb) 
6b) 
b7) 
bB) 
6 9) 
70) 
71) 
72) 
73) 
74) 

C 

C 

c 

COISr'.ON 
i 

COfiiMGN 
i 
•i 

COriMCN 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 

$ 

/G2hMAN/ 

/G2HIV / 

/LU / 
/TERMS / 
/MRGl / 
/MRG2 / 
/OPRTXT/ 
/BLK5 / 
/GPLCTS/ 

S S ( N S T A T S ) , G T E ( N P C L T G , N S T A T S ) , G T T ( N S T A T S ) , C T , 
D E L M ( N P O L Y G , N V t R T X , N S T A T S ) , X M A , X M I , X M A X , X M I N 

TSVD<IP'-^ID2),SST(NSRDIR,NSRDIR), 
V ( N S R D I K , N S R D I R ) , V T ( N S R D I R , N S R D 1 R ) , 
A I N V ( N S T A T S , N S I R D 2 ) 

1 T R , 1 T W , 1 U W , IU M , 1 U P , IU R 
ITRi; 
BUF( IPWiu) 
L R , . ' J S F , T I T L E ( 1 5 ) , I P R , I P W , 1 S F , N U M R 

N L , T E X T ( 1 2 , 6 ) 
N I M , I M ( 2 0 0 ) ,SDUM(20 0),NSDUM 
X C H A X , X C M I N , Y C M A X , Y C M I N , X M M I N , X M M A X , 
YMMAX,YMMli'i,XCAL,YCAL,XMAL,YMAL , O A L X , O A L Y , 
N O S Y M , I P L l , I P L 2 



N V - V 

( 1 ) 
( 2 ) 
( 3 ) 
( 4 ) 
( 5 ) 
( b ) 
( 7 ) 
( 6 ) 
( 9 ) 
( 1 0 ) 
< 1 1 ) 
( 1 2 ) 
( 1 3 ) 
( 1 4 ) 
( l b ) 
I l b ) 
( 1 7 ) 
( 1 8 ) 
I 1 9 ) 

1 
l C i , - . b , 1 0 . , l C . , 0 
- 1 0 0 . 0 0 0 , 0 . 0 0 0 , 0 , 0 
1 1 8 . 5 0 0 , 0 . 0 0 0 , 0 , 0 
1 1 8 . 5 0 0 , 0 . 0 1 0 , 0 , 0 
1 6 , 7 5 , 0 . 0 1 , 0 , 7 
1 5 . 7 5 , 1 . 2 5 , 6 , 7 
1 2 . 5 , 1 . 2 5 , 6 , 5 
1 1 . 2 5 , 4 . , 3 , 5 
9 . 5 , 4 . , 3 , 4 
6 . 5 , 2 . , 3 , 4 
7 . 2 5 , 2 . , 3 , 0 
6 . 3 7 , . 1 2 5 , 0 , 0 
5 . , . 2 5 , 0 , 0 
4 . , 2 . , 1 , 0 
2 . , 2 . , 1 , 2 
1 . 5 , . 0 1 , 0 , 2 
- 1 0 0 . , . 0 1 , 0 , 0 
- 1 0 0 . , 0 . , 0 , 0 

•7. m-



^5-

( 1) 
( 2 ) 
I 3 ) 
( 4 ) 
( 5 ) 
I b ) 

V 7 ) 

< 6) 
( 9 ) 
( 1 0 ) 

1 . , . 2 5 
1 . , . 2 b 
1 . , . 2 b 
1 . , . 2 b 
1 . , . 2 5 
1 . , . 2 b 
1 . , . 2 b 
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( 1) 
( 2) 
( 3) 
( 4) 
( 5) 
^ 6) 
( 7) 
( b) 
( 9) 
( 10) 
( 11) 
( 12) 
( 13) 
( 14) 
( 15) 
( 16) 
i 17) 
( 18) 
( 19) 
( 20) 
I 21) 
( 2 2 ) 
( 23) 
( 24) 
; 25) 
( 26) 
I 27) 
( 28) 
I 29) 
( 3 0) 
( 31) 
( 32) 
( 33) 
I 34) 
( 35) 
i 36) 
( 37) 
( 38) 
( 39) 
( 40) 
( 41) 
( 42) 
( 43) 
( 44 ) 
i 45) 
< 46) 
( 47) 
( 48) 
( 49) 
( 50) 
( 51) 
( 52) 
{ 53) 
V 54) 
( 55) 
( bo) 
i 5 7) 

MODEL FROM SNOW 
1 
1 
90 
0.000 ,0.0,0^ 
-0.294,0.2,0. 
-0.633,0.4,0. 
-1.029,0.6,0. 
-1.499,0.8,0. 
-2.067,1.0,0. 
-2.770,1.2,0. 
-3.664,1 .4,0. 
-4.854,1.6,0. 
-6.562,1 .8,0. 
-9.789,2.0,0. 
-14.024,2.2,0. 
-16.657,2.4,0. 
-18.590,2.6,0. 
-20.056,2.8,0. 
-21.175,3.0,0. 
-22.015,3.2,0. 
-22.627,3.4,0. 
-23.038,3.6,0. 
-23.256,3.8,0. 
-23.277,4.0,0. 
-23.081,4,2,0. 
-22.632,4.4,0. 
-21,883,4.6,0. 
-20,796,4,8,0. 
-19.•474,5.CO. 
-18.411,5.2,0. 
-17.937,5.4,0. 
-17.995,5.6,0. 
-18,517,5.8,0. 
-19.510,6.0,0. 
-21.074,6.2,0. 
-23.504,6.4,0. 
-27.095,6.6,0. 
-30.578,6.8,0. 
-33.522,7.0,0. 
-36.059,7.2,0. 
-38.283,7.4,0. 
-40,252,7.6,0, 
-42.009,7.6,0. 
-43.582,8.,0. 
-44.992,8.2,0. 
-46.256,8.4,0. 
-47.387,8.6,0. 
-48.395,8.8,0 . 
-49.268,9. ,0. 
-50.068,9.2,0. 
-5 0.743,9.4,0. 
-51.315,9.6,0. 
-51,786,9.8,0. 
-52.156,10.,0. 
-52.428,10.2,0. 
-52.603,1C.4,0. 
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5 8 ) 
5 9 ) 

( 6 0 ) 
[ 61 ) 
t 6 2 ) 
1 6 3 ) 
( 6 4 ) 

6 5 ) 
6 6 ) 
6 7 ) 

C 6 6 ) 
6 9 ) 
7 0 ) 
7 1 ) 
7 2 ) 
7 3 ) 
7 4 ) 
7 5 ) 
7 6 ) 
7 7 ) 

[ 7 8 ) 
7 9 ) 

I ' 8 0 ) 
8 1 ) 
8 2 ) 
8 3 ) 
8 4 ) 
6 5 ) 
8 6 ) 
8 7 ) 

[ 8 8 1 
8 9 ) 
9 0 ) 
9 1 ) 

9 2 ) 
9 3 ) 
9 4 ) 

- 5 2 . 6 8 0 
- 5 2 . 6 6 0 
- 5 2 . 5 4 5 
- 5 2 . 3 3 5 
- 5 2 . U 3 1 
- 5 1 . 6 3 4 
- 5 1 . 1 4 7 
- 5 0 . 5 7 2 , 
- 4 9 . 9 1 2 1 
- 4 9 . 1 7 2 1 
- 4 8 . 3 5 5 
- 4 7 . 4 6 8 i 
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- 3 5 . 5 6 4 
- 3 3 . 9 5 5 
- 3 2 . 1 8 1 1 
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- 2 7 . 9 3 1 1 
- 2 5 . 2 8 6 , 
- 2 2 . 0 7 9 1 
- 1 7 . 7 8 5 , 
- 1 3 . 2 0 4 , 
- 1 0 . r 9 5 , 
- 9 . 0 4 2 , ] 
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- 4 . 0 9 0 , ] 
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» 1 0 . 8 , 0 . 
, 1 1 . , 0 . 
i l l . 2 , 0 . 
, 1 1 . 4 , 0 . 
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, 1 4 . 8 , 0 . 
, 1 5 . , 0 . 
, 1 5 . 2 , 0 . 
, 1 5 . 4 , 0 . 
, 1 5 . 6 , 0 . 
, 1 5 . 6 , 0 . 

1 6 . , 0 . 
, 1 6 . 2 , 0 . 
, 1 6 . 4 , 0 . 
, 1 6 . 6 , 0 . 
L 6 . 8 , D . 
L 7 . , 0 . 
L 7 . 2 , 0 . 
L 7 . 4 , 0 . 
L 7 . 6 , 0 . 
L 7 . 8 , 0 . 
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( 7 ) 
I 8 ) 
( 9 ) 
( 1 0 ) 
( 1 1 ) 
( 1 2 ) 
( 1 3 ) 
( 1 4 ) 
( 1 5 ) 
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( 1 9 ) 
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( 2 2 ) 
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( 3 5 ) 
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4 2 . 2 4 0 , 0 . , 
5 5 . 4 4 , 0 . , ( 
4 7 . 2 5 6 , . 2 
4 2 . 2 4 0 , . 5 , 
4 2 . 2 4 0 , 0 . , 
6 , - . 2 3 , 1 0 . 
5 5 . 4 4 0 , 0 . 
9 0 . 6 1 6 , 0 . , 
9 0 . 8 1 6 , 2 . , 
4 2 . 2 4 0 , 1 . 
4 2 . 2 4 0 , . 5 
4 7 . 2 5 6 , . 2 , 
5 5 . 4 4 0 , 0 . , 
4 , - . 3 6 , 5 0 , 
- 2 4 . 6 1 6 , . ' 
3 9 . 3 3 6 , . 7 , 
2 0 . 0 6 4 , 4 . ; 
- 2 4 . 8 1 6 , 4 

. , 5 0 . , 0 

. , 0 , 0 
] , 0 
, 0 , 0 
, 0 , 0 
N 0 , 0 
. , 0 , 0 
2 . , 0 

, 0 , 0 
3 ,0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
, , 4 . , 0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
, 0 , 0 
> , 5 0 . , 0 
r ,o ,o 
, 0 , 0 

wo,o 
. 3 , 0 , 0 

- 2 4 . 8 1 6 , . 7 , 0 , 0 
5 , - . 2 3 , 5 0 , 
- 2 4 . 8 1 6 , 4 . 
2 0 . 0 6 4 , 4 . ; 
3 9 . 3 3 6 , . 7 
2 0 . 0 6 4 , 1 3 . 

. , 5 0 . , 0 

. 3 , 0 , 0 
W 0 , 0 
, 0 , 0 
. , 0 , 0 

- 2 4 . 8 1 6 , 1 3 . , 0 , 0 
- 2 4 . 8 1 6 , 4 , . 3 , 0 , 0 
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( 4) 
( 5) 
( 6) 
I 7) 
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( 9) 
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( 11) 
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I 14) 
( 15) 
( 16) 
( 17) 
( 18) 
( 19) 
( 20) 
( 21) 
( 22) 
( 23) 
( 24) 
( 25) 
( 26) 
( 27) 
( 28) 
( 29) 
( 30) 
( 31) 
( 32) 
( 33) 
( 34) 
( 35) 
( 36) 
( 37) 
( 38) 
( 39) 
{ 40) 
( 41) 
I 42) 
( 43) 
( 44) 
( 4b) 
( 46) 
i 47) 
( 48) 
( 49) 
( 50) 

GRAVITY MODEL 
3 
23 
46 
-191.1 
-205.1 
-2G6,i 
-207,, 
-207,5 
-207., 
-206.1 
-205., 
-204.1 
-203.1 
-202.1 
-201,1 
-200,1 
-199,1 
-198,1 
-197.1 
-196.1 
-195.1 
-194. 
-193.1 
-192.1 
-191., 
-191., 
-192.1 
-192.i 
-193.. 
-194. 
-195.' 
-195.-
-196. 
-197. 
-198. 
-199. 
-200. 
-201. 
-201.( 
-202. 
-203. 
-204. 
-205. 
-206. 
-207. 
-207.f 
-208. 
-210. 
-220. 

-24.816,0 
5.28,0. 
6.6,0. 
10.56,0. 
,15.312,0 
20.064,0. 
21,542,0, 
23,126,0. 
25,06,0, 
26,822,0, 
28,459,0. 
29,832,0. 
31.258,0. 
,32.472,0. 
,33.950,0. 
35.059,0. 
,35.482,0. 
,37.066,0. 
,37.910,0. 
38.597,0. 
,39.389,0. 
,40.445,0. 
,40.920,0. 
,42.240,0. 
5,43.824,0 
,45.408,0. 
,46.306,0. 
,46.728,0. 
7,48.576,0 
,50.952,0. 
,52.272,0. 
,53.592,0. 
,55.176,0. 
,55.968,0. 
,56.760,0. 
b,59.136,0 
,62.304,0. 
,66. , 0. 
,67.478,0. 
,68.640,0. 
,69.b96,0. 
,70.224,0. 
^,71 .606,0 
,73.656,0. 
,75.504,0. 
,90.616,0. 



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: Ing. 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 pt-'eliminary 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. 

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 

Contract 

Geophysical 
Study At Valle 
De Los Chillos 
No. 1 

1. September 
1983 Mission 

Invoice 
No. 

1 

Amount 

$5,692.91 

Date 

May 29, 

1985 

Payments 
Received 

$5,692.91 

Date 

Oct. 
30, 

1985 

B. Geophysical 
Study at 
Valles De Los 
Chilles No. 2 

1. March 1984 
Mission 

2. July 1984 
Mission 

Subtotal 

$7,035.74 

6,147.72 

$13,183.46 Dec. 31, 
1985 

$13,183.46 Oct. 
30, 
1985 

3. April to 
November 
1985 2 7,943.63 Dec. 31, 

1985 

4. Feb. 1-
28, 1986 00.00 Mar. 21, 

1986 

Total B 

C. Total A & B 

$21,127.09 

$26,820.00 

$13,183.46 

$18,876.37 



Technical Assis­
tance to INE 
Geophysical study 
at Valles De Los 
Chillos. 4 

1. Gravity Training 
Mission July '86 $ 8,020.00 Aug. 31, 

1986 

E. 

F. 

G. 

2. Gravity Intern 
Program GRAV2D 

Total D 

Total C & D 

Balance Due 

150.00 

$ 8,170.00 

$34,990.00 $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 

I ns t i t u t o Nacional de Energia 
Mariana de Jesus No 2307 y M. De Utrevas 
Quito, Ecuador 

Payee's Name & Address 

UNIVERSITy OF UTAH RESEARCH INSTITUTE 
Research Park 
•391 Chlpeta Way Suite C 
Sa l t Lake Ci ty , 'UT 84108 

Payor's Reference 

Period o f Agreement 

Total Amount 

Payee's Reference 

Invoice i 

B i l l i n g Period 

$18,876.38 

5-84802 & 
5-84803 

Date Prepared 
May 29, 1985 

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 

Salary 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. 

** 

Amount 

$ 569Z.91 Pd. Oct. 30,1985 

6147.72 
\pd^ Oct^V3S,: 1985 
/See attached 
/ invoice 

7035.74 

TOTAL DUE $18,876.37 U.S. 

* 5-84802 

** 5-84803 



INVOICE 

Payor's Name ii Aadress 

INSTITUTO NACIONAL L£ LNLRGIA 
MARIAiJA LE JESUS 'iO 2307 t 1. LE UTREVAS 
LUITU, ECUADOR 

Payor's Reference 
CARL OUISBERG, INc-AIO 

Period of Aureement 
OPEN 

Total Amount | 
i 0.00 I 

T o t a l Fee 
i 0 . 0 0 

P a y e e ' s Name & A o a r e s s 

UNIVERSITY OF UTAH RESEARCH INSTITUTE 
R e s e a r c h Park. 
391 C h i p e t a Way, S u i t e C 
S a l t Lake C U y , U t a h 8<H08 

P a y e e ' s R e f e r e n c e 
5 - 8 4 8 0 2 & 5-84803 

Invoice No< 
1 

I Date Prepared 
I TUE, DEC 31 19; 

Billing Period 
SEPTEMBER 1983 TO MARCH 1984 

DescrIpt1 on 
Cost This 

Billing Period 
Cumulative 

Cost 

Direct Costs: 
Lab.or ,;• 
Employee Benefits 

hodifiec Total Oirect Costs 

5,034.25 
2,009.79 

7,044,04 

5»034.25 
2»009.79 

7,044.04 

b & A 
Indi rect Costs 
Administrative Fee 

Total Reimojrsab Ie Costs 

913.24 
3,028.94 
2,197.24 

13,1/53.46 

913.24 
3,028.94 
2,197.24 

13,183.46 

AMOUNT PAYABLE PER ThlS INVOICE: 13,163.46 



UURI 
Invoice 

Payor's Name and Address 

Inst i tuto Nacional de Energia 
Mariana de Jesus No. 2307 Y M. de Utrevas 
Quito, Ecuador 

Payee's Name and Address 

UNIVERSITY OF UTAH RESEARCH INSTHUTE 
Research Park 
391 Chipeta Way, Suite C 

Salt Lake Ci ty , Utah 84108-1295 
801-524-3422 

Payor's Reference 

Carl Duisberg, INE-AID 

Total Amount 

Payee's Reference * 

5-84802 & 5-84803 
Invoice # 

2 

Invoice Date 

Tue, Dec. 31, 
Billing Period 

April 1985 to November 1985 

Description 
* Please include Payee's reference number witli payment 

Cost This 

Direct Costs: 
Labor 
Employee Benefits 
Travel 
Purchased Services 
Communications 

Modified Total Direct Costs 

G & A 
Indirect Costs 
Administrative Fee 

Less Overrun on Fixed Price 
Contract No. 1 

Total Reimbursable Costs 

AMOUNT PAYABLE PER THIS INVOICE: 

Billing Period 

$ 

$ 

$ 

$ 

3,245 
1,265 
1,977 

199 
37 

6,724 

840 
2,891 
2,091 

12,547 

-4,604 

7,943 

7,943 

.37 

.70 

.26 

.00 

.25 

.58 

.55 

.54 

.31 

.98 

.35 

.63 

63 

CUMULATIVE 

Amount 

$ 10,465.06 
4,140.92 
1,977.26 

199.00 
37.25 

16,819.49 

2,135.14 
7,232.35 
5,237.37 

$ 31,424.35 

-4,604.35 

$ 26,820.00 

Total amount due and payable within 30 days of invoice date 



UURI 
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 # 

3 

Invoice Date 
FRI., .MAR 21 , 1986 

Billing Period 

2/1/86 to 2/28/86 

• Please include Payee's reference number with payment 

Description 

Direct Costs: 

Labor 
Employee Benefits 
Tra:vel 
Purchased Services 
Communications 

Modified Total Direct 

G & A 
Indirect Costs 
Administrative Fee 

COST 
BILLING 

$ 

Costs 

THIS 
PERIOD 

210.83 
82.22 
-
-
-

293.05 

36.63 
126.01 
91.13 

CUMULATIVE 

Amount 

Less Overrun on Fixed 
Price Contract No. 1 

Total Reimbursable Costs 

546.82 

546.82 

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 

AMOUNT PAYABLE PER THIS INVOICE; 00.00 

Total amount due and payable within 30 days of invoice dote 



UURI 
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 * 

Invoice # 

4 

Invoice Dote 

WED. AUG 2 7 . 1986 
Billing Period 

7 / 1 / « f i ^n ^^'^^^f^e, 

' Please include Payee's reference number with payment CUMULATIVE 

Amount Description 
-

Direct Costs: 
Labor 
Employee Benefits 
Travel 
Purchased Services 
Communications 

Modified Total Direct 
Costs 

G & A 
Indirect Costs 
Administrative Fee 

COST THIS 
BILLING PERIOD 

$ 2,432.76 
1,041.23 
1,635.33 

-
-

5,109.32 

638.66 
2,197.00 
1.588.99 

Less Overrun on Fixed 
Price Contract No. 2 

Less Overrun on Fixed 
Price Contracts Nos. 
1 & 2 

Total Reimbursable 
Costs 

AMOUNT PAYABLE PER THIS INVOICE: 

9,533.97* 

1.363.97 

13.108.65 
5,264.37 
3,612.59 

199.00 
37.25 

22,221.86 

2,810.43 
9,555.36 
6.917.49 

41,505.14 

6.515.14 

34,990.00 

8,170.00 

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 



'^As\M<^o'LQUI - b L T/^^CiO 

^ e A \ / 1 ^ A e T ^ t A 
INSTITUTO NACIONAL DE ENERGIA 

PROYECTO EXPERIMENTAL DEMOSTRATIVO 

DE GEOTERMIA DE BAJA ENTALPIA 

"VALLE DE LOS CHILLOS" - • 

UBICACION PLANIMETRICA DE LOS PERFILES 
S T G l S T G 2 S T G 3 S T G 4 
STG5i f. TG6, PT G7 STG 8 

E S C A L A 1 : 10.000 

R E P L A N T E A D O P O R : . -—•. 

INIG/JOHNNY HIDALGO M. 

F E C H A DE R E P L A N T E D 

E. N E R 0 . 1 9 8 6 

APROBADO P O R : 



INSTITUTO NACIONAL DE ENERGIA 

OTiao # me 

QILH.0, a 

SEP. 2Q1@8i 

SeAo/i Dodo/i 
Rovdcuid P. ROAA 
lAKIH. SCIENCE. LABOMlOm 
LlNIVEPSIllj OT U7M RESEARCH. INSIIWIE 
597 CHIPE7A UAy, SUITE C 
SALT LAKE CITij, U7AR 84-108 
U.S.A. 

de. ml coru,7jdeA.acu.(5a: 

Una ve.z concluJjda l a toma de. dxito'A en el. campo de. g/iavhneTL/uxi y djevael.-
t o e£. g/iavLmeijio como e^ta&a p/ie^uMMo pon. W.L, a i a compania ajuiend.ata-
jila en TucAon., Tbilzona; Ae ha p/iocedldo a co/uieyi todoA I0.6 dxito^ en 
t a compatado/ia pa/ia e-^cjtuaA. la.6. /lAipectlvoA /leduccloneA y t£.e.gaM. 
a t caJ^cuto de t a anomatJ.a de. BoagueJi, 

Adjunto Ae AeJivlnzd encontjiayi toA tJybtadoA die. dato.6 coytA£^pondU.ente-6 
a t o A 14 peM.̂ He.Af 6 de Tumtaco-rCumtayd y 8 de Sangotqul~EJ, Tingo; 
ademaj)f 2 coplaJ> de. toA mapaA co/uieAponjdLlente.A a taA d/ieaA de. ey>tudlo 
(1 :10 ,000) con. toA CU/LUOA lAoandmaJoA de BougueJi, coru>tyiuJ.daA en e t 
WE. 

PoAa i a linpteinentaclon dei. p/iog/iama de. lnJiejip/ie£acl6n QRA.V2§, eApeyiajnoA 
e£ envlo de. toA AuAjuitlnaA que. Ra t tan , y eJ. ln/.oyime. de/ lnl iJ^vo de. 
/veAlAtlvlAad etAcij i lca, . payia dxui po/i concJuldo e t convenl.o /LeApectluo, 
AUACAJJLO e t 12 de j u t l o de. 1984. 

de acuendo a t a me£odotogla de toma. de datoA, como Ae eAtatJte.cl6 dunsm.' 
t e AU mlAlon a t Ecxiadon., Ae tog/to p/iotongaji en 1900 meiyioA toA peUt-AlteA 
STQ-5 y STQ-8, con eAtacloneA cada 200 m^ijioA, como Ae oiAe/iva en 
eJ. mapa. 

Una vez que Ud,, ya ha /levlAodo todoA toA datoA envlad.0Ap t e A o t l c l t o 
no A env ie AUA comenta^oA p/ieJUmlnayieA a t o A mlAmoA y /lecomendacloneA, 

AtentameJit.e, 

r ^ ^ ^ , ^ 
I ng,/j&cyydtLn^.^A/btLSt(r 

"WORLE^TmillVO, EfiCARgAW 
mSTITUTO NACIONAL BE ENERQIA 

IZlmlwya, 

TeH. 64V500 - W9-73A Casitta007-C 
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^^iU^S.^^^^fJ i ~ e A w 6 l ( > j y i ^ r tun .s f -e ' r y '<roVlcLj [ \^v^ U l C i ^ I JLlV^^Na i i u S Vw\ss"lO -̂̂ , 

TvHt 6 r R A V i T Y S o T ^ V E V M E X H O D 

\VviL c>^r^\riiy So^c-V^y VKiOAvocI W-'^, VCCVN yxSecC V K - YVvcî ŷ V ea/r S 1^0. 

\;tt«~\^4y o-̂ ' o^Uc^>c sUJie-s^ \<\cWil^| •ex^WAicwCjv- Wlo^^n^l ^L^CSIIS., \ ^ -

V\A\̂ cL W s W-ivusxiii^-e^ <a\>cM:f'4i4L(]v^w'iU vwidW>4 cu^do^ ciA^uiyl 
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VW.CLÂo«" VCSO'E:-UWrfs ivx iHjCuacU-r. A Sihq\u2, ^ r t i P t (-e. o f ô b p<~c>xWcvT--e,ly S 
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c^-a;.vi4-y sit'C-\r-*,y t̂ .ejpciH'v.̂ ls o-CN ctcouv^r^lVe •<s,V-ĉ vj-<tr>S-̂ -\ CXTAV-TOV OLV^CI "S-o^w^y 

cWcvwc^t^s NVN V W Ŝ wcM«A|' «-S .^Tx2Se^<Uy IcuJf o A ^ VVXs \«Ve- l a W . So* 
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s V r U v n e n i W s W Y \ W s e t f fWw, VHTv^•.•>v^(5•-^e)y^s\cri S ^ ^ u e y s^-Tlcsov-^^ An^ov^a 

fj <^-c-Ltucc-y c f . r O-Ol •mMlsAcil, a'^^:^^ ^vo\ie^ A^ •̂'-P^ tr-ife ^"T ^ulo^-^vuf^Jly In 
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le-ss -f^van O A O y^^aaS o e r wimW^. " ^ ^ aii^e<i^'\r\a i^nnc l^ c4s a ^ i ln'j4rucii&r\ s 

"\Vbe- a'ctco-zi-y t'U.Ji-f- '̂r iis ^rbf-ect-ec/ a-q<^.msf vrMnov v;fbr«(ficx Uy c\ d a m p -

"S'^vts'ffi^^ "Vs aa\^(x«<2, Vr'̂ wv Vei^^Q Aoopoed KickeJ? , iCv^ocLecC (?v -̂v-̂  o^^ SMWM av~-

cuvciî  -/v̂ cu; V^Ue- a^ ^ ^ "fil vv,e- C l o •- ( o c . d b y s V T ^ v\<2Gd -̂ftr)- vep(i^-S V f f m . i > s V n ( -

i4-s Co-exr-tT^tio c<TYv<ftit>̂ iioT), (Se^ip'^(-o"icj5TS VxJ* (^oTwU^ l<J)\eJauj'i I'f O A ^ ' ^ O W O ^ T ' 

p>roCe.rfcU~-e5 wVWv»>€. ctrvd CL^srsVeJL j^u^ \tN "̂ VW CovHp\«iV\ o n «-p SeV/evtJ o b s e v -

V \ 9 ^ tv\s'Knicre-J( YW2_ <yi Vlfi^nilmff cuvC p-xc kcvc, iixo TW-ex-Mti t>vwj2>vvT V«^^ '̂̂ ^ rte:f^>i 

C>-f>OT̂  SLU-\>Aey C.<5WvD\eVi"^crn. J Vva^vvJL C K X V V ^ J ^ "U-ti- m'^WttVXViir^V -V. ^ ^ - V L o b l - ( J L V / 

O v ^ i T W * ^ "Vo QvLlVc 4r> <̂ tJJ-c>'l cf 'tUcu P o S S f b / ) V l / C5̂  VWlsWcvUcUh-vr ^^^^.c\ aiXu^.c^aji_ Vly 

•^1YWWctJ*v- U-TVV [iCL- \ ^ ^ A \ n "VKa. SVMlini, ' i\. 'v5Tr(UK£UvV'toK ' U H 4 ( \ ^ J J l , i A ( r y < ^ - t c > c v 
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4 ) S -Vm.p M>e w ^ ' ^ \ - ' ^ y (V^ Wv:-^, S e c c ^ O s A y V o " V W C^U-sYviirYWl S e a V o'4 4 w ^ 

-v reUcW-usW^ V U wvefe-^ is V V r ^ n s / V tV 4k».. v ^ l ^ c U . M^v-er ^vt-y^S^crvV-

H-ks- YWiiVe.v- t.c;K S i f V ^ v o O K V L c V U c - o o V . ^ W M^Wi o W ^ G'e- \ ; £ V V l c i O S e 

lMSTT?UCTlOH ^^15. T H E G E - O L C ^ G I S T S 

A n ^YWDocVawif rxx-'î V c-T f ^ ^ c ^ r ^ v V y Wuss'^ov^ \ ^ a . ^ ~\V>e V^^'"^"^'"-\ ^ 

X K i G o ^ V c c A s V s cwvi iAsa)L<5s\6>->s aVoujV 4I0L (^r^M(V^ SM„'<̂VA<>y \w5VUoc|.^TU<i WfLS 

V w c - s V ivv\»^crcVavV 3 t fxccL X H E- c ^ ^ c i c A s V s VM̂ VV CeWDViV-e oA\ 4 W . A^-eM o V ) -

Se<^*^oî Vtc^%s. fxpp\y VWo- yujowtfi-ccj^s oj'cre.cVitsvAi: Va T^XL dbVa r^4,ux:i2. TVa- ALtnxa'W(;!( 

W-CUv> V W . iVNV'a r̂orJiVTlVicrTv o V rVfi- M X a , "IHV W<^ Ixcew tv^pcv^VTMAT' 4-ti ATTXA^S-VC-'T o/n 

U/YvC^OAT^Vivv̂ xji M V-eycrA.Jl'\\\iaV \AucV au4 iajj^ c>\>Va^^«<^ V ^ Y W V V G . veV^aX'ew ctS 'S.^^ca,. 

oGi^rSo AV\QA, \ĵ -n\\ W*v^e-'Vr. \vyrtW. vvvany aec< Sitjvv s \.ecut('AC| 4c VKB-SC< c c e s s V ^ I o o i w -

a r e , SU.vv\vv\Q.C'i Z-<epf w-e\ouJ, 

Xlr\ST^^,w^•€--*^"V (DM^srgtVicv%. " "Vown'n i^n \«N «CCu^CcCT-e ^ ^'^TV<xVv>as/vvT ve-aO.! rscv o-vv<^ 

cc-c?5_ cf-\issL'msWavvuiv4 V\«-s W e rv J^!, s e r I w t \VN V W Y<:^^'C>uS ^^<^V'I<SYV, XW^E'o^^cal-

o t v ^ s V s C6WVipW4€cA YW<iĈ<2_ A U J ^ V Z - VVvsWa^V^^.-rV' reCVc\ iVYyS m 4 \ < A i e \ X ] ^ CLajLfTlcrn Yo 

(wSTvam-crV c W c k YeoJiirNfis oV f L e X N E oVPi'ce. X ' ^ S T r a m c ^ V veac€ivv«is SVCAV. " Le. 

VaVciMA. ccf W s - X M t i o-(tP?ce.^ -€Vre,ry Y/\o-<-A\y\a c t V i V a _ "5,V«w-T oV -efl-oU^ tutrcV-CXouj ^ CU^ f̂̂  

CL e<MVi^Ujeu.5- 'rec^e-cT^ rv>a-A<\m''ir\C.<f ^^'t j-|\£LSe. c£.t^ly^e£Lal^^c!S'. X W * ^ tprowAz^l / i>\s4r<xc-V-

\crs^ 6v>5><2x-'̂ cc?rr6»^̂  c^\.J^ comwuiw^s ot\ Wv^VrawvtL^vCi ipcooz-<ru<^^-s -W- T>MLS.e, a c X V -

file:///AucV
file:///vyrtW
file://-/issL


7 

•<?l^c( Ccr^JCil^U^s W.S ^ccovu^lU-We^ l̂ x, Jc^cnxfipy.Vj a S U ^ ^ y V ^ S ^ 3Ao4-.crw -(U" 

CVvvi 4\\Si^c-ov^^U4vrsMj a. Sarve-y Uop V^eiv^^ ĉ  5i=cc,^c|a:>^y W r ^ e ^Uf-'o-w ^-^ e^cliv 

l>^e C y e c f k ) 4 ^ - 1 4 ^ Sar vey a^a_ . W ^ e , . >UV^c-n, A w u m U r o f H y p k J"4 '?e(c( 

^ \ . c k o . . W V. X W c k ^vc-.s,es; kic^U wlrvis; VrnVVrc |>X^1DU.WS; ti».S^VUL(e s U i . . . 

focr.4;o>. C « < j ^ c e ^ t 4 l c V K . U . ^ ^ , u m ( ( s , o . >j,au-er p^(eS; aX 4i^^ -e^ge o f s e M e ^ ^ , 

v^=^4 U v ^ l U U e . . - E ^ s i e - p M - S . U ' ^ s 4 . 4 U s e p c e U e ^ s a : ^ ^ c^ i sc^^-Sc^ 

- ^ ^ ^ V>AeX\>.i.\^^y. C . - s ; X . . . V U V n ^ ^ s i e M c f . i 4 . J ^ . ^ s . . s s i o - . . . c-P 

Su^CM^ ^ W o l ^ l , ^ , ^ 3^..i, , , 4^^ . ^ . | ^ k ^ ^ . ^ v « v i f y N;^(aes ^ 4 4 U Q a V o A s l r . . -

- . . W f O l . s ^ . c r f . . ^ - v ^ ^ ^ ^ 4 . ^ V p c ^ f ^ . s U U . ^ . ^ ^ i . c , . s . S a f S c ^ . 

^2V.U^,W^^ .W\ .V. .^..,nV(. CV..-.. I. Wou.. . U ^ ^ , y -Tw. .̂ ..̂ if^ ^ ^ • 

^ ^ : ' ^ ^ ^ ' ^ " ^ ^ ^ ^ ^ ^ - ^ - ^ ' - ^ ^ e ^ . ^ U w L d 4 r a c 4 ^ ^ / n t . a U . o U t ^ a ^ , p . ^ -



g 

o'bsj^vrVmJk <r>\ W p Ve^n \<^g "WJ i s inMr^ c d - ^ w c 'sAccHew V^TY-ujUc4\AUe-'Vc^-*^ 

c|^a\ri-l-c4i'<m£ii ViSJ^t t s \(T^rurr^' (SvTAnVi| \j-JL&.s d o i l d^Lyr- S^Ufi^o-^S r<vw r U ^ W« .GX^r^s-r-

-eA \~vv "Aorv^ s o V 4 W Vruc c-wes!B*isdBV>w6 oh-s f lyv-^ A'j-o^r'Vy^ "Vrux. QoatiMAr <\i'xMM\-yj 

ic^4'.efvwvtMLf/ 4«i-r- A W k̂ NOWrfN S.\t<iin6"v\ . 

s ro i t u t \ 5 \c<^a '̂Jy^ OK^Q... V.Co?:fcJ ctf 'fVt, 6 A u \ o A-^r^<rfV fi'^ fliv 4 U O u ^ H HsVr<?Y\6vu-

\C«J^ D\5S«T\m4ti^^y C Q ' ^ O y . T k f i «rt>.Arj4l/' Vi-r-4Vs--e s W ' « > ' ^ s aC«_ VWct U/Wifcx-vnly AT» 

XV)e VUÛ  W s i c V/cX«x e.P Qiit)AAii-y OT Ve-Ys^OA^, TWCUJCAV-AIJI UcfHi^ H vvutC/ccv Grcor/-ftj 

S-W-AcL.^2,aVl<m. ^^eX (CP-e lo \nfver :<sfr>c( S e o a i r . _> ^"^^^X "XWe. -€>=acV [ccaJfih^ cT 'Hi-

^^AccVfiYv a;|-Ak«- Oa<Vo fVVpo-rf K v-^c-V isjvoumAo X M E | V i ^ W U s 4 s «-VVNI-"(S b f e l r c u c ^ 

•i-fc tu2. Vwq Kcj\vA-m.-r^c <3Xe.a. u/Msa^4abt<> Vi?^ K a l f i p L s M i V v v •^5eoc<^«P'^-n'isn,~IIX!^ 

s4ri4r<rvv (V AXe. Q A-OW VAJOLS lt>co:4c^i^ %v\ 4fviL tyLSo.iYvey(t i^ia^-r &p"\\r^ oW Sei'SWio -

6V)Sfe<-\r«Vi'c-Yvs. H-«v TvAVca^ c.\i5e^VnxV<rv» c^' 1uXs S<4^ WdS AaLMi^ Ov\ H X u L (*̂ .?(̂  

m M " (Aia3 •Uii'wl 4e W Yvols;y civtl^^^^iX-fiVq, IjUi- wry'ctloU x^^>J^^r\\% "-^^ <a4mlaufef 4i> 

ĉ fvvtAtTAcJhVA i,\ p^Q-TC-Ss 'M .4ijL ^ f e omJc'4<^ VtH;y'lfWrn^^c).4^1^X00,Vv^li'"^v7Kcw^y 

pe si-'̂ d'Ts c^V " ^ s Ywctxstwne^vuioAX tt'v^a pui^cXpc^-l 4 t i c : ^ A-?v T w V i ^ i ) JCVVOLU*̂  s V n - ' ^ ^ s . 

OJC-e- sVcujis WG,VI>I.V m 'Hi^'ol*, X. 

^vttkv-il-tj , Lt̂ vYW£te^^J VJ5:V>WCC, £l<aMA"io«s OViovrV <̂'f{ 'TVieo.XT»cx-/ t>\-(^fe>nev\oe5 

^'^'^^^S^^^^ (LwĈ \V̂ ocÛ  

1-7.6^ vy\'.Uu;a.l3 
Q. A•5lr<^r^0V',X7?*''25lS' 0 " i 3 / X a"2l7-.:2.) ^ l l 2 C 2 , b 7 A f e O ^ ' ] . l o J d^s<i-cv«.^ ^ n w , 



Uji'\W r ^ ^ ^ ^ c A r Ac ALB^ (!2VM-(X> A^^rpcsX MiXufi, H Iso^ AVx p T e . h m W r y vwaW-v^ctr*-

Iwcx Wv| lUET (^Ucvt^Vs W4AU Lif 1& ( ^ - S X S ^ V0U>43± ."ivwA^aUxfeciWPeci'-lU. 

Z<j<jiifcw o-f a O m S ^ U o a f <xpp<-6X'^W^o.4ely S 7 4 ; " 2 5 ) . :2 ,4 TVMlVi'j'̂ '̂ a 4 i . ai^^w-iT 4^0- L ^ ^ 

^ - • ^ 2 , 5 sjctLut V> rt^DScL^- ^\~T^VHV/x*.ttcferTv<iS. S ^ A 0 2 . V L <^ i J L i V ^ ' ^ ^ X ^ t : ^ t r i U Wrt-S 

rvoCsSj ^ vvJiMi oVi<;j)^e\xcV>c^ \ J A I 1 W 4t!L^e-vA-4ri> <tis4ecfvviKa- T I M S WiAiW>vvc-re ^IcCU^^ttely, 

- C W v v ' 4 X ; L c l . i W s X v ^ ^<5~c-r-ecA-iVw vrrAuJL 4x. -Q^c^c^e^sS L ^ ' R G ^ ^ Z i - S ' ^ h - * i i \,Jiu&.S l\\ 

K a C T r . - <^ ^ ^ ( ^ A OU^) - <9 U A Q A o w . ) 
C D S O O j 

inm— 

•SLXflDO-M v-<—ert^ .K. A^>«_ "vvx tiMi<asrS cv Va/rcjo d / r l V X •^ 4tcf<U Sn3AnaAic-<x I s '^jopC.X-,<M-U 

U^Y"2T^''^^P^'-A'©"^Se-OwclrWs cti( Q i \ 0 . i V 1 ^ ^ V X « . n a ^ c e . "^Vi^ArVtAoA (UXXecKjAv^ 

Us.cp i ; Q AOU^ --*» S - E T U a ^ 2,-2.^ - ^ Q A OV̂  

Uco^ ZI Gi. A OVs ~ ^ T - C W s ^ "2,-\lb -> Q ^ CÂ .. . 

X\vfi- '9»vvt-̂ j>«̂  x̂ rscĉ -iUvT-̂ e.̂  P̂«-T(~ all iproXlUs UI-T(\ r>ecia?^ «.A.A^\-IW<C.I \otc>s 

ft^A Vii^fl-vck-i^Ui-cs-. 
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- ^ A a..<XX*-HC-YV ^ S A k f i - ih( : ;^ r^oca4- ' '« iTA c^X Aoi^oc-AXA^wt-vic Oorx-^^cVl^'^^^^r (3 v̂vC^ 

• S u N o S e «i^U.e-'KiX' \ l < ) - V u \ t 1 , T t v A - S e ; . sVoas_Vc>l^ O - l i I O J J , VVVAYNONC- c W i - T ^ v r ^ p ^ , t v i W - C W 

Cts^w e<?LS'AM l o ^ fzcvco >vvlp V i s W A ) , 

ToyoC\rG\^Vvlc_ C<rTrecVi(ryvS^ V)D41V V t v \ i V V c ( I a^<X } r \ o W i t £ _ WvccCi C M X ^ -

W - f { l kML. W r c - . ^ Atf^^ Yv^uvy <S,WV''<rwS viiv A L J L Sax^v>€^ ax^e-c^ cuv:t. VvvOt/ W . 

X U x - KOycc^r^k- ^ K - r x K - \ r \ Ake - C . o r r « - e 4 & A a r ^ ^ v ^ f y V<-AM.es.. I V '* S W p i - r f — 

(XV\.'\- X U c c T V-a^D'\v<loVvC. Oor r -^czk i i r r ^S \xc_ aci4ferwvv M2-A <i-S. Wel̂ V a s bcS-sA-jU^. 

^x-x^cii-c^liMr^^^-v A T . v ^ e ^ c e . . A V ^ - . ^ ^ u i r ^ J } LO<:WV:- u^e-r-^ <:^'(Sc-tcs-jpc.^/ u 4 4 L I M C . 

qj2^Vocii&4s^ l-fc wplcrcVe.S^ Vo ^oAr«-pWvc_ Ce^rr-«<ViVv^ c W - x V ^ O A ^ Vrtivr iou.S -trrivvS 

K '̂-AA^ Wi^e..^ Y w c i j y o-Xj-cM.lcc« -e. A o XVi iZT, 

" ^ ^ V ^ s Xv-cVery CyVAA-i O N . Twvvc, ^ i - « A - n u 4 f a P ^vxly A . Q « A ^ U M - ^ I hj>OK-^'-Aiirry c V 

It)" f VvVe^ ^ C-€4'vH ir>^ lo-rH \3JL. p<es-Acm.VM2.A <>yx Sart/-eti OOS-TXAT-'I f t f VwaA'i " ^ -

ScaJU. s C.9 I '. I 0^0 o o ^ c t I '. >S^Oo D , " A ^ A t M I ^ J O i ^ i ; ^ f , W f »ve A x W pr^frV*^cr>-v 

^•^{ \ W c.<j-wî WVeA w-tfU. ^^ocvs-cww ^ R A U Z ^ ' O UiV\cL r^o JL^y ^ ^ L Ai^Ai\<.L 

s^rVcx^ijJ^ 0.1 wv t V A W •̂i K^V^-^r^^-cVcVteTYv I s Va " iJ^4- ' fy «^J (U^!~r\iL Sas 

ia.i?.^rW V'^^ l4s wVucK Wvay W A U c^vvAt44s 4<^ a>e*^Ww\«vl VluilJis. 

- f U l i v x a V l - e J b r - « C U . , Ui.v<:|VxS Wyp->vcf. V U SU5p..ecif-€sf •?-A,«AV IcCccfr'^rT.^, X 4 \ s 



A'W.aJ:f V^ oVW-v. ^Ai<^cfe ^c..^-^twc^ U ^ . k - W l 4X^^Vtw^^ V4 t . 

A U ^ ^ r ^ ^ A r ^ S C . c v w ^ \ 4 U L C^^<:^^Ks\y>0 7 \ A c 6 - o - ^ - ^ ^ J ^ ^ A . Wov^ccUec^l 

^ - ^ . A ^ ^ - U V i < ^ . s W ^ U ^ ^ ^ c c m t ^ - c W / A V V U X t - { - 0 / 0 ^ 0 , ^ ^ ^ - ^ ^ 

<s..^v^.j JÛ -Vĉ w -(W A u T v ^ W c o - a . ^Uy<^ - r e - s^..ws V. U c ^ ^ - ^ ^ ^ 

• A : > . r . - ^ . M . l A e l ^ l / ^ a l 3 o - ^ ^ C C - y v , v , u ^ c ^ i r ^ . a ^ U ^ A c^ro-XJ-^l^ -S^Wri-o^wS W V -

W«^v^ < ^ l f o r^<^ A U scvrt^^i cxr-ec^-S An. ^ S s V V Vrv Aa-^^rr^U-^ V U ^c j i , , .>a. ( 

c ^ c ^ J i U y J ^ , T J a e^-^fxf i i^Vw=^ Was W i - c ^ ^ ^ U V & l -Vo prepaA-x€. c^rtvMt V^ 

<GWf>6'rvS. " ^ ^ m c r J i o^-o.'^is^ sVcc^ifl^S cwv X i c v U core C.N^"S f i c ^ e d Vw<:̂ V 

V v U ^ c r r V a . v V . I V - ^ ' - - - ^ ^ : x ^ o v w . V s V U C t k L ' V s ^ o f I Z O - 4 0 r ^ y . - V ^ c u 

a r c v A V ; s W V " ' ^ ^ W 4 V . > € G ^ ^^Sg. Q u ^ f - o ' f ^ f U S x ^ u ^ t^ 'C^^^^ vjstrxC^ 

C L l V . W u A - e ^ ^ ^ V ^ ^ l O / w i V. -^^y ,J^ y ^ ^ ^ ^ l s ^ ^ ^ \ ( \ \ s , U ) O M A A U ^ ^ ' • J -^^ f U,^iL:\V( 

CtLrt<Xl(S>- Ax> ^ U _ 5c"JQ.<*C>r C^HTCtVy-lly J c V t ^ ^^TCq^VTWVA. 

A M < f ( e v x ' ^ -f ' t^ l )K c . r x w ( U S M T ' ^ ^ S , O-V a p p roXtVutVc^V^ SC> »v̂  

\VWTNrts,U-, W v r t Ue.exyv v e CO-VWWNJJW^TUA VO X L i & ' «^c^VcfasVs t o W v v > e ^ y 

s W c p c\rd-\riVi. cĵ rcLcii>€>vxVs - e j cj^-e yx^Vecl £W\ ^ r o X i l « L S r\ecw~ A U , swiSYecA"- ^̂^̂  

-eA f A i t l V s . " T k e - SJl-UcA-U-vv o f a Sw«^ WU/wtku^T- 6V Of^^^-zV)<5-v>^ ^.VAr/'trws^^ 
loo >*-v 

\ K A \ W ^ U f V VD VU_ cb«scxrvcV-(<5>x ©f TKJE m a ^ U ^ s f s ^ f k^ r Aw^^cc|cv c?,<:̂  

s W u - L l U ^ m < v r f a ^ O ^ A J , -eU-<.-^i<r^S X j ^ ^ i 2^w^ i ^A c t f W " A^raV'/f)' V t t L ^ S . 
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6THer^ COM SIDE RAT/oios 

1 S 'Vc tcU vw£yv4-A'o>A s ^ v ^ ^ ^ l c!>4U^ cvsp?c4rs o f AUs V n ] s ^ i 6 n , A ncu^ 

Covv-bvcVeJT-Va.^ Va.s \ice^-- c:^l^v^er-eA ^--c- ' R X ^ S . o ^y^ 4 4 ^ 5 ^ro<^r(Mt^ tS ̂ cx-o 

xXit><-UxVo A^x- l U C A c c m y ^ V a ^ . Vcv^^^i^AV'^ ^ ^ ^ ^ " 2 - 0 \ o a s A!i2^lvVex>et^ 

V)cV~ w ^ A c L i i . 'w.A^'s.sTi^Q s o ^ w € ^uvb v-cLcVvvcL-s „ X ^ n ai^r|--e-tvv'^V '4o cicA^/'Vy 

4 U L ipv-ibVil-evvv K H T U U U ^ X Y ^ ^ f i ^ ^ ^ ^ ^ ^ ' 

X*^-3Vru.iCT*(Sv>3 V < ^ e.«[WcVfrcQ yrocijQ.^ So^-wiDleS A^'-o tv-^^ C)UVM"^<;\ 

Vcv.\̂ e. Vuatj'v-v <i£,Uv^e•^:«^ A-c X K ^ B Q;ec>Vo<XtsV: > ^̂ i-wA ŝu-̂ e vv\c\.u^f^| U r ^ e , <:cs 

1^ ip^u.-wcU>- 4 -

i UA^cL-rsVo^c/ V U 4 V(M^t i 'v^ i Vo-c- A X J L McJ le . cia.. U s C U U D S C j i ^Aker ' 

VccsJi.A-l'^ecl- ac'lacluAXiL V\aM V ^ * - ^ S Ur l { { O e c i ^ ' * ^ (5CAr«^Ukif i -~U (3UAV W W S A-B Vi'oV 

4 U oeoAU^vvvaA v^ecu^ ' r ee - . TU_- f l rva- l r « s ' ( sV^^^'r^ rie p<rr r ' > ̂  " s f ^ t sU s k o k l A 

o j v r K ' ^ CC' X fO(5 sW<rrT\w . lU-V-**^*^ UAerpoeVon' '<r^ twuti c \ r » w f y TePc?^ 

W^ l l W , c.0vv\pWUA c\p•Ve^~•a.U M r ^ a.<Ar«c ' t /ne, o W W ^ ^ ^ ^ c^'rJl te'oe.i'vr-eA \/»v 

'^J^AA V^We C t f y . YTlcsV" t r A U cessV cC 4A^a.A4vutl<:^^«.'^n^ repoVT u^lll U -

Vjc'-rn-t iotf L i t t l X r S/^rvC<2_ V ivnJ ,S A<:~<- A U s Q^rtMA-'k YVUSSicn^ u>f|l U . tASe^(^ Up 

Vvf ' ^ -v̂ eÂ jL/v̂ vv A^ ^-AA U L U Gi V^ «^ ^̂ 5 vjoiL n ^6.-

l A SVu>u.U Wjd, vVbAe^ V U 4 l A U R X W s CiTA^eiVucfec l vwucK -eieVnet AiVxe.-

cn^ \ U v^'S.'isViU-U 5U;TV€.M OvvĴ ^ Ve ^vrr-T, O / ^ V U c V V ^ \ ^ <a.X'e>fev̂ SeuS Vrr- Vvvio 

YvO\s-js'icnr^«; lrve>-i/e wA-'ye.T laee.^K •̂ >̂«iAcx. U)-^ v v i ^ A l u r voTi\ WJ2_ C ^ r r ^ c V c c V S o o n 

ot-S Lu«. V<vv^fiiV€,V\ C!L Su.bs^Wi'tVi^ul € X W A - e f VcvrV A * ^ V U s X M G ^osUdh, 

ciA-s:l oc.c'^ HAA./4eJ c V W oucNf-k CdiTTveV s u b s ' / d i - ^ e A - U pcx>L.a^r'<;vwY (CVNCXO^, 

•^^ Kov^. Ao s<2-c, v u . . IK )E- A l D ^ U m ^ I «VUr-^ Wĉ ŵvc Cc success UA4A 

•LuXu.T«e c-ĵ ?,t)VUr» '̂V!,..> T - I I M A 'P^mA''i-<y^y\ cl.vi.A'VviaiW- .o.JV\fey-C^̂ i S ^ - ' ^ ' M V ^ S , 
'0 ' '--J < i I '• j 
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\»\ 

S \ ) m m A r R V A K T I ^ C 6 i M C X b S ( 6 K J ^ ' 

UC-NTV "BAcU^cX-Vi e Vitxr-V- W u s W x i - ^ a£;co lv<}pl ^ 5 l u ^ ^ dtc^)Ytfi T U S OiV^wVy 
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Veĉ xfcA- '2^ '^^ 'S'^WA:?. oV X r A U o / w a . 

^ O W \ U Y - < ^ , Xf-C, IfYlorUP G di?u2<;c(^C ^Ct tk /Aiy WUV-8 ' r K)o. "^•2_9 ^ 2.^ p. 

T-^VUw-c^ ,W. m . ; 6,eU\a^-V^ L. P,, SV^^r,^-?^ ^ . e . e ^ ^ \ ^ ^ ^ D,A, , \ ' ^77 , ^ X ^ A ^ VVW4Ur(^ 

vA)v\c.^, P̂ vY\,̂  iq??..^ Cr^M^Vj < . ^ wiof^wBii^ m«.iU<Cs, u ^^yW^v.c rJ r(l^4U-^s 



^ 

y 
AL 

LO 

Mr 

' ^ 

7 
o 
•2. 

u 

I 
tT ^ 1 

C4-
o 

--i3 i 

3 

\A 
.0 

t 

J 

§ 

1/1 

u -^ r 
4s 

it^ 

3 
0 

l 

A 
A 
•Ji 

° I1 . 

\ ^ "̂  ^ y 

y^^,A> 

i y \ o 

? ? 

3 

a-

i 

£ y 

J 

%i 
I •--

UJ 

i 
. 4 -

Mil o 

•̂  ^ 2 p 
y 

^ I 
.a- t ^ 4 

5^ 

1 i J 

rx p ^ i 
J A - 3 ^ 

ll 

• 5 

--X 
o 

2 

M 

^ 

•-1 

r-̂  
•:-j£: 

y-

^ 

!-r> 

c/3 



A H P P E : N " O V X 1 . 

STATEMENT OF WORK 

INE GRAVITY MISSIOI 

2. 

3. 

4. 

6. 

7. 

8. 

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. Instrument 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 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 
1etter). 

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

Travel Quito - SLC 

Write report of 

Review and/or complete interpretation of gravity survey data 
after shipment to Salt Lake City. Prepare interpretative 
report (September-November, 1986?) 
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I n t roduc t i on 

Although many d i f ferences ex i s t between them, grav i ty and magnetic 

methods of prospecting are of ten discussed together because of s i m i l a r i t i e s i n 

data display and i n t e r p r e t a t i o n techniques. In t h i s sect ion we w i l l consider 

the p r i n c i p l e s , ins t rumentat ion, data c o l l e c t i o n , data reduction-affd o^vc\.vj(f\y 

app-Hcati'OTr-s'gpargt'ely, and then review i n t e r p r e t a t i o n methods togothor.—Good-

gencTQl referenees include-6rgt i t and West' (-1905),—Btrbr in (1976),"'R'at)~aTFd " 

MMrthy' (lOT'S), frnd ParaGnis (1Q7Q).—Excel len t -current reviews, are given by ' 

•Tanner and Gibb (1970) ^w!̂  Hood e t - a l . (1979): 

The Gravi ty Method 

Principles 

In gravi ty prospecting we of ten speak about the accelerat ion of g r a v i t y , 

which i s the accelerat ion tha t a f ree l y f a l l i n g body would experience i n the 
2 

ea r th ' s g rav i ta t iona l f i e l d . This acce lera t ion i s given by G M / r ,where M 

and rg are the mass and radius of the ea r t h , respec t i ve ly . I t i s found by 

measurement that the ear th 's g rav i t a t i ona l acce lera t ion i s about 983 gals 

(cm/sec } at the poles and about 978 gals at the equator. The gat and the 

m i l l i g a l are common un i t s , named a f t e r G a l i l e o , used i n grav i ty prospect ing. 

Grav i ty is less at the equator than at the poles because the equatorial radius 

i s greater than the polar radius and because of the v a r i a t i o n , w i th l a t i t u d e , 

of cent r i fuga l force due to the ear th ' s r o t a t i o n . 

Modern grav i ty meters rou t ine ly measure spat ia l var ia t ions i n the ear th 's 
8 

grav i t y f i e l d t o 0.01 m i l l i g a l s (1 part i n 10 ) or bet ter in f i e l d 

app l i ca t i on , and the newest generation of instruments is capable of + 0.002 

m i l l i g a l s under ideal f i e l d cond i t ions . These spat ia l var ia t ions in g rav i t y 

are caused by l a t e r a l var ia t ions in rock densi ty when measurements are 



r e s t r i c t e d to the ear th 's sur face. Near-surface densi ty va r ia t ions a f fec t the 

gravimeter more than do deep va r i a t i ons , i n accordance wi th the inverse square 

nature of Newton's law, and most g rav i t y va r i a t i ons of i n te res t i n mining 

exp lora t ion r e s u l t from changes i n densi ty w i th in shallow crus ta l rocks. 

Because the gravimeter detects l a t e ra l va r ia t ions i n rock dens i t y , a densi ty 

cont ras t must e x i s t between the rock body under i nves t i ga t i on and i t s cav i t y 

rock i f an anomaly i s to be found. 

Rock densi ty depends upon mineral composit ion, degree of i ndu ra t i on , 

po ros i t y , and c o m p r e s s i b i l i t y . Shales d isplay marked var ia t ions of densi ty 

w i th depth because of t h e i r r e l a t i v e l y high compress ib i l i t y . As a general 

r u l e , o lder sedimentary rocks are higher i n densi ty than younger sedimentary 

rocks. Acid igneous rocks are less dense than basic igneous rocks. Most 

p lu ton ic and metamorphic rocks display smaller ranges i n density than do 

sedimentary and volcanic rocks. Volcanic rocks general ly d isplay rapid 

densi ty va r ia t ions due to porosi ty changes from place t o place. Table 1 l i s t s 

t yp i ca l values of densi ty f o r a var ie ty of rock types. Note that density 

var ia t ions greater than 25 percent of the average c rus ta l dens i ty , 2.67 

gm/cm , are rare i n near-surface rocks; i n sharp contrast to e l e c t r i c a l and 

magnetic propert ies of rocks, which can vary over several orders of magnitude. 

Survey ing and da ta , r e d u c t i o n 

Fie ld surveys are performed by reading the gravimeter at selected s ta t i on 

s i t e s , e i ther on a regular gr id or in an i r r e g u l a r pat tern as s ta t ion access 

and optimum survey design d i c t a t e . Repeated readings are commonly made at 

one- to four-hour i n te rva l s at one or more previously establ ished base 

stat ions in order to determine instrument d r i f t and loca l grav i ty t i d a l 

va r ia t i ons . 
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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, qm/cml 

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 

4.60 

4.00 

5.10 

1.00 



In format ion i n add i t i on to the gravimeter reading must be known at each 

s i t e i n order t o reduce the raw f i e l d data. The instrument must be c a r e f u l l y 

ca l i b ra ted . Correct ions must be made f o r d i f ferences i n e levat ion and 

l a t i t u d e among the s t a t i o n s . The l a t i t u d e cor rec t ion removes the e f fec ts of 

the northward increase i n the ear th 's f i e l d . There are two e levat ion e f fec ts 

that are usua]}y combined i n to one cor rec t ion (Figure 1 ) . A reference 

e levat ion i s se lected to which a l l e levat ion correct ions are made. For 

s i m p l i c i t y , i n the fo l l ow ing discussion the reference e levat ion i s assumed t o 

be the e leva t ion of the survey base s t a t i o n , although any e levat ion could be 

selected. The f r e e a i r cor rect ion accounts fo r the decrease in the g rav i t y 

f i e l d w i th increasing distance from the ear th 's center , but t h i s cor rec t ion 

ignores the mass of mater ia l that l i e s between the ground surface and the 

reference e l e v a t i o n . The Bouguer cor rec t ion accounts f o r t h i s mass by 

assuming i t to be an i n f i n i t e slab of uniform thickness and spec i f ied 

dens i ty . Var ia t ions from t h i s slab assumption are accounted f o r by a 

topographic c o r r e c t i o n which i s commonly appl ied only i n areas of rugged 

topography. Both the Bouguer and the topographic co r rec t ion require an 

assumption fo r the densi ty of near-surface rocks- This density is of ten 

i 

assumed to be 2.67 gm/cm . 

The anomalous g rav i t y value i n m i l l i g a l s , G^^^, at the f i e l d s t a t i on 

r e l a t i v e to the base value, G^^^^g, is given by 
^s ta 

1 

= ^base ^ 9obs " 0-8121d Sin2<^ mgal/km 

(north) -t- 0.3086h mgal/m - 0.04186 ph mgal/m 

-̂ . t e r r a i n co r rec t i on . 

where 

Sobs ~ observed gravi ty reading at the f i e l d s ta t ion 

d == distance in km the f i e l d s ta t i on l i e s north of the 



base s ta t ion 

<\> = geographic l a t i t ude of the base s t a t i o n 

h = e levat ion d i f fe rence between f i e l d s t a t i o n and 

reference e leva t ion . 

Any convenient value fo r Gj^^^g may be taken. I f the g rav i t y anomaly 

r e l a t i v e to the I n t e r n a t i o n a l E l l i p s o i d i s known fo r the base, then that value 

i s general ly used because the f i e l d s t a t i on then becomes t i e d to other s im i l a r 

s ta t ions elsewhere on ea r th . 

From the above formulas we see tha t north-south s t a t i on loca t ion must be 

known to about 10 m and e levat ion must be known to about 0.05 m i n order t o 

make the l a t i t u d e and e levat ion correct ions of the same order as the 0.01 

m i l l i g a l s p e c i f i c a t i o n of many surveys. Var iat ions i n measured g rav i t y due t o 

l a t i t u d e and e leva t i on e f fec ts w i l l usual ly be much la rge r than the anomaly 

sought. 

:Appl ioat iono > 

surveys 

inderground g r a v i ^ surveying at Bisbee, 

:;chnepfe, 1956). Gravi '^^data were acqu red along mi rn-FV^'levels and were the 

contoured fo r i n t e r p r e t a t i o n b̂ "fe4i on levels and,,..̂ 3li v e r t i c a l sect ions. Figure 

d i - rect ly det-eet-ed—by—gravi'-ty-' T iy cnme-ra-g^x!;, nrP-hnrivp-^r-hftv^-hf^rpir-t 

er ore associated with maspive py r i t e bodies was di sco j^ 'ml by 

Arizona (Rogers, 1952.-f^umner and 

-i!—s+r©W3- ^pH 

' ) . The cross-hatched areas arej7t\e i n t ^ r p r 

bodies required to explaip-^fhe observed 

\ f grav i ty highs a>€fve the in terpreted b 

uthors 37k€€e t h a t , of the recommended d 

lifff 'f icreitL'SuT'rides to account for~the gi^avity rgstri-t-sr 

pos i t ions of dense su l f i de 

rav i t y anornals^. Note the existence! 

dies and g rav i t y lovJs-v^low. The 

i l l ho les, 80 percent encount^ed 



GRAVITY CORRECTiONS 

2 HR. REPEAT READINGS ON BASE A 

8 AM 12 N 4 PM 

TIDAL & INST. DRIFT CORRECTIONS = 

.3 mg/24 HRS 

EQUATOR 

SURFACE 

SEA LEVEL 

FREE AIR CORR. = + .094 m g / FT. ELEV. =: + 0 ^ 3 0 8 ^ - M^vy i eWv, 

BOUGUER CORR. = - .013 «J mg/FT. E L E V . * - 0 ^ 0 4 . H A v̂ yvŷ -«jA-eV, 
\4̂ V»-© ê <^= <^U/i\s'Ay. 

/SEA LEVEL 

LATITUDE CORR: = - 1.3 mg/MILE NORTH^^ L«Ai4-S' ' TERRAIN CORR: = + mg 

« / J J M V « . ' '^•'•vv 'y-^fcce> ?:,.,,.. 

BOUGUER GRAVITY (mg) SEA LEVEL DATUM = OBS GRAVITY-•- TIDAL 8. DRIFT CORR. + LAT. CORR. 

._.+ FREE AIR CORR. -t- BOUGUER CORR. -f TERR. CORR. 

T ^ l^«jcc-e_ {.. 
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UNIVERSITY OF UTAH RESEARCH INSTITUTE 

UURI 
EARTH SCIENCE b\BORATORY 

391 CHIPETA WAY, SUITE C 
SALT LAKE CITY, UTAH 84108-1295 

TELEPHONE 801-524-3422 

March 11, 1986 

MEMORANDUM 

TO: 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 reflections, 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 lbs (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 estimate the amount of sample that will be loaded in the 
mass spectrometer. 
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'̂ lAyaS S 



/ ^ y f - py^.eSyeiJ- ykjLA^ U /^^O ^ V ? i < y ^ ^ . j - v ^ / rax / LeJkyS^C^ 

y t J ^ . a - k/py^ U.^MA ^^-^iy^y^iJ •'H^.^J'a^.J d ^ . i ^ - I aJuM^. 
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S>7Wrfi^d' T^tfU .' pkpyt\^td c ĵid-iTrS Ay/^^^hd7/yi7idd 
/ ^ A ^ ^ . ^ ' I Ar> -Hi'At' y ^ ^ y s ^ r^s<'sAtyd<p <:reiPi,cd7iUTi ^ L c ^ d 
i u , d .^4-^Cp^i f ^ eX^ d t p d L s y S o O - <oiS>0 ^t^ lylSf*^ -ydyU^ 

ddn^yu^^ S^cyvydi^/ci _ y d y j ^ d^^rpByyT^ /l<̂ zH<sO 
p ^ .e^/'^c/rTyd r ^ S i s ^ t ^ i ^ ' ^ p/t^f-i>c'Hf^ m^-fi^a ŷ <^̂ sojns.s 

h^<caus e y i ' " Tzause cf- ty a . 'T^py ed^ c^^i/^yy^^ cd.dz/f /L^nydu s^dfciA/^-^^ 
r ^ ^ i ^ ry/ciu ya^yu • ^ - . ^ . rpr-e-r^^ p - - . 
SoiLsci^<s:c^ r^S'i^'nircdp ya^rcayHcrt̂ A '/^ <c<£yu.STntycP:d <̂̂  a.pp^pi'-^ 
My y ^ yt t r . . . .. \ / ^ y y- A IA 7 ^ j A r- / «-) -"- / / /r yTf j9 7 V ^ ^7^~-f-yT I 

/yyrir(^^€y<-^^d~, <^ yar7<^^ 

y i z lUJ / ^ 'yyTi/rr^euzd a f- '•/re^fiS7tcc-6Uyr'^^ & cz/yidaS) ,it/y.d d l ^ 
l ^ l i i T - ^ t^Si 'dd-i^ / y t n ^ plccs -/Ht^^ <y <^ayr-e-iy ^€ j y p a ^ c ^ ^ d 

Jo(7:^aA^J ^ ^^crya-^ d/sd-ouu/-<_i y y ^ / u f tx^ d7^^Sft<zlUy~j&^/i<f<^^-
'.~$</ CÂsJL y '7dd> Mfiaroyr-ed ytrJAzp^Qy pd( j dy2:2/isMiM<jd yccyr^MyT-
a ^ 2 ^ ^ytzyfiAyy-fiy y t ^ ^ -^yptz/j-ffdy €X^ry/zujj / • <f, /dt> y^/^tTiA/.^ 
(y r sdzcnyy y 2 ^ <^y^UyzA<rdj^J yiA fX^ STH/ŷ ŷ -̂̂ Jŷ  - Z ^ /y77d^yJA 

î pp f̂y&iyJr- r-^S(STtylip 'S <^aI<:̂ cdczA-ec/' 
y2c^t-e esyŷ  SJi^r^zh^ y ^ y d ^ d j y d:zyyŷ î\̂ r*<p d ^ .^/i£d7<rcuj 

„ , - ~ l ^ ^y^TLii/yiuy.^^ a-i/Lel / Z - i ^ <yy^ d^y iM^ d^A!y/^dL c i . ^ y ^ ^ 
(S£ŷ  F^ 3 y , f ^ dLty pr-^,CPiy S^-li'̂ rir^ A--̂  ^ j ^ Lt Cyt̂ cy-o 'UOL <dLpe63 - d^/riii 

. i /y 

<-Xjrri7U, J t^yiik. tZcZ S'ly- 'dL^d i>*'iA.rrci'*yd~ v j y^^rzyA. (y^ii/Ly ty-*—. 

/ > / . 

^yTZ^ 72-c />i.<yv̂ Ayi~/A ^AT>L4zJp-£yU- ^ cyoyrr^- ldr -/dy^iyy-j hJiAit...<2y^y\. 

d/u, vpy-ei d i T e y ^ ^ ^ y ^ i y ^ / . ^ ^ c p a d y r j y ^ / ^ S ^ y r ^ i <yjsd .̂rz<xyy<-ed 
IUJ tL.^ y^diyy^ «/ ^ ^ A-̂ sz7s-Tn îyp c^z^^any^as at/-^ c/^~^^^ /4n/r^y-^ 
Ip fLf^y :̂7ty_ zs^u/ytty.^ yryfŷ tducr̂ syKzi c y . & ^ c u y d c ( y , Ŝ 7̂*>ccli ay) 
b'CPî y^hy I A K J L S o - ' ^ d p t p j l l i r^- j ..ŷ ŷ ŷ ..ci c-/-^ ^yz:£y^-t ^-.i-yt-y<7'iS-<--£_ 

yy^duyr^yyzz^ c u r ^ ^e/^c/^-yx/do (Tr^pyi^u^y/zd 7yyidl.j id(y ^ytyrfk 
(̂ 1-<T' ip r^rcjyu.d^ J p ^ y]y.̂ \ŷ  piLt ŷ <;7;?'/̂ fW <zPrĉ r&t/Sa /A^puJ <r<aŷ ^ 
k^ QAsin^yL^d 'iiy\ Uyreiujs d-xd' yciA^ f̂ -ed ^ .j2as\uy p^^-^dichrd' 
pldn yaUyU^S i/i^UyPf y/ dcppAr-^ad- '^-^myuytdi der Ap. Lyi ^rrcrr^ 
p ^ ^ y y y U i i /y-Acy^ dupfi&T(f̂ s tdu.y ^ y y e ^ r ypi^^ y<yj~ ^ 
\p.yryy^<z^ ^ ^u^y Ayi<.̂ ^̂ î yt̂  y^c^yy^cdiyy. A<-̂ d*<yd* 

J 
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Figure 3̂ . Common electrode arrays for electrical 
resistivity surveys. 



JZdAtzLjt UeT^-e Ax U s C L d U s O d t ^ d e^y^Xi plAPr-e ar€> 

^lOiy^^r-J dcrcAJ-k^l J o d L i f C ^ V l ^ t U l t d / m ^ e ^ 3 ( r / ( ^y r loOy^ i ' h td ru^ j 

eiitMS >7/J*>w?/-,<ĵ j ^ mjf^y af- C2ys iS'cr/aded -/SJ-T/H kyuM^. y ^ ^ ' J 
/ S j^sp>>f^i^o/A drue . f7̂  ' ^ Ŝcy*.- /-dc4o cfid T^*^ o o/ r^c i ' 

7y^<t-ayluf cp yeyu/udcd-d^syy A'̂ aSfî ĉ P7 op s^d^zc.^ ŝe>uijd ^ /l̂ ĉ zylŷ  
Tly/yerU êiA pUp^lttiy. • yicyyiy^ y-<»^-CQLUyd ^ey^d/dtuyy/d "^d^ f̂̂ izdt̂ 'V Ĵ 

.iTi-r^ p>cT4idyt.aJ -Soc*yr'dy>s y ^ ^^''i^ds/rxtytay/ryiA y ^ z ^ y<^j^7SdyyiTip 
"dT^̂ dâ  y < p y d~̂*-̂ -o yco-Sov^f 7 

/ ^ c U S ^ y y T S ^ d i^c^Ty- ty ep / -Ocy^cA&d y u y - A o y i r ^ dk/ZJr tM-^^ 

n ^ y d / s p A ^ y U y d^ 'TTU^y^^^ ' i^Td <î y::y-y/'-^4d- / ^ y r o u ^ eO-^ J 

y - /U^eyyy ePn<>yv\ y:y^Jyyy{yi <̂ e:yiycy t^-^ / - / t ^ CZTŷ /̂wp ^ ^ ^ ^ /-&t^y<^^ly^ 

l ^ d d i ' ^ ' ^ ^ ^^ %^ / •^ i J s rd idc r-^y^cir-er <y^c^ / T i y t y / d y i 

/ 

yz/XA/̂  yyuyuyt / ^ s u d td -a . 

yUe.. /iy<̂Ay.ĉ  y>tytyd-' ^ !/»ys ^yiudz^^ r s y k d zrct rnd iyad t^ 
AArd' 7 ^ /^-e'S^^d^iip d^^ydtptZa cdi id-C/ /ji. / / > . / c J s c 7^// /TJ /, 
^ / / I ^y^'^^'^c^ zT^lexyo J ^^yt d o / n d t c p P p . 0 ) P k a d lu^ d o u d 
k^iy^j ^ j u /^^ya j y d^yyAAc^-Aui curdfi-^^y- d h p / y p 7 ^ S^Oru^pj 
y:'\^ol(z) .ji^^ .ccyt̂ /f n-jzjtd^ ro iy, (y^^s^ cParyrpdl ryi SZ-a-Lô rAtm. y 
y/jb y^sj-is^uiiip //x~e.j d j /u/yAAy'r^ îz^ C a / d c y i / ^ ( e d T ^ d t l . JPtA 
'^OiU/y^, :̂̂ Jt/rcc»<xy ^^/y^TS" '=3c*vu ^ r d Jy2y jyiyuA înyu-̂ ĥ y/ Uy ^ r ^ i ' ^ 
a ^ -/if/^d^izAAyAyud^tyM tT ôP/tAyŷ  y :̂̂ ;̂ di<^f ĵ a ^ pTo^pAi <y' 

A S7erzy\<d t̂ yzTUi -fa /lyyiitv^y^ czcc/^Actyy^-^r p/AscTTLS ^s To 

•ir^tccru^jt^ < y &. / j^c7my^ czy^/i,'fst^ j ^yy y ^ d c t / y a d pdadcMr^ j //fyr^ 
u I (/k y t J d '^ yiPTy^^' 

-JP ca6 /^^K/' -^>Cy«^ y / a J /A-<̂ y2Xij //^ "p/j. c/yy^o ccyATl/ /~i_ 
CZ(Z /yyff i^ l^ ^'^-^Oyt^lJ-^ r U ^ C y e y 7 z / ^ ( ^ .Xi2^^t^ / o ^ - C y / ^ t ^ t . C ' ^ d - e ^ — 

/ I d y ^ ^ J<yy/^ Uj-f^^disy^ ezf^ ^:,f>xy^Cry^ ydyLyu, p U i - f t ^ ^ 

d t p y l C 'S<^onreu ^ ^ /^c^ / u ^-^yr < ^ yz^c^^S fd-^ y v d i y i ^ c iy€ /yup-cy/zi-iAd^^ 

y P t - s / , y%y / y i y y y '/do 'dy^yde- / y y f / k y 7 ^ dePpyy " 7 ^ c2^^/7^ 
y -yp-py^yeiidicyi^ y ^ ? ^ ^ d>c / t iup cP.. AAprc/^c/^ y^ Ayerd-^cddtd 

lxe.r'y^ ,̂c .̂I p a ^ r ^ y <ikj/fl^. Ayyyryyf/^a ^^y d e y ^ ^ y / i / - ^ ^ J d / d i ^ ^ 
/ ^ "^M, l /a / /^ cU U s (yA{//oS yxy^a.^ cZf ^<7^^yt̂  cz/cp^^e / ' ^ u y / k 
dycu/d /uy7t'ayy / ^ <pJ^Js %ad a yeur7iyi dfpcrlA. ^ d ypars 

pcKypy/MJt /Itrd 7:eyzi/d C ^cc/ / M ^ ya^ Aycyj-yay/TL J yyya/u/Ma-/^ 
• d c d o - 'Alp<r lyiyfcp cpy2.^lqp } y c r e ^ S ^ S t̂cyvecf Y îPP y^cyU^ryzd <k/i7K. 



Iy^/HL7^S ^^xc^^ n^pi^japy -rppAf' fdr^t^^-^nSP^^ yjf>/'S iy 
' f / / (/ ' V U t p j a d ^ d liy 

pry?r?ppy > y ppyi^p/^ P y n 7 ^ p ^ / '^yy pp^ l ^ / ^ y i y p S /^^^"^S "yA-
vur^/ ^3Pc:>/ -̂̂ p7> vy^<:fjy^^ yp-if^z^yiP J/^^jy^rpy y^X^ "p'^^^yd^ 
nyr^ apiYy p?pf:y*fryf^pp r y ly^^y r ^ ^ ^ ^ ^ ^ 5 ^ p P ^ ' ^ y ^ / ^ S ^ T ^ 
r-y^zpvpc^ppvy n - f r f P ' r ^ . r ^ 5 r r ^ y p ^ y j ^ d / T y 910/ytyyzpyi / 

v>r^y-yvr?^ p S ^ ' ' ^ - A y f -^ t? ?> ^ iyf y y / - / ^ ' ^ ^ >^ o^^y ^ p 
is7-K2? n/ i><? C — IP y y / - -^AnJi^jf^j py^ y<2? '^payi'f^jyyt^ uf/ 

l7lJ.i^3^S. pyy>7:S p-dp/erddef S / -^ d r r y ^ *<̂  ly^yry^S Q S p \ / 

9 

f jyypyy^^>n /̂ Sf Cy€>&f p ^ Jap-o-izp 
-w/. ^"^Tpp/mrW ^1 Y^zyli yyfpnrTin f^Y^ P ^ J : ^ P ^ / ' ^ zry-rrir^y^) 

•>t /Tp^W^ - u 
ty r̂ip^<pS r y H i o p j ^ •=- ?̂ 

P7A)arz>^zi inp^ yo ^-pyj S^itz^]A/i - A 7-^7-^^ 

U-6J iyy^nlJp S j ^j ' klAnlSlTcrA 
_pyfs>jydifp p^^ptTp^pp ppy p ^ ln7jyo -yp^)p^7}M:p ro^ ^ ^ ^ 

iif p ^ ^ p \ A r J ^ y y 9i / ipA^^up^ psyy^y^ ĉ ^ PTPP^pyp <yy^ ^ p r t d P 
ymfpy/rxp ^-y^ $rpi^pyrpa~ P'̂ />^p:><pj p ^ ^ yyf^r-^J-^nup r ^ yrrtvyd^^ 

< y^ynpvdyd^^ -yy. ' JA s ^ ' p-d^r] ^ o^y^ / ^ y •:;rrrp^^ p ^ l ^ y / 

r o / ' - ' P C2/- / w « ? ^ J^}yipp\ p ^ i y '^^^^p ' f w^ h j p n s - n S7 
JP ' ^,n/tpsmp(/rs^ r^ip p ^ ^ ^ s i Vi f^^ ' ^ ^ ^ j < ^ 7 ^ -r̂ ip j ^ y 

• P^-n s? V ^ ^ ^ Pp. y ^ ' ^ ^ ^ ' ^ ^ i ^ Z ' >y-'>^ y ^ / '> /^*^ ^ 
S 9 o ^ ^ 'op y ^ ? - ^ ? ^ 1 7 ap p ^ J ^ ^r p/ ipn^^ "vy. ^ ^ r 3 M P r ? p 

p ^ ^ p y p ^ / c r po o j p f p ^ ^ s'̂ rpyyuynyyiP y i . _ .̂;y7 p>^o^pdp> vu? 
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dooyru^^ ('ip A A d ly p i j s^cpd /î i yypeas c p ecP^^^f^pT^j tyfcsPyi-r/^j 
y aydyiP P ppy(rAdc..Ms>re C U / A J - SA^d <A/dd(^/^y--^»P y^^^ 
p t d o i d o T ^ / ^ ^ ^ P p cdypydy Sp^^^^QS d ^ - Sl^ - Z-^^ ^ J 
y n y p c P y p y ^ p ^ d ^ rfteyyajTyJ ^ r^sc r /upy / a n fPi -ed<yyd 27^ 
yf^cy?a<^/eyf, 

A d d r-ytc^^Ay^ud^d 7^/<^ / / ^ Sct̂ iny&yj / t ^ I d c^e^y/L ^ 
\^fttyl-iec/ t'l/i 77<^ TlPf^Lytcc — cAc/iiAfjyû d a r ^ ^ .. / 4 - / y ^ a ^ i « / ^ y 
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pUfXtÂ  Q P /A duridv-aJ ir̂ y!:̂ c[y2y~ tT^^yicUî S^ p JuJt> y^ jy^ /^ ^ o ^ y / 
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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 information 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 developed 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 for this research and technology development. 

Geothermal developers have had to resort to application of existing explora­

tion and development techniques and equipment, which are 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 stage is designed to 

filter: available prospect areas and to prioritize them for detailed explora-

. ''''i " -1 
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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--dri11 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, proper application 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 conceptual 

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

nates 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, geophysics 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 engineering and 

management. The conceptual model 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 t he re 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 o f 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: 

1. Exploration Surveys 
2. Exploration Drilling 
3. Aquifer Identification 
4. Production Drilling 
5. Reservoir Testing 
6. Application Engineering 
7. Economic Feasibility Analyses 
8. Construction 
9. Operation and Maintenance 

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 apparent that each 

exploration method selected can make a necessary contribution 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

ly, 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 tell us where on the surface to locate a drill hole to 

test for the presence of a geothermal resource? 

3. Should additional exploration 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 rotary 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 
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water during drilling, disturbs the thermal equilibrium of the hole, 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 

low. 

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

perature 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 drill to the depth objective 

or of having 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 progresses 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 surface, 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 through 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 drilling can continue. The circulation water also helps to 

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 they constitute the sample used for geologic purposes. 

The rotary bit is significantly larger than the drill rods in order to 

allow room between the rods and the wall of the hole for the cuttings to flow 

upW^rd. The cuttings are carried upward in a drill mud which has the three 
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purposes of (1) keeping the cuttings in suspension until 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 rotary 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 like 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 

2. Produces a core, a complete geologic sample 
3. Can continue to drill in permeable zones of 

lost circulation 
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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 costs 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 feet deep, and 

core seems to be preferred by the geothermal 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 
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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 minimum 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 methods 

are discussed below. 

Swabbing. If the hole is core drilled or rotary drilled with flush-

inside joint 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 
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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 lift can be continued 

long enough to obtain an uncontaminated sample for geochemical purposes. 

Dri11-Stem Tests. With either core or rotary drilling, a dri11-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 
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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 the 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 

drill rig on the hole because the rig provides the equipment necessary for 
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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 

more satisfactory with a rotary exploration hole than a core hole because 

rotary holes are usually somewhat larger in diameter. The process of 

conversion consists of installing a production casing (slotted liner or 

screen), perhaps with a gravel pack. For smaller diameter holes it may be 

necessary 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 itself, 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 larger. 

The installation depth of a pump depends on standing water level, and, more 

importantly, 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 objectives. 

Reservoir engineering testing consists of flowing 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 

reservoir engineer can determine 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 surface 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 the engineer, and then an 

economic feasibility 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 OE 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 money 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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TABLE 1 

RISKS IN THE VALLE DE LOS CHILLOS GEOTHERMAL PROJECT 

Area of Risk 

1. Exploration Surveys 

Nature of Risk 

- The resistivity lew may not correspond to 
geothennal waters in the subsurface 

Present 
Level of Risk for 
Valle de los Chillos 

UM to moderate 

ro 
CD 

2. Exploration Drill ing - The well may be drilled in the wrong location 

- Drilling may be so dif f icul t that the depth 
objective would not be reached before available 
money is spent 

- The hole ray cave or otherwise be lost before 
an equilibriuTi tenperature profile can be obtained 

- The raximun ireasured down-hole taiperature ray 
be too low to be of interest for application 

3. Aquifer Identification 

4. Production Drill ing 

5., Reservoir Testing 

6. Project Conpletion 

- The dri l l ing ray not intersect a producible 
aquifer at the depths desired 

- The production well ray not be successfully 
drilled 

- The production well ray fai l to find 
adequate tenperatures 

- The flow rate from the production well 
ray be inadequate to support an application 

- Even though geothenmal parameters ray be 
known the application may not be economic 

Low 

Moderate 

Moderate 

Moderate to high 

Moderate 

Low to moderate 

Low 

Moderate to high 

Low 

Conments or 
Steps to Decrease Risk 

- None apparent 

Adequate exploration surveys 

Include a contingency fund of 
money to be used only in this case 

- Install inexpensive casing 

This is one item the drilling is 
designed to test 

This is the second iten the 
drilling is designed to teste 

Experience with exploration 
dril 11 ing will help assess this risk 

Successful exploration drilling 
decreases this risk 

Successful aquifer testing 
decreases this risk 
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RECOMMENDED TECHNICAL ASSISTANCE FOR VALLE DE LOS CHILLOS PROJECT 

As requested by INE, I have had conversations with a number 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 I 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 

utilization systems and economic analyses. Stanford (Dr. Roland Home) 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. 
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TABLE 2 

PARTICIPATION BY TECHNICAL ADVISORS IN VALLE DE LOS CHILLOS GEOTHERMAL PROJECT 

Explorat ion Exploration Aquifer Production Flow Appl icat ion Economic • Operation 

Surveys D r i l l i n g Testing D r i l l i n g Testing Engineering Feas ib i l i t y Construction MaintenanC' 

UURI X X X X X 

STANFORD X 

O I T X X X X X X 

ro 
ro 
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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 described in my first report, written in September 1983 

after a lO-day mission to Ecuador. 

My September, 1983 report deals with design of the 

resistivity survey, the nature and magnitude of expected 

resistivity anomalies due to anticipated subsurface geothermal 

waters, potential problems with culture (the many electric 

power lines, pipelines, fences and other electrically grounded 

structure in the survey areas), and recommendations for survey 

and interpretation procedure. This report makes further 

recommendations for field and interpretation procedures, 

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 Ilalo and other information which the reader of this report 

will need to know. 
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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. 

1. 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 ara very happy with their competency. 

2. During the course of the field work, several items may 

require changing from line to line, area to area or day to 

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. The locations of certain survey lines or portions of 

survey lines to avoid culture or obstacles, or the 

locations of individual 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 whereas along 

other steel grate (parrilla) or aluminum foil may be 
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better. I recommend that if electrode resistance 

can not be reduced with stakes, 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 electrodes). 

C. It may be worthwhile to consider changing to the 

McPhar equipment if electrical noise is too great. 

The Scintrex equipment and the McPhar equipment each 

have certain advantages over the other: 

Scintrex.- Has a higher power transmitter and can 

thus transmit more current, giving a bigger signal 

at the receiver to help overcome electrical noise. 

But because this equipment operates in the time 

domain, filtering of electrical noise is not very 

good. 

McPhar.- Has a lower power transmitter, but 

operates 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 gear to see which gives the best results 

fastest would be a possibility. If a change in 

equipment is made, then the McPhar gear must be 

cross-calibrated with the Scintrex gear (see below). 
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D. I have designed one possible way to divide each line 

into parts that can usually be accomplished in one 

Working day (see Figure 1). 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. 

3. In the event that the Scintrex equipment breaks down, 

there are at least two other options. 

A. The McPhar equipment be made ready for field 

operation, if it is not ready now, in the event that 

it must be used. 

B. The Fluke multimeter belonging to DGGM can be used 

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

conventional resistivity receiver by connecting it 

to the potential electrodes. It will measure the 

following voltages: 

A constant voltage due to the self-potential SP 

effect (Bucked-out in Mcphar & Scintrex gear) 

A noise voltage due to telluric currents and 

electrical noise from culture 

The transmitted signal, which looks like this: 

+V, 0, -V, 0, +V etc. Thus, a typical set of 

Fluke data will have transmitted voltage and SP 

components as follows: 



- 6 -

VI = V + SP 

V2 = SP Transmitter off 

V3 = -V +SP Transmitter reversed 

We can see that: 

V = Vl - V3 

2 For example, 

supppose the signal due to the transmitted 

current is 40mv, there is a constant lOmv 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) 

Vl= 

XMTR (+) 

50 

54 

55 

48 

46 

49 

51 

50.4 

XMTR OFF 

12 

13 

15 

10 

9 

6 

9 

XMTR (-) 

V3 = 

- 27 

- 33 

- 25 

- 34 

- 35 

- 32 

- 28 

= -30.6 
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Averages of the high and low groups would be 

formed, and we would find: 

V = VI - 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 for 

IP (induced polarization) work, as the Scintrex and 

McPhar receivers are, may not measure precisely 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 usually yield 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 



32 .4 

40 .7 

112 .6 

51.4 

7 3 . 3 

0 . 9 1 

0 .90 

0 .92 

0 .93 

0 . 9 1 
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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 

36.8 

103.2 

47.6 

66.9 

Average Correction Factor = 0.91 

4. At times 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. 

B. 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. 
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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 part of 

the line. In 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. In any case, it is 

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. 

5. The most reliable 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. 

6. 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 that 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. 

7. I recommend that an easily visible sign be made to be 

placed 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: 

^ ^ <̂ -- i:^< A ' 7.fc7ioAC-
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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. 

8. I recommend that the resistance of the potential 

electrodes be measured periodically. The input 

impedance of the Scintrex equipment is 3 megaohms 

(3 X 10 _/\_) . If the resistance of this value, than 

the resistivity value measured will be in error by 5%. 

A current diagram for the receiver when it is connected 

to the electrodes is shown below. 

RCUR 

RW1.J :._..:..._ yRp^i : Jyi2_ 

- ^ 
PI ...._ _ RP 
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Re 
I 

UP 
Rw2 _;, R A « Rw2 

f- w\**v^ * Mf,T(?5^' • 'iV/Zr-"- — i — 

1 y 

RPl^ % RP2 

L ^..^.'^^^ -*j»] 

Rr>i = Resistance of receiver = 3 megaohms 
Rpl, Rp2 = resistance of potential electrodes 
Rwl, Rw2 = wire resistance 
Re = resistance of the eartn 

Due to the transmitted signal, a voltage, V, is 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 

resistances due to I. The voltage drop across Rr̂ , 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 = I (Re + Rpl + Rp2 + Rwl + Rw2 + RR) 

= I (Re + Rpl + Rp2 + Rwl + Rw2) + IRis. 

Now if Re = 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 receiver will measure only 95% of the true signal. 
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In order to prevent problems, which are unlikely in the 

Valle de los Chillos survey, we should measure Re + Rpl + Rp2 + 

Rwl +Rw2 = Re with the Flube meter periodically, say once a day 

for one receiver depole. We will usually find that Re will be 

less than, say, 10,000 ohms. IF Re is as high as 1% of Rci, 

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

reduce Re. 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 carry a canteen or bottle of water to do this. 
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ANTICIPATED SURVEY PROGRESS AND SCHEDULE 

During my mission in September, 1983, I studied air photos, 

maps that showed towns, urbanizations, power lines, railroads 

and other cultural features, and spent 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. In some instances, 

lines had to be shifted somewhat from the positions thait I 

originally recommended in order to avoid cultural objects. No 

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 

lines 

Number of 

current electrodes 

Sangolqui - Tingo 
Tumbaco - Cumbaya 
La Merced - Ilalo 

Totals 

12 
4 

_2 
23 

69 
17 
27 

113 
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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 the miniraun number. 

In determining an approximate schedule for the survey, I 

have made a number of assumptions, as given below. If the 

actual sur vey is not conducted in accordance with these 

assumptions, then the schedule will not be accurate. The 

assumptions are: 

1. In a normal day's 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 

of bad weather, equipment breakdown, lack of adequate 

vehicles, training new field laborers and other 

unspecified occurrences that plague geophysical surveys 

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 survey gets underway in 

earnest that a minimum of 4 full 6-9 hour days per week can 

actually be spent acquiring data. 
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Using these assumptions and the lines as presently planned, the 

aproximate surveying time will be as follows: 

Area Survey time (months) 

Sangolqui - Tingo 4 
Tumbaco - Cumbaya 1 

La Merced - Ilalo __2 

TOTAL 7 

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. It is recommended 

that the Mcphar equipment of UGGM be made operational, if it is 

not operational now, so that it would be ready if needed. 

A second probable cause of loss of time would be lack of 

adequate field vehicles. The surveying crew and the 

resistivity 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 

surveying Sangolqui Tingo 

Surveyirg 
La Merced - Ilalo 

10 days 
Mission 
, Wright 

5 - day 

«- JSf 

Wright 
Moore 

Surveying 
Tumbaco 
Cumbaya 

2 

1. Preliminary report, Sangloqui-Tingo 
2. Final report, all areas 

FIGURE 2 



- .18 -

TESTING OF VARIOUS CURRENT ELECTRODES 

One Wednesday, 4 July 1984 the field 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 gear would 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" long 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 were all driven in about 18" deep and salted 

watered. Four copper and four steel stakes were used at each 

electrode site. 

The soil conditions at each electrode site were similar. 

Soil was soft and clayey. The cipper 2 - 3 were dry, but 

the soil was quite damp below that depth. All electrodes were 

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

by adding salt and water. 
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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 electrode 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 create a problem in 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 the 

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 transmitter. The differences in 

wire resistance 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. In 

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

Rw 

Re2 \fc Rel 

-Rg.. 

Rt = Rw + Rel + Re2 + Rg 

Because for short wire lengths, Rw _ Re, our tests are 

believed to be valid tests among the various electrodes. 

As 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 copper stakes. Four steel stakes and 

the steel grate were about equal. Using fewer stakes would 

increase Rt, above, and decrease maximum current that could be 

transmitted. 

I recommend that either steel 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 must be made about whether to buy more stakes (these 

are presently 11 steel stakes in DEEM at a cost of 2000 - 3000 

sucres or to use steel grate. Steel grate may prove to be 

cheaper and faster to use than steel stakes. 
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DATA INTERPRETATION 

Intrerpretation of geophysical data is a two-step process: 

1. Interpretation 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 the geophysicist and the 

geologist and/or hydrologist. This is a critical stage in 

obtaining 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 select among 

various geological options that would explain the geophysical 

data. Because step 2 is a cooperative effort, it will not be 

discussed here. In this section we will treat only step 1. 

Geophysical interpretation (step 1) of dipole - dipole 

resistivity data is itself a very broad topic. 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 
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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: 

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

1 - D 
1 - Dimensional 
(resistivity chages 
only vertically) 

Layers are specified 
by depth to top and 
resistivity (P) only. 
Layers extend to infi­
nity in horizontal 
directions. 

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

2 - D 
- Dimensional 
(resistivity changes 
in the vertical and 
on horizontal dimension) 

3 - D 
3 - Dimensional 
(resistivity changes 
in all three dimensions). 

Bodies are bounded in 2 
two dimensions, but 
extend to infinity in 
the third dimension 

Bodies are bounded 
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 reasonably complex; and mathematical formulations for the 

resistivity response of a 3 - D body is highly complex. 

Of course, in building a reasonably realistic model of the 

subsurface, we must use generally use 2 - D or 3 - D models because 

the earth seldom displays resistivity chages only in the 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 
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resistivity effects at the surface of several (5 - 20 or more) 

individual 2 - D bodies, as shown below: 

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 require too much computer time. 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. In fact, using 

these simpler interpretation technique 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: 
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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 spacing 

= 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 Figure 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, n, 

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=l) are less than half of the true upper - layer 
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resistivity, whereas for depth = 2 a (Figure 4 b), the 

shallowest resistivity values do reflect the upper layer 

resistivity. However, as depth increases, the deepest 

resistivity values (n = 6-8) are higher than the true 

lower layer resistivity. 

4. 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. 

5. In the case of these pseudosections, the horizontal 

apparent resistivity contours tell us immediately that the. 

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. 

6. Figures 5 and 6 illustrate how values of aparent 

resistivity are plotted versus electrode separation, 

nlignore the curves marked 0.01 - 0.5 on these Figures. 

After plotting the field data on this particular log - log 
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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 looted 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 electrodes 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 

intermedate value of resistivity is measured -- this 

intermediate value does not actually occur in the 

subsurface; (c) the intermediate value of resistivity is 

approximately constant in a pie - shaped are whose apex 

pocats toward the location on the surface that corresponds 

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

located by the anomaly shape, and the values of 

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

and the plotting paper furnished by UURI 

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

show line and electrode locations. 


