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ABSTRACT

Temperatures have been measured with thermistors in 30 vertical 

drill holes in the Silver Bell mining district, Pima County, Arizona.

From these measurements the thermal gradients' are estimated and used to 

determine mean daily and mean annual surface temperatures. After 

making a correction for topography with a computer derived trend surface, 

a linear correlation at the 95% confidence level is found between devia

tions from normal mean annual surface temperature and the depth to sul

fide mineralization. The resultant anomaly is less than the variations 

in surface temperature due to topography or seasonal climatic changes.

The mean thermal gradient for the district is estimated to be 

2.45°C/100 meters. Thermal gradients are relatively unaffected by 

changes in lithology but are apparently affected by the leaching of sul

fide minerals and supergene alteration. The effect of groundwater 

movement is uncertain and may vary locally within the district. The 

mean thermal diffusivity is estimated from the depth of the annual tem

perature wave and compared with reported values for similar rocks.
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CHAPTER 1

INTRODUCTION

The main purpose of this study is to determine if the heat 

released by oxidizing disseminated metallic sulfide minerals results 

in measurable temperature anomalies at the earth’s surface and, sec

ondly, to estimate the effectiveness of surface temperature measure

ments, by infrared scanning or other means, in the exploration for 

such deposits.

To accomplish this the mean annual and mean daily surface temp

eratures were extrapolated from thermal gradients measured in vertical 

drill holes. In arriving at the answers to the main problems it has 

also been necessary to take into account the effects of topography and 

seasonal temperature variations. In order to draw as much useful infor

mation as possible from the data the thermal gradients have been stud

ied directly to estimate the effects of lithology, sulfide oxidation, 

groundwater movement, and topography. Some attention has also been 

given to the depth and propagation of the annual temperature wave, from 

which the thermal diffusivity is estimated.

The study was carried out in the Silver Bell mining district, 

Pima County, Arizona, which is located about 45 miles northwest of 

Tucson, as shown in Figure 1. Temperature measurements were made in 30 

vertical drill holes ranging in depth from 95 to 620 feet and including 

a variety of rock types and other geologic parameters. All of the

1
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FIGURE 1 INDEX MAP AND LOCATION OF AREAS STUDIED IN THE SILVER BELL MINING DISTRICT, PIMA COUNTY, ARIZONA
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holes which were logged were completed at least two years prior to this 

study. The Silver Bell district was selected because of the present 

active oxidation of a portion of the disseminated sulfide mineralization.

The following introductory sections deal with basic heat flow 

relationships, previous studies, and the geology and climate of the 

Silver Bell region. The sections on heat flow and previous studies have 

been restricted to topics of direct concern and use in this study.

A full chapter has been devoted to instrumentation and proce

dures in order to.establish the validity of the data and to assist in 

any further studies of a similar nature.

Basic Equations of One Dimensional Heat Flow

The basic parameters of heat flow are given below for the cases 

of steady and periodic one dimensional flow. One dimensional flow is a 

valid assumption in the absence of topographic relief. However, in 

measuring gradients in shallow drill holes in hilly terrain it must be 

remembered that heat flow is actually three dimensional, and that the 

gradient being measured may not be the true gradient at depth.

The general differential equations of heat flow are similar to 

those describing other potential fields, including current flow in an 

electric field (Ingersoll, Zobel, and Ingersoll, 1954, p. 205). For 

the derivation of the equations describing steady and periodic one 

dimensional flow the reader is referred to Ingersoll, et al. (1954) or 

Carslaw and Jaeger (1959).

The rate at which heat flows through a surface in response to a 

difference in temperatures across that surface is given by:
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HTq = -K A —  (Ingersoll, et al., 1954, p. 3) 1)CIA

where q is the rate of heat flow in cal/sec,

K is the thermal conductivity in cal/cm sec °C,

A is the area of the surface in cm^, 

and is the thermal gradient normal to the surface in °C/cm.

The rate of heat flow is generally given per unit area, removing A from
2the right side of Equation 1. Heat flow then has the units of cal/cm 

sec. The geothermal gradient is usually given in °C per 100 or 1,000 
meters.

Another parameter, which is important in dealing with the 

diurnal and seasonal temperature fluctuations and in thermal imagery, 

is the thermal diffusivity. Thermal diffusivity is the rate at which 

temperature, rather than heat, flows through a material. Thermal dif

fusivity is related to thermal conductivity by Equation 2.

a = ~  (Ingersoll, et al., 1954, p. 4) 2)

where a is the thermal diffusivity in cm^/sec, 

p is the density in g/cm^, 

and c is the specific heat in cal/g°C.

Light substances, such as air, with high diffusivities and low conduc

tivities are poor conductors of heat but good conductors of temperature 
(Geiger, 1965, p. 32).

The propagation of the periodic diurnal and annual temperature 

waves can be described by Equation 3.
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t2 = exp (X1 " X2)\/5- (Geiger, 1965, p. 32, and Ingersoll, 
et al., 1954, p. 47)

where is the temperature at depth x^, 3)

t2 is the temperature at depth x2, 

and T is the period of oscillation in sec (either one day or 

one year).
This equation relates the amplitude of the temperature wave at depth to 

its amplitude at the surface, the period of the wave, and the thermal 

diffusivity of the rock or soil. Additional terms are required for a 

complete solution to the differential equation from which Equation 3 

was derived but the error in ignoring these terms is small. Equation 

3 can be rewritten to find the depth of penetration of the diurnal or 

seasonal wave as a function of thermal diffusivity:

V"iT
where x^ = 0 and x2 is the depth of temperature t2«

If the depth of penetration is defined as the depth at which the temp

erature fluctuation is reduced to 0.01 times the surface fluctuation,

as suggested by Geiger (1965, p. 32), then Equation 4 becomes: 
loge(0.01)

x2 = x.

x2 =

The depth of penetration is now defined in terms of the period 

of oscillation and the thermal diffusivity and not the daily or yearly 

surface temperature range. Figure 11 (see p. 56) is a log-log plot of 

the depth of the seasonal temperature wave, in feet, as a function 

of thermal diffusivity as derived from Equation 5. This figure will 

be referred to in later sections. (Throughout this thesis distances



are given in feet, in accordance with conventional American engineering 

practice, while thermal parameters are given in the CGS system, except 

where noted otherwise).

. 6

Previous Studies

Most of the previous studies involving the measurement of 

temperatures in drill holes in the earth's crust have been done 

either to measure the heat flow of regions of the crust or, like 

this study, to determine the existence of thermal anomalies believed 

to be associated with ore deposits. Measurements for both purposes 

have usually been made below the depth reached by seasonal temperature 

variations and measurements for the calculation of heat flows have 

been made as deeply as possible to avoid modifications of the thermal 

gradient by topography.

In the first category of making terrestrial heat flow measure

ments much of the published work in this country to date has been car

ried out by Harvard University. Roy, et al. (1968) give the results 

of heat flow measurements made throughout the United States, including 

measurements from 21 drill holes in Arizona. The average values of 

thermal conductivity, thermal gradient, and heat flow for the state 

of Arizona are listed in Table 1.

Most of the holes in the western U. S. and all of the holes in 

Arizona were evidently originally drilled by companies involved in 

mineral exploration, raising the question of whether the results are 

typical of basement rocks in general. However, Table 1 also lists the 

averages for similar results given by Warren, et al. (1969) for six
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Table 1. Regional Heat Flow Values for Arizona and New Mexico

SOURCE OF DATA THERMAL THERMAL HEAT FLOW
CONDUCTIVITY GRADIENT
(10“3 cal/cm (°C/100m) (10-6 cal/

sec °C) cm^ sec)

21 mining exploration holes
in Arizona3 7.30 3.05 2.22

6 holes drilled expressly

for heat flow studies in

Arizona and New Mexico^ 7.20 3.01 2.28

a. Roy, et al. (1968).

b. Warren, et al. (1969).



8
holes in Arizona and New Mexico drilled expressly for heat flow studies, 

and it can be seen the results of the two studies are nearly the same.

In both cases measurements were restricted to intrusive igneous rocks, 

although the ages of these intrusive rocks vary from Precambrian to 

Tertiary.

From these studies it can be concluded that the regional heat 

flow in the basin and range province in Arizona and New Mexico is about 

2.25 x lO-  ̂cal/cm^ seCj the regional thermal gradient is about 3.03°C 

per 100 meters, and the average thermal conductivity of igneous rocks 

is about 7.25 x 10""̂  cal/cm sec °C. It should also be mentioned that 

there is relatively little variation in the thermal conductivities of 

these igneous rocks. Roy, et al. (1968) list thermal resistivity 

values in Arizona, which converted to thermal conductivities have a 

high value of 8.55 x 10~3 and a low of 6.13 x lO-  ̂cal/cm sec °C.

In the second category of seeking thermal anomalies associated 

with orebodies much of the pioneering work has been carried out by the 

U. S. Geological Survey (Lovering, 1948; Lovering and Goode, 1963; 

Lovering and Morris, 1965). At the San Manuel porphyry copper deposit 

in Pinal County, Arizona in 1944, T. S. Lovering (1948) measured temp

eratures in 11 churn drill holes using mercury maximum thermometers.

These holes ranged in depth from 700 to 1,000 feet. Dr. Lovering 

found an average thermal gradient between 500 and 700 feet of 1.0°F/100 

feet (1.8°C/100 m., Lovering, 1948, p. 12). Using a thermal conductivity 

of 8.0 x lO-  ̂cal/cm sec °C, as determined by laboratory measurements, 

a heat flow of between 0.95 x 10”^ and 1.48 x 10“  ̂cal/cm^ sec was 

calculated. This thermal gradient and resulting heat flow are a bit
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less than the averages presented in Table 1. In addition. Lovering 

found several inflections in the thermal gradients, some of which he 

attributed to sulfide oxidation and others to paleo-climatic changes. 

The added thermal gradient attributed to sulfide oxidation in two of 

the holes was 0.6°F/100 feet (1.1°C/100 m.)(Lovering, 1948, p. 14).

In similar studies of the East Tintic mining district, Utah, 

high subsurface temperatures initially believed to be due to oxidizing 

sulfides were found to be actually caused by hot springs. However, 

Lovering and Morris (1965) did estimate that in some cases sulfide 

oxidation resulted in added gradients of up to 3.0°F/100 feet (5.4° 

C/100 m).

A Summary of the Geology of the Silver Bell District 

The Silver Bell Mountains occur as a northwest trending ridge, 

consisting mostly of Late Cretaceous to Early Tertiary volcanics, ris

ing nearly 2,000 feet above the desert floor to the highest point. 

Silver Bell Peak, at an elevation of 4,249 feet. A long, arcuate, 

northwesterly trending zone of copper-molybdenum mineralization and 

hydrothermal alteration is found on the southwestern flank of the range 

where Paleozoic and Cretaceous sedimentary rocks have been intruded by 

Laramide age porphyry stocks, sills, and dikes. The outline of this 

zone, as determined by Richard and Courtright (1966), and the location 

of the three areas within the zone studies in this thesis are shown in 
Figure 1.

The geology of the mineralized zone has been well described by 

Richard and Courtright (1966) and the geology of the volcanic sequence



which forms the main mass of the mountain range has been studied in 

detail by Watson (1964). Merz (1967) studied the effects of igneous 

intrusion and mineralization on the Paleozoic sediments in the Union 

Hill area, however, the area was not included in this study. Mauger 

(1966) gives petrographic and geochronologic data on a limited number 

of samples from the intrusive and volcanic rocks. There are in addition 

numerous older references which are not cited in this study. For a 

listing of these the reader is referred to Watson (1964).

The following summary of the geology is intended mainly to give 

the reader who is not already familiar with the district some background 

for interpreting the data given in later sections• The descriptions are 

based on Richard and Courtright (1966) and Watson (1964) and on the 

author's own experience as a geologist in the district from 1967 to 

1969.

General Geology

The sedimentary section at Silver Bell consists of about 2,000 

feet of Paleozoic limestone, quartzite, shale and dolomite and an 

unknown thipkness of Cretaceous (?) arkose, conglomerate, redbeds and 

tuff. The Paleozoic section is described in detail by Merz (1967).

Some arkose may have been included in this study in the East 

Oxide area. However, the altered arkose is difficult to distinguish 

from similarly altered fine grained intrusive rocks in the vicinity and 

identification in most instances is very uncertain. No unaltered 

Paleozoic sediments were included, however, sediments which have been 

metamorphosed to marble and hornfels were encountered in areas B and C.

10
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Richard and Courtright (1966) state that the emplacement of the 

Laramide intrusives and the subsequent mineralization and alteration 

were probably controlled by a pre-existing major fault which was ob- 

scurred by the intrusives• Evidence for this structure includes the 

displacement of the Paleozoic sediments upward on the northeast side 

of the alteration zone relative to Cretaceous (?) sediments on the 

southwest side and the existence of recognized parallel regional faults 

to the north and south. This structure is further evidenced by post= 

Laramide northwest trending dikes within the alteration zone. In addi

tion, recent stripping operations in the El Tiro Pit area have in fact 

uncovered a northwest trending fault zone with probable pre-mineral as 

well as post-mineral movement which has all the characteristics of 

Richard and Courtrightfs "major structure".
The oldest Laramide intrusive is an alaskite which intruded the 

Cretaceous (?) sediments to the southwest and appears to have been 

bounded on the northeast by the major structure. The alaskite is not a 

porphyry but a coarse grained equigranular rock composed of about 40% 

quartz, 40% orthoclase and 15% plagioclase. As implied by the rock 

name, mafic minerals are lacking, at least within the alteration zone. 

Mauger (1966) gives an age date of 64.6 i 2.5 million years to the 

alaskite. The alaskite was encoutered in holes logged in this study in 

areas B and C.

Following emplacement of the alaskite an intrusion of one or 

more sills of dacite porphyry into the Paleozoic sediments northeast of 

the major structure took place. The dacite porphyry in hand specimen 

is characterized by numerous medium sized rounded quartz "eyes" along
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with smaller feldspars in an aphanitic ground mass. Xenoliths of older 

granitic, volcanic, and sedimentary rocks occur in amounts to 25% by 

volume. Flow structure can be seen in some unaltered exposures of 

dacite porphyry. Mauger lists dates of 57.7 t 2.0 and 55.3 ± 2.8 

million years for this unit. .In this study the dacite porphyry was 

encountered in all three areas. However, the intercepts in area B 

were small and near surface.

The formation of flows of Silver Bell andesite and flows, dikes, 

and sills of ignimbrite, which now make up the prominent peaks and 

ridges of the Silver Bell mountains took place after the intrusion of 

the dacite porphyry. These units were encountered only in area A and 

in hole G-27. The readers is referred to Watson (1964) for a complete 

description of these volcanic rocks.

The next event was the intrusion of monzonite porphyry stocks 

and dikes into the alaskite, dacite porphyry and remaining sedimentary 

rocks. Watson (1964) identified two early phases of the monzonite por

phyry which he classified as porphyritic syenodiorite and syenodiorite 

porphyry. No attempt was made in this study to distinguish between 

these two units, both are referred to as syenodiorite porphyry and are 
found only in holes in area A.

The monzonite porphyry occurs as a large stock lying southwest 

of the alteration zone, as smaller stocks and dikes within the alteration 

zone, and as dikes extending northeastward beyond the alteration zone.

The texture and quartz content of the monzonite is variable and in 

some locations it is a quartz monzonite porphyry. Mauger (1966) assigns 

a date of 67.1 t 2.7 million years to the monzonite porphyry. This
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date appears to be slightly in error as the monzonite porphyry defi

nitely intrudes both the alaskite and dacite porphyry, which are given 

younger ages. The monzonite porphyry was encountered in numerous inter

cepts in drill holes throughout all three study areas.

Alteration and mineralization followed emplacement of the mon

zonite porphyry. Because of its importance to this study this topic is 

covered separately in the following section.

Two post-mineral periods of volcanic activity may have resulted 

in the covering of the entire mineralized zone by flows for long periods. 

It is known, however, that oxidation was taking place at least 28 mil

lion years ago based on an age date for an andesite flow overlying a 

conglomerate containing fragments of leached capping (Richard and 

Courtright, 1966, p. 160). These periods of volcanism occurred in the 

mid-Tertiary and late-Tertiary or Quaternary. The mid-Tertiary period 

produced andesite flows, as mentioned above, and the Ragged Top latite 

porphyry which forms a rugged promontory at the north end of the moun

tain range. The late-Tertiary period produced basalt flows, remnants 

of which can be found at both ends of the alteration zone. The only 

remaining evidence of post-Laramide volcanic activity in the vicinity 

of the orebodies consists of northwest trending andesite and andesite 

porphyry dikes. This volcanic cover, which is postulated to have 

existed until recent geologic time, could possibly have an effect on 

present day thermal gradients. If there is a remaining effect it would 

be expected to be in the form of steeper than normal thermal gradients.
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Alteration and Mineralization

The zone of hydrothermal alteration and mineralization, as 

stated previously, is believed to have been localized by the same dis

trict fault which controlled emplacement of the intrusive rocks. Signi

ficantly, the zone cuts all the pre-mineral intrusive and sedimentary 

rocks in the vicinity, including the monzonite porphyry. In fact, the 

largest stock of monzonite porphyry lies outside the alteration zone 
while dikes of unaltered monzonite porphyry emerge from the northeast 

side of the zone. [This would appear to emphatically rule out any 

theory of syngenetic ore deposition such as advanced by Mauger (1966).] 

Within the alteration zone sulfides are found in veinlets and 

as disseminated grains. Most of the mineralization occurs in the vein- 

lets and most of the mineralized veinlets are found to have a northeast 

trend, as described by Richard and Courtright (1966). Like the altera

tion zone itself, individual mineralized veinlets can often be traced 

through several rock changes. The highest sulfide concentrations occur 

where the mineralized veinlets are most closely spaced and often thicker.

Hypogene sulfides include pyrite, chalcopyrite, molybdenite, 

sphalerite and galena. Oxidation and supergene enrichment have resulted 

in the formation of a chalcocite blanket the top of which generally con

forms to the present day topography and is usually found at a depth of 

75 to 150 feet. In addition to chalcocite the enriched zone also con

tains minor amounts of covellite. A large variety of copper oxide 

minerals are found locally within the oxidized zone where leaching has 
not been complete.
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In the holes logged in this study the base of oxidation ranged 

from 10 to 200 feet with an average of 85 feet of depth below the sur

face. Many of these holes do not, however, contain significant super
gene enrichment.

The water table is generally found at a greater depth and does 

not conform as well to the present day topography. In the seventeen 

holes in which the water table was encountered its depth was found to 

vary from 25 to 400 feet with an average of 166 feet. Sulfides above 

the water table, including the chalcocite blanket where it has formed, 

are seen to be oxidizing at the present time. Remnant, partially oxi

dized sulfides are often found within the leached capping and oxidation 

persists in depth along faults below the top of the sulfide zone. (It 

is believed by some geologists, including the author, that the chalco

cite blanket was initially formed during a wetter climate when the 

water table more closely followed the topography and that chalcocite 

blankets are not necessarily the product of an arid environment.) 

Because of the generally shallow occurrence of the sulfides and their 

present state of active oxidation, it is believed that the Silver Bell 

deposit is ideally suited for testing the thermal detection of oxidiz
ing sulfides.

Large scale horizontal sulfide zoning is not present at Silver 

Bell. The margins of the orebodies do not usually contain more pyrite 

but frequently less than the orebodies so that they can be considered 

pyritic only in the sense that copper sulfides are lacking.

Similarly, there is no concentric alteration zoning about a 

single intrusive stock. (Some confusion about alteration zoning at
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Silver Bell may have arisen because some early workers failed to differen

tiate supergene alteration from hypogene.) In general, quartz-sericite 

alteration in the porphyries is proportional to the sulfide content. 

Quartz-sericite selvages are usually found bounding the sulfide veinlets 

with argillic alteration of the wallrock. Silicification and/or 

recrystallization occurs locally, especially in the monzonite porphyry, 

and was found in some of the drill holes in all three areas of this 
study.

There is a marked vertical zoning of alteration as a result of 

the supergene processes. Stronger argillic and even scricitic altera

tion is often noted in the leached capping and enriched zone. Weak 

potassic alteration is often seen below the supergene zone in the lower 

mine levels and the bottoms of some deeper drill holes. The potassic 

alteration is evidently replaced or at least obscurred in the oxidized 

and supergene zones.

The Paleozoic limestones within or adjacent to the alteration 

zone have been transformed to a variety of metasediments. The most com

mon host rocks for mineralization are the tactites (dense metasediments 

composed largely of garnet, other dense silicates, quartz and hematite), 

and hornfels (a loose term applied to a variety of fine grained metased

iments) . The metasediments encountered in this study include marble, 

hornfels, and quartzite in areas B and C. For a detailed description 

of the metasediments the reader is referred to Merz (1967).
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Climate

The climate at Silver Bell although semi-arid is somewhat 

atypical of Southern Arizona in general. This is evidently because of 

its position on the southwestern flank of the Silver Bell Mountains at 

an elevation a few hundred feet higher than the surrounding desert 

floor. The average minimum temperature during the winter of 6.6°C (43.8° 

F) is reported by Sellers and Green (1964, p. 25) to be the second high

est in Arizona, exceeded only by Superior with an average winter minima 

of 7.4°C (45.2°F). This is attributed by Sellers and Green (1964) to 

the topographic position being, "High enough to avoid cold air draining 

from the mountains but low enough not to be influenced by decreases of 

temperature with height in the atmosphere." The annual rainfall at 

Silver Bell is also above normal for the desert by one or two inches of 
rain.

The average monthly maximum, minimum, and mean temperatures are 

depicted in Figure for 1970 and the first three months in 1971 and, 

for comparison, the average of the periods from 1906 to 1921 and 1953 

to 1957. The past temperature data was taken from Sellers and Green 

(1964) while the present data was taken directly from recordings made 

at Silver Bell for the U. S. Weather Bureau.

A reversal of the normal temperature pattern is seen to have 

occurred in the first part of 1970 with the month of February being 

warmer than March. A rapid transition from cooler to warmer than 

normal occurred from April to May. Also, a warmer than normal summer 

was followed by an unusually cool October and warm November. January, 

1971, is seen to have been a month of unusual temperature extremes.
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So long as the deviations from normal tend to cancel each other 

out the mean annual surface temperature should remain unchanged. How

ever, measurements of daily surface temperature, such as by thermal 

imagery, would be affected by such departures as experienced in February 

through April, 1970, making it difficult, for example, to draw infer

ences about the mean annual rock surface temperature from a single group 

of observations.

The mean annual surface air temperature during the periods from 

1906 to 1921 and 1953 to 1957 was 21.2°C (70.1°F). The mean annual sur

face air temperature for 1970 was 20.9°C (69.6°F). Also during 1970 

rainfall totaled 9.39 inches, significantly less than the average for 

recent years of 11.5 inches.

i



CHAPTER 2

INSTRUMENTATION AND PROCEDURES

For this study it was desired to be able to measure the relative 

temperatures of adjacent points with a precision of 0.01°C over short 

periods of time and to be able to reproduce measurements to within 0.1°C 

over the period of the field program. It was also sought to achieve as 

good an absolute accuracy as practical by checking the system against a 

mercury-in-glass laboratory type thermometer with 0.1°C graduations.

The equipment also had to be portable and battery operated and it was 

desired that it not depend on ice water either for stability or temp

erature reference. It was also necessary that the transducer have a 

low time constant in air, as most of the measurements would be above the 

water table.

The equipment that was chosen to fill these needs consisted of 

a single thermistor probe lowered by lightweight two conductor cable 

with the resistance of the thermistor being measured by a Wheatstone 

bridge. The variable resistance of the Wheatstone bridge was a ten 

turn potentiometer and the bridge was balanced with a high impedance 

voltmeter. Initially a Keithley Instruments direct current VTVM was 

used as the null meter but this was later replaced by a null meter 

assembled by the author using a chopper stabilized operational amplifier 

to provide a high input impedance. The entire circuit diagram is shown 

in Figure 3 and each of the components are briefly described below.
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Rt YSI 1% Precision thermistor probe, 
(#44111) 100 K @ 25°C.

Ry Bourns ten turn potentiometer,
50 K, 3%, (#3650).

All fixed resistances are wire wound 
1%, 5 watt resistors.

0A Analog Devices MOSFET copper stabilized operation 
amplifier (Model 232J)

M Simpson microammeter.
D^, D2 Silicon diodes.
All fixed resistances are metal foil 1%, 1/4 watt 
resistors.

Figure 3. Circuit diagram of instrumentation used to measure temperature.
toH
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Instrumentation

Thermistors

Thermistors are solid semiconductors with negative, and generally 

large, temperature coefficients. In other words, unlike conventional 

resistors and metals, when the temperature of a thermistor increases, 

its resistance decreases. The relationship of resistance to temperature 

is usually described by the following equation (Lion, 1959, p. 161):

Rt = R0 e B (I/*" “ 6)

where Rt is the resistance in ohms at temperature t (°K),

Rg is the resistance in ohms at temperature tQ (°K), 

and B is the thermistor constant.

The thermistor constant is dimensionless and has a value of about 4,000, 

which does not remain perfectly constant but varies slightly with temp

erature.

Thermistors are usually described by their resistance at a 

standard temperature, usually 25°C, and their time and dissipation con

stants. The time constant is the time required to indicate 63% of a 

sudden temperature change. The dissipation constant is the amount of 

power which if passed through the thermistor will raise its temperature 

1°C above its surroundings due to self heating.

The thermistors used in this study were YSI Precision Thermistor 

Probes (#44111) with a resistance of 100K ohms at 25°C, a time constant 

in air of 25 seconds, and a power dissipation constant of 1 milliwatt 

per degree centigrade in air. These thermistors have a sensitivity of 

4,500 ohms per degree centigrade at 25°C and a resistance tolerance of



1% (equivalent to a temperature tolerance of 0.2°C) in the range of 0°C 

to 100°C. However, it was found when the thermistors were matched 

against each other and a mercury thermometer that the actual tolerances 

exceeded the manufacturer's specifications. The thermistors matched 

each other within 0.05°C and both gave temperatures less than 0.2°C 

below the thermometer indicated temperatures. The thermistors were in

stalled in plastic tubes ballasted with BB shot to be lowered in the 

drill holes. Initially polystyrene plastic was used but these probes 

proved too brittle and cracked under changing pressures and temperatures. 

The next material tried was polycarbonate plastic and no further diffi

culties were encountered. Electrical connections were sealed with heat 

shrinkable tubing and silicone rubber cement.

Wheatstone Bridge

The resistance of the thermistor probe was measured with a 

simple Wheatstone bridge, as shown in Figure 3. The variable resistor 

was a Bourn's ten turn potentiometer (#3650) with a resistance of 5OK 

ohms and a tolerance of 3%. A small non-linearity was found in the 

potentiometer for which corrections were made in the data reductions. 

This model featured a digital readout which made reading in the field 

faster and less subject to human error. Since the variations in the 

resistance being measured exceeded 5OK ohms, fixed resistors were 

switched in series with the potentiometer to change scale. A large 

overlap of ranges was used so that the fixed resistance seldom had to 

be changed in a series of readings. In order to lessen the effects of 

surface temperatures on the equipment, wire wound, 1% tolerance power

23
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resistors were used as the fixed resistances. These resistors have a 

thermal coefficient of only 20 parts per million per degree centigrade.

Null meter

The null meter was constructed around an Analog Device Model 

232J MOSFET chopper stabilized operational amplifier and a Simpson 

microammeter. A one megohm feedback resistor was used in conjunction 

with input resistances of 10K, 100K, and 1,000K ohms. Since the ampli

fication of an operational amplifier with input on the inverting ter

minal is determined by the ratio of the feedback resistor to the input 

resistor this resulted in amplifications of 1, 10, and 100, depending 

on which input resistor was in place. These amplifications resulted in 

full scale meter deflections on the microammeter of 60, 6.0, and 0.6 

millivolts. A ten turn potentiometer with a resistance of 100K ohms 

was used as a trimmer to balance the null meter. Two silicone diodes 

were used to protect the meter from overloads. These diodes have the 

property of being non-conductive at potentials below 0.5 volts but 

become conductive above that potential. At higher voltages a potential 

drop of about 0.7 volts exists across the diodes so that the meter is 

protected from potentials above 0.7 volts.

This null meter was found to have better drift characteristics 

than the Keithley DC-VTVM under the field conditions in which it was 

used, provided the batteries were fresh. Because of the relatively 

large current drawn by the chopper stabilizer, about 6 milliamperes, 

large 8.1 volt mercury batteries (Eveready E136N) had to be used. Smal 

ler transistor radio type mercury batteries lasted only a few hours
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under continuous use and caused instrument drift when weak. The opera

tional amplifier had an input impedance of 300K ohms so that the input 

impedance of the null meter was 300K plus the resistance of whichever 

input resistor was switched in place.

Data Reductions

The field readings, which consisted of the scale and potentio

meter readings, were converted to resistances and temperatures using the 

University of Arizona's GDC 6400 computer. This was done mainly to pro

vide a good interpolation between calibration points supplied by the 

manufacturer and to correct for a small non-linearity which was found 

in the potentiometer, however, it also saved a good deal of time. The 

data supplied by the manufacturer consisted of the resistances for each 

integer degree centigrade. Using this data the value of the thermistor 

constant, B, from Equation 6 was found for each one degree temperature 

interval. These values were then used for interpolating between the 

manufacturer's data after Equation 6 had been rewritten as Equation 7:

This was done because, as mentioned above, B is not a perfect constant 

but varies slightly with temperature. The Fortran IV computer program 

used to reduce the data is listed in Appendix A.

Field Procedures

Holes were selected for logging in order to show the effect of 

varying rock types, depths of oxidation, intensity of mineralization 

and topography. It was also sought to log groups of holes, rather than
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individual holes so that the tmperatures could be correlated from hole 

to hole. The holes were then located and checked in the field with a 

steel tape. Most of the uncased holes were found to be caved at or near 

the water table. As the work progressed it became obvious that holes 

which had been cased or cemented at the collar were more likely to re

main open to greater depths, evidently because most of the debris which 

slumps into the hole comes from near the collar where the rock is more 

decomposed. Fortunately, in addition to numerous holes which were open 

to about 150 feet several holes were found which were open to depths of 

from 300 to 600 feet.

After the holes were selected and checked in the field they were 

logged with the apparatus previously described. Readings were usually 

taken at depths of 2, 5, and 10 feet followed by readings at 10 foot 

intervals to a depth of 100 feet and 20 foot intervals thereafter. This 

was done to gather more detail on the seasonal temperature wave in the 

upper 100 feet. The spacing was sometimes increased to 40 feet below 

200 feet if the thermal gradient appeared uniform.

The time required for the thermistor to approach equilibrium so 

that a reading could be taken was, of course,, a function of the thermal 

gradient. Near the surface where steep gradients were encountered due 

to the seasonal heat wave several minutes were required while below this 

zone 1-1/2 to 2 minutes were usually sufficient. Since the thermistors 

used had a time constant of 25 seconds in air, a 90 second time interval 

allowed the thermistor to indicate over 95% of the impressed temperature 

change. The null meter was always left on during this period and the 

rate of deflection of the meter served as an indication of the amount of
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disequilibrium between the thermistor and the surrounding air tempera

ture so that readings were never taken too soon. The self heating error 

due to leaving the thermistor on in air at 25°C was calculated to be 

only 0.01°C. This was found by dividing the power consumed by the ther

mistor, 10~5 watts, by the power dissipation constant in air, 10~3 watts 

per °C. Once the water table was reached readings could be made as 

rapidly as the bridge could be balanced as the time constant in water 

was only about 2.5 seconds.

Error and Reproducibility

Early thermistors are known to have had undesirable drift char

acteristics and it was therefore necessary to compare the thermistors 

used in this study with some standard temperature reference during the 

course of the field work. This was accomplished by comparing the ther

mistors with a mercury-in-glass thermometer having 0.1°C graduations.

The readings were made while both were immersed in a stirred beaker of 

water. The results are presented in Table 2. In addition, the repro

ducibility of field readings was determined for four holes which were 

relogged to show the propagation of the seasonal temperature wave.

These results are presented in Table 3.

It is seen from Table 2 that both thermistors used in this 

study agreed to within 0.1°C of the mercury thermometer with the excep

tion of the initial readings on thermistor A. No persistent drift is 

indicated. Variations in the differences may be due to the difficulties 

in maintaining the thermometer and the thermistors at the same tempera

ture in the water bath while attempting to make simultaneous recordings.
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The comparisons were made in the temperature range encountered in the 

field of 16 to 30°C.

Table 3 shows the precision associated with measurements made 

above and below the water table. A total of seven measurements above 

the water table in drill holes G-16 and G-17 were repeated twice while 

four measurements above the water table in G-24 were repeated three 

times. Five measurements below the water table in G-27 were repeated 

twice. The mean deviation was found as the average of the absolute 

values of the difference between each reading and the mean value for 

that station. This is the amount of error which might be expected of 

any single reading. The standard deviation and 95% confidence limits 

of the error.were found by standard statistical formulas.

On the basis of these replicated readings it is inferred that 

95% of the errors due to either instrument drift or operation are less 

than 0.11°C in air or 0.02°C in water. By comparing Table 2 and Table 

3 it can further be inferred that 95% of the field readings are most 

likely within 0.2°C of the value which would have been found with a 

good mercury laboratory thermometer.
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Table 2. Comparison of Thermistors with a Mercury-In-Glass, 

Laboratory Thermometer.

DATE

Number of 
Measurements

*Mean
Difference

(°C)

Number of 
Measurements

*Mean
Difference

(°C)

11/4/70 4 -0.135 4 -0.085
12/17/70 4 -0.025 4 0.053
1/26/71 3 -0.047 3 0.033

3/22/71 •7 -0.073 - —

* Thermistor reading - mercury thermometer reading.

Table 3. Reproducibility of Field Measurements

POSITION NUMBER OF
READINGS

MEAN
DEVIATION
CO

STANDARD
DEVIATION

(°C)

95% CONFI
DENCE LIMITS 

(°C)
In Air3 36 0.04 0.05 ±0.11
In Water^ 15 0.01 0.01 to. 02

a• Holes G—16 * G—17 9 and G-24.
b. Hole G-27.



CHAPTER 3

RESULTS

The temperature logs for all of the holes are presented graphi

cally in Appendix B . The symbols and abbreviations that are used are 
explained on the first page. In addition to the thermal data the rock 

types and an estimated total sulfide content by volume are given. The 

total sulfide content is made up mainly of pyrite for most of the holes. 

Hole locations are shown in Figures 1, 4, 5, 6 . The most recently 

drilled hole was completed over two years before this study was begun.

A statistical summary of the geologic, thermal and drill hole 

parameters for each of the three areas studied and for all of the obser

vations as a whole is given in Table 4. For this summary G-27 (Fig. 1) 

has been included in area A and D-309 and D-310 in area C.

The average depth of oxidation, average mean annual surface and 

average depth of the seasonal temperature wave are seen to be nearly the 

same in all three areas. The depths logged, collar elevations, depth of 

the water table and thermal gradients vary between areas.

The mean gradient below 300 feet is given for five holes and, 

for comparison, the mean shallow gradient for these holes is given sepa

rately, in addition to the mean shallow gradient for all 30 holes. The 

mean gradient below 300 feet is 2.45°C/100m and the low standard devia

tion, relative to the near surface gradients, results in a 95% confi

dence interval for the mean of from 2.02 to 2.88°C/100m. The mean
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shallow thermal gradients vary widely both within and between the study 

areas.

The results for each of the three areas studied are summarized

below.

Area A

Half of the drill holes logged are in this area. The predomi

nant rock types are syenodiorite and monzonite porphyries. Some arkose 

is believed to be present but it is difficult to distinguish from the 

syenodiorite porphyry because of alteration. In terms relative to the 

whole district, alteration is moderate overall and locally strong. 

Fracturing is also locally well developed. The depth of oxidation is 

slightly less than in the other areas. The water table is relatively 

shallow and, because most of the uncased holes in this area are caved 

in the vicinity of the water table, the average depth logged is less.

The most remarkable feature of this area is that the shallow 

thermal gradients are, on the average, nearly twice as great as in the 

other areas. However, the mean annual surface temperature is only 

0.01 to 0.02°C higher. Also, the gradient from 460 to 620 feet of 

2.66°C/100m in hole G-17, the only hole below 300 feet in this area, is 

only slightly greater than the overall average deep gradient of 2.45°C/ 

100m.

Area B

This area includes both altered igneous and weakly metasomatized 

sedimentary rocks. Only two of the six drill holes logged, F-158 and F- 

159, do not contain metasediments. These two holes contain
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Table 4. Summary of Data

PARAMETER AND AREA NO. OF MEAN RANGE STANDARD
HOLES DEVIATION

Depth of Hole Logged 
(Feet)
Area A 15 171 95-620

" B 6 305 115-450
" C 9 303 220-580

Total 30 237 95-620
Collar Elevations 

(Feet)
Area A 15 2,620 2,339-2,738

" B 6 2,951 2,880-3,074
" C 9 2,788 2,694-2,913

Total 30 2,737 2,339-3,074
Depth to Sulfides 

(Feet)
Area A 15 81 41-200 45

" B 6 95 43-162 52
" C 9 84 10-180 56

Total 30 85 10-200 48a
Depth to Water 

(Feet)
Area A 8 124 25-224 42

" B 4 280 190-400 98
" C 5 135 55-170 77

Total

Mean Annual Surface
17 166 25-400:

t

109a

Temperature (°C)
Area A 15 23.9 21.2-25.2 0.97

" B 6 23.8 22.5-25.0 0.97
" C 9 23.7 21.6-24.8 1.04

Total 30 23.8 21.2-25.2 0.96a
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Table 4, Continued.

PARAMETER AND AREA NO. OF 
HOLES

MEAN RANGE STANDARD
DEVIATION

Depth of Seasonal Wave 
(Feet)
Area A 15 71 40-105 17

" B 6 89 70-110 16
" C 9 74 60-100 16

Total 30 76 40-110 18a
*Mean Shallow Thermal 
Gradient (°C/100m) 

Area A 15 4.03 1.71-9.84 2.12
" B 6 2.47 0.82-4.13 1.24
" C 9 1.73 0.20-3.38 1.28

Total 30 3.03 0.20-9.84 2.67a
-Mean Gradient Below 
300 Feet (°C/100m)

Total 5 2.45 1.94-2.76 0.35
Mean Shallow Gradient 
in Holes Logged Below 
300 Feet (°C/100m)

Total 5 3.19 1.94-4.13 ; i.o6

a. This is the standard deviation for all of the data rather 
than a pooled standard deviation.

b. ' Mean thermal gradient above 150 feet or above an inflection, 
whichever is closer to the surface.

c. Mean thermal gradient below 300 feet or below an inflection, 
whichever is deeper.
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uninterrupted monzonite porphyry having moderate to strong argillic and 

sericitic alteration. The other holes contain mostly hornfels, marble, 

and quartzite with minor dacite and monzonite porphyry and a single 

intercept of alaskite. Metasomatism of the Paleozoic limestones is only 

locally as strong as that described by Merz (1967) for the El Tiro area. 

Steeply dipping post-sulfide andesite dikes are numerous in this area 

and one is encountered in hole F-155. The mean shallow thermal gradient 

of 2.47°C/100m is only slightly greater than the mean deep gradient in 

three of the holes of 2.33°C/100m.

Area C ,

Conditions in area C, excluding D-309 and D-310, closely corre

spond to those existing in the main El Tiro orebody prior to mining. 

Figure 9 is a vertical cross-section, as shown in Figure 6, showing both 

geology and isotherms. A complex, faulted sequence of alaskite and horn- 

fels occurs in the left (west) side of the section. Dacite porphyry, 

cut by dikes of monzonite porphyry, occurs in the right (east) half.

The elevation of the water table is nearly constant at 2,575 

feet. The base of oxidation, while generally following the topography, 

is seen to be greater under the hill in the center than under the valley 

to the left. A stranded sulfide zone is seen in hole 200 E.

The average near surface thermal gradient of the six holes 

shown in this section of 0.99°C/100m is the shallowest of any group of 

holes logged. Also, the average mean annual surface temperature of 

24.2°C is above average although this figure may be biased by slope 

orientation. The possibility that these anomalously flat thermal
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gradients and warm surface temperatures may be due to sulfide oxidation 

or man's activities in the area will be discussed in the following chap

ter.

The rock penetrated in drill holes D-309 and D-310 may be con

sidered unaltered and essentially unmineralized. Both of these holes 

lay outside the main alteration zone as determined by Richard and 

Courtright (1966) and depicted in Figure 1. D-309 is entirely in alas-

kite with only propylitic alteration and less than one percent pyrite. 

D-310 passes from weakly altered dacite porphyry into metasediments.

There are numerous inflections in the thermal gradient in D-310 

which probably correspond to varying thermal gradients due to composi

tional changes in the hornfels. The mean thermal gradient in D-310 

below 400 feet is 2.66°C/I00m, which is close to the overall mean deep 

gradient of 2.45°C/100m and slightly less than the gradient of 2.92°C/ 

100m at a depth of 280 feet in D-309.

These two holes were included in the survey to provide some 

estimate of background values in the absence of strong alteration and 

mineralization. The thermal gradients encountered do indeed appear to 

represent background values.



CHAPTER 4

ANALYSIS AND INTERPRETATION OF DATA

Information on three aspects of the geothermal system have been 

gathered in this study, these are: 1) the mean annual surface tempera

ture; 2) the thermal gradient; and 3) the propagation and depth of the 

seasonal temperature wave. If time had permitted the measurement of 

thermal conductivities it would also be possible to determine the actual 

rate of heat flow in the areas studied. However, an estimated rate of 

heat flow can be inferred from assumed values of the thermal conducti

vity. The data means and distributions have been discussed in the pre

ceding chapter. This chapter will attempt to explain the variations 

encountered in the thermal parameters.

Mean Annual Surface Temperature

The mean annual surface temperature is probably one of the most 

useful and difficult to obtain thermal parameters at the earth’s surface. 

While it is easily obtained by projection of thermal gradients in drill 

holes its measurement at the surface would require a knowledge of local 

climate and probably several periodic measurements, such as by infrared 

scanning.

One of the major objectives of this study was to determine if 

the heat released by oxidizing disseminated sulfides affected the mean 

annual surface temperature. If thermal anomalies due to oxidizing

39
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sulfides can only be detected with difficulty using the mean annual sur

face temperature, the detection of thermal anomalies from daily tempera

ture measurements should be even more difficult, if not impossible.

Effect of Topography

There are two major topographic effects on the mean annual sur

face temperatures: the effect of the thermal gradient due to elevation

in the atmosphere, also called the adiabatic lapse rate of atmospheric 

temperature; and the effect of slope orientation and inclination. In 

addition there may be local topographic effects due to atmospheric con

vection. An example of the latter would be cooler air draining from the 

higher elevations in arroyos. The largest effect was found to be due to 

slope orientation and this relationship is examined first.

It became obvious as the data was being gathered that the mean 

annual surface temperature is largely a function of slope orientation, 

south facing slopes receiving more solar radiation and being warmer than 

north facing slopes. Sellers (1965, p. 33-37) discusses the daylight 

illumination on sloping surfaces with graphs and equations, but states 

that the equations cannot be integrated to give the total radiation re

ceived by a slope during a day. (It is interesting to note from Sellers' 

(1965) graphs that north facing slopes steeper than 35° at the latitude 

of Tucson, Arizona, do not receive any direct sunlight in the month of 

December.)

In order to examine the mean annual surface temperatures for 

small scale variations possibly due to oxidizing sulfides it is first 

necessary to make some adjustment for slope orientation and inclination.
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This was accomplished using a Fourier series trend surface computer pro

gram in Fortran IV developed by James (1966). The trend surface is 

given in Figure 7. The independent variables are direction of slope 

inclination and the degree of slope inclination, as derived from topo

graphic maps. The dependent variable is the mean annual surface temper

ature. Nine Fourier series terms were used in the equation for the 
surface.

It is seen that the expected variation between north and south 

facing slopes with inclinations of 20° is about 3°C. Also the greatest 

rate of variation of temperature with slope inclination is for north 

facing slopes having between 0 ° and 1 0° of inclination.

It should be pointed out that the horizontal axis of the figure 

actually represents a point and should have a single value. In an 

attempt to cause the trend surface to conform to reality at the axis the 

mean value of the mean annual surface temperatures of five holes, all 

located in area A, for which the ground slope was nearly zero was deter

mined and introduced along the horizontal axis at 45° intervals. The 

mean value for the five holes is 23.9°C which is also equal to the over

all average for all 15 holes in area A. Thus while the 24.0°C contour 

should not intersect the axis, its intersection represents a residual, 
or error, of only 0.1°C.

Obviously^the trend surface is somewhat biased by the non-uniform 

distribution of hole positions with respect to slope direction and incli

nation. Most of the holes are on south facing slopes and the most com

mon inclinations are 14° and 27°. Therefore, while the trend surface is 

effective in making an empirical adjustment for slope orientation for
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the holes plotted, care should be taken in extrapolating the results to 

other locations not used in deriving the trend surface equation.

The effect of temperature changes with elevation for the range 

of elevations encountered in this study is less certain than the effect 

of ground slope orientation and for the reasons discussed below no cor

rection was made for elevation.

The average rate of change of temperature with elevation for 

Arizona is given by Green (1962) as -4°F per 1,000 feet (0.22°C per 100 

feet). Since the range of elevations encountered in this study is over 

700 feet, an elevation effect of up to 1.55°C might be expected. How

ever, from an examination of the data means in the three study areas, 

and on the basis of two regression tests on the data, it is concluded 

that there is a significant deviation from this normal gradient at Silver 

Bell and that the gradient, if present, is substantially smaller than 

expected.

The first evidence for this lack of elevation effect is that the 

average mean annual surface temperatures for the three areas studied 

(Table 4) are nearly the same despite differences in mean elevation of 

up to 331 feet, which should result in a temperature difference of up to 

0.74°C. As further tests, the linear correlation coefficients for temp

erature and elevation were found both for the uncorrected mean annual 

surface temperatures and the trend surface residuals described above.

The linear correlation coefficients are -0.221 for the mean annual sur

face temperatures and -0.110 for the trend surface residuals. Both 

values are below the critical value of -.361 which would be required to 

reject the hypothesis that there is no elevation effect with 95%
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confidence. The decrease in correlation after making the slope orienta

tion correction suggests that some of the correlation between tempera

ture and elevation is due to a correlation between topography and 

elevation. Because of the lack of proven correlation between tempera

ture and elevation on a local scale within the region studied no corre

lation for elevation was applied to the mean annual surface temperatures.

Effect of Oxidizing Sulfides

In order to estimate the effect of oxidizing sulfides on mean 

annual surface temperatures the residuals from the trend surface program 

were plotted against the depth of oxidation, as shown in Figure . The 

rationale for this is that the heat released by shallow oxidizing sul

fides diffuses over a smaller area in reaching the surface than heat 

released at greater depths and should give rise to smaller anomalies of 

greater magnitude.

The data points are classified as to location and estimated 

total sulfide content, as shown in the figure. The dashed line drawn 

through the data is a computer derived least squares fit for all the 

data. One .conclusion which can be reached from the diagram, apart from 

the temperatures, is that in only weakly mineralized areas is the depth 

of oxidation less than about 50 feet. This provides a built in bias 

which tends to reduce the maximum expected anomaly due to sulfide oxida
tion.

It is seen from the graph that the expected mean annual surface 

temperature is about 0.6°C higher where sulfides are within 50 feet of 

the surface than where they are 200 feet below the surface. Although 

the scatter of data points appears large, the linear correlation
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coefficient is found to be -.437. This value is larger than the criti

cal value for 95% confidence of -.361 but smaller than the critical 

value for 99% confidence of -.463. Therefore the hypothesis that depth 

to sulfides has no effect on mean annual surface temperature can be 

rejected at the 95% confidence level but not at the 99% level.

The regression study could be continued by fitting higher order 

curves to the data but it is felt that this may not be justified because 

of the large scatter of data due to the presence of variables which have 

not been quantified. There are several possible sources of variation 

which have not been taken into account. First, the trend surface did 

not completely correct for ground slope effects. It was desired to 

slightly under-correct the data rather than over-correct and risk atten

uating real anomalies. More terms could have been added to the trend 

surface equation until the trend surface became a complete contour map 

with no residuals. Second, no allowance was made for varying thermal 

conductivities, which would affect the rate at which heat released by 

oxidizing sulfides is transferred to the surface. Higher thermal con

ductivities would result in higher rates of heat flow, which in turn 

would be more likely to produce thermal anomalies at the surface. Also, 

the rate of sulfide oxidation may not be uniform throughout the district. 

Variations in albedo (the percentage of reflected incident solar radia

tion) due to surface roughness and color could also cause some of the 

unexplained variation in mean annual surface temperature. Another source 

of possible variation would be micro-climatologic phenomena such as cold 

air draining from the mountains in arroyos. Vegetation, which is an 

additional potential source of surface temperature variation, is



47

relatively sparse and uniform throughout the area studied. It is not 

believed that variations in vegetation had a measurable effect on the 

surface temperatures, as inferred from the thermal gradients, in this 

study.

Additional evidence for the existence of thermal anomalies due 

to sulfide oxidation can be seen in the vertical section, Figure 9*

Here the trend surface residuals are given in parenthesis under the mean 

annual surface temperature. Holes D-218, D-219, and 217 E all have 

anomalously warm mean annual surface temperatures. Also, the thermal 

gradients flatten near the surface indicating either a drastic change in 

thermal conductivity, which is probably not the case, or the direction 

of heat flow. This change in the usual heat flow pattern could be due 

to the release of heat from oxidizing sulfides forcing terrestrial heat 

flow laterally into cooler areas such as between D-218 and 217 E. Two 

other factors which could have an effect on the thermal gradients in 

this area are the proximity to El Tiro pit and periodic pumping of 

groundwater from a nearby mine shaft. While either could have an effect 

on thermal gradients neither would be expected to raise the mean annual 

surface temperatures above normal, as indicated by the trend surface 

residuals. It is therefore believed that the anomalously warm mean 

annual surface temperatures in this area are probably due to sulfide 
oxidation.

Thermal Gradients

The estimation of the probable causes of variations in the 

thermal gradients is somewhat limited by the absence of thermal conduc

tivity measurements. Returning to equation 1:
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it is seen that an increase in the thermal gradient may indicate either 

an increase in heat flow or a decrease in thermal conductivity. Fortu

nately, the variations in thermal conductivity for granitic rocks are 

usually small. For example, taking the data provided by Roy, et al. 

(1968) for 21 drill holes in Arizona (Table 1) it is found that the 95% 

confidence limits for the mean of 7.30 x 10~^ cal/cm sec °C are 5.89 x 

10~^ and 8.71 x 10~"* cal/cm sec °C. The coefficient of variability (the 

standard deviation divided by the mean) is found to be 9.9%. These 

statistics apply to mean thermal conductivities measured in drill holes 

from several mining districts rather than variations within drill holes 

or among holes from a single district. However, they do demonstrate 

that thermal conductivities for granitic rocks, even hydrothermally 

altered ones, usually vary within narrow limits.

Effect of Topography and Mean Annual Surface Temperature

The thermal gradients are affected by topography in several ways. 

First there is a diffusion effect which results in higher rates of heat 

flow and steeper gradients under valleys than under hills. In addition 

there is an elevation effect due to the change in mean annual surface 

temperature with elevation. Also, near the surface, there is the effect 

of the mean annual surface temperature due to slope orientation. The 

cooler mean annual surface temperatures found on north facing slopes 

result in steeper near surface gradients. "Near the surface" in this 

case may mean within several hundred feet of the surface if there is a 

persistent slope such as a monocline. This leads to the conclusion that
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in the northern hemisphere more terrestrial heat flow escapes to the 

atmosphere through north facing slopes than south facing slopes. There

fore, in the presence of modest topography an inverse relationship will 

probably be found to exist between terrestrial heat flow and mean annual 

surface temperature.

The relationship suggested above is demonstrated by Figure 10, 

where shallow thermal gradients are plotted against mean annual surface 

temperature. It is seen that in all three areas near surface thermal 

gradients increase as mean annual surface temperatures decrease. It is 

also seen that the near surface gradients in area A are steeper than 

those in areas B and C. This will be discussed in a following section.

Less variation in the thermal gradients should be expected as 

the depth of measurement increases. This is found to be the case as 

shown in Table 4. The overall mean shallow gradient is found to have a 

standard deviation of 2.67oC/100m. Within study areas the standard 

deviation varies from 1.24 to 2.12°C/100m. However, the mean deep gra

dient measured in five holes below 300 feet has a standard deviation of 

only 0.35°C/100m. For comparison, the mean shallow gradients for these 

same five holes have a standard deviation of 1.06°C/100m.

Effect of Rock Type and Structure

An examination of the thermal logs in Appendix B shows that in 

few cases can inflections in thermal gradients be correlated with changes 

in rock type. Holes in which such a correlation may exist include F-149, 

D-218, and D-310. Only in D-310 does the relationship appear definite.
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No attempt has been made to determine average gradients for each 

rock type because of the difficulty in correcting the gradients for 

topographic and other effects.

The spacing of measurements in the holes precludes delineation 

of small changes in thermal gradient due to structures such as small 

faults and shear sets. However, on a large scale, the presence of 

strong fracturing, especially above the water table, may lower the ther

mal conductivity thereby increasing the thermal gradient. This may be 

part of the reason for high thermal gradients in area A.

Effect of the Water Table

The water table is a potential source of large variations in 

thermal gradient due to thermal convection from moving water. Ground- 

water may act either as a heat source or heat sink. Also, inflections 

in the thermal gradient may be expected at the water table due to the 

increase in thermal conductivity of saturated rock over unsaturated 

rock. Inflections in the thermal gradient which may be due to the in

fluence of the water table occur in F-157, D-218, D-219, and 217 E. Of 

the other 13 holes which reach the water table only five extend below it 

far enough to determine if the thermal gradient has changed.

Since five of the ten holes extending below the water table do 

not undergo an appreciable change of gradient at the water table it 

appears that the water table does not uniformly affect the thermal gra

dient. However, the possibility remains that in areas of high porosity, 

where the thermal conductivity may depend on the degree of saturation,
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or in areas having high rates of groundwater movement within the dis

trict, the water table may have a significant effect on thermal gradients.

Oxidizing Sulfide Effects
The release of heat by sulfide oxidation would be expected to 

result in increased thermal gradients above and decreased gradients be

low the source of heat from oxidation. If the sulfides are close to the 

surface the steep side of the inflection may be obscurred by the season

al temperature wave leaving only the decreased gradient below.

Drill holes contaning inflections which may be due to sulfide 

oxidation include G-6 , G-15, F-149, F-159, D-218, D-219, and 217 E. Of 

these, D-218, D-219, and 217 E may represent situations where the above 

normal near surface gradient has been obscurred by the seasonal wave.

The cross section showing these holes (Figure 9) was discussed in a pre

vious section and it was pointed out that the anomalous gradients are 

believed to be due to sulfide oxidation although groundwater movement 

and the proximity to the El Tiro Pit are also possible causes of the 

flattening in near surface gradients.

Above Normal Thermal Gradients and Their Possible Causes

Most of the above normal thermal gradients occur in area A and 

it has already been shown in Figure 10 that for any mean annual surface 

temperature the expected gradient in area A will be greater than in 

areas B or C. Unfortunately, the cause of these high thermal gradients 

cannot be uniquely determined because of the lack of thermal conductivity 

data and the shallowness of the thermal logs in this area. The one deep 

hole, G-17, exhibits a normal deep gradient of 2.66°C/100m below an
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inflection at 460 feet. This suggests that the steep near surface gra

dients do not continue to depth but are related to some shallow feature 

of the geology.

Possible causes of the steep near surface gradients in area A 

include lower thermal conductivity, groundwater movement, erosion, and 

sulfide oxidation. Of these, the first two are believed to be the most 

likely causes. In situ thermal conductivities may be lower as a result 

of lower quartz contents, stronger supergene alteration of feldspars to 

clay minerals and sericite, and strong fracturing. Since most of the 

fractures are pre-mineral and have at least a thin filling of pyrite, 

oxidation results in numerous voids along the fractures. The presence 

of these voids could have a significant effect on the thermal gradient 

above the water table.

Groundwater movement may also have an effect on the thermal gra

dients in area A as the water table is closer to the surface than in 

areas B or C. Also, the water table gradually approaches the surface in 

the direction of drainage so that the groundwater is generally warmer 

than the rock it is coming in contact with. The latter effect would be 

increased if the rate of groundwater flow is greater in area A than in 
areas B or C.

The recent erosion of volcanic rocks which probably covered area 

A would be expected to give rise to an increase in thermal gradient, but 

this increase should persist to a greater depth than 460 feet.

The possibility that heat due to oxidizing sulfides may be caus

ing the high thermal gradients cannot be dismissed but it is unlikely in 

that the total mineralization in this area is no greater than in the
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other areas. Also, with the exception of G-6 and G-15 there is a lack 

of inflections in the thermal gradient within the zone of oxidizing sul

fides. The origin of the steep gradients appears instead to be at or 

below the water table.

Seasonal Temperature Variations

The annual temperature cycle at the earth's surface results in 

the generation of a temperature wave below the surface which rapidly 

attenuates with depth. The wave can be seen in the thermal logs in 

Appendix B. Two of the parameters which can be estimated from the sea

sonal wave are the mean daily surface temperature and the thermal diffu- 

sivity. Periodic determinations of the mean daily surface temperature 

in the same hole can be used to find the range of values of the mean 

daily temperatures and the time of coincidence of the mean daily tem

perature with the mean annual temperature.

In Hole Estimation of Thermal Diffusivity

The thermal diffusivity may be found from the seasonal tempera

ture wave by several methods of which the simplest is probably by the 

depth of the annual wave. In Chapter One a relationship was given for 

the depth of the seasonal wave as a function of thermal diffusivity after 

defining the depth of penetration as the depth at which the amplitude of 

the wave is reduced to 1/100 of its value at the surface. This relation

ship is depicted in Figure 1 1 . In using the graph the depth of penetra

tion may be taken as the bottom of the temperature wave as depicted in 

the logs in Appendix B with little resultant error.
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The mean thermal diffusivity, corresponding to the mean depth
Oof penetration of 76 feet, is found to be .0250 cm /sec. If the depth 

of penetration is adjusted for topography by multiplying by the cosine 

of the slope inclination the mean depth of penetration becomes 71 feet 

and the mean thermal diffusivity becomes 0.0225 cm^/sec. Assuming the 

change in standard deviation due to the slope correction is negligible 

the following confidence limits for the thermal diffusivity are found. 

The 95% confidence limits for the individual measurements are .0049 and 

.054 cm^/sec. The 95% confidence interval for the estimated mean ther

mal diffusivity, based on 30 measurements, is from .019 to .027 cm^/sec.

For comparison. Lovering (1948) reports thermal diffusivities 

based on laboratory determinations for rocks of similar composition and 

alteration from San Manuel of from .018 to .021 cm^/sec. Since the 

thermal diffusivity is inversely proportional to density (Equation 2), 

the higher thermal diffusivity from in place measurements may be due to 

the added porosity in the form of open fractures which would not be 

found in prepared laboratory samples.

Coincidence of Mean Daily Surface Temperature 
with Mean Annual Surface Temperature

In evaluating surface temperature measurements for geologic 

information it would be helpful to know something about the distribution 

of daily temperatures throughout the year. In particular it might be 

important to know when the mean daily temperature coincides with the 

mean annual surface temperature and how much the two differ at other 

times. To estimate these parameters it would be necessary to make peri

odic measurements in the same holes, preferably monthly. Unfortunately,



58

time did not permit this amount of attention to the seasonal fluctua

tions in addition to gathering data from as many holes as possible. 

However, as previously stated, four holes were relogged during the 

course of the field work in an attempt to gain added insight into the 

nature of the seasonal wave. The holes which were relogged are G-16,

G-17, G-24, and G-27. The results of these reloggings are shown on the 

logs for each of the holes in Appendix B.

To better illustrate these results the mean daily temperatures, 

expressed as deviations from the mean annual surface temperature, have 

been plotted in Figure 12. It is seen that the mean daily surface tem

peratures coincide with mean annual surface temperature in late October 

and early November and again in early April. The exact time of coinci

dence would depend on the behaviour of the climate in any given year.

Also it is seen that all points on the surface do not reach the mean 

annual surface temperature at the same time. The best that could be 

hoped for when making surface temperature measurements during this period 

is that most of the mean daily temperatures will be within 2°C of their 

respective mean annual surface temperatures. Obviously a similar prob

lem exists in determining mean daily temperature from measurements made 

at one particular time during the day.

It is seen that the minimum mean daily temperatures are about 

6°C below the mean annual surface temperature for three holes and 10°C 

below the mean annual surface temperature for the fourth. By symmetry 

it can be expected that the mean daily temperatures will be above the 

mean annual surface temperature by a similar amount in midsummer.
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Some Implications of the Annual Temperature 
Cycle in Measuring Surface Temperatures

The most desirable time of year for recording surface tempera

tures by infrared remote sensing, or any other means, probably depends 

on the purpose of the survey. If the intent is to map rock types by 

their differences in conductivity and diffusivity the best time is 

probably when solar radiation is at a maximum in order to improve the 

contract in re-radiated energy. If the purpose is to identify thermal 

anomalies from sources below the surface it would appear that the 

optimum time would be when solar radiation, and contrast due to solar 

radiation, is at a minimum.

One common theory is that a good time to record surface tempera

tures would be when the mean daily temperatures coincide with the mean 

annual surface temperature. From the seasonal wave there is no reason 

to expect that surface temperature measurements made during one of these 

periods would be more useful than the other since the seasonal waves at 

these times are near images of each other. The accumulated heat from 

the summer, which is present in the fall, is no more of an obstacle to 

estimating subsurface conditions than the accumulated heat loss from the 

winter, which is present during the spring. However, climatologic con

ditions at the surface may favor one time over the other.

One disadvantage of recording surface temperatures at these 

times is that the rate of change of daily surface temperatures is at 

a maximum and the temperature waves of adjacent areas do not appear 

to be all in phase. Thus the relative temperature of two adjacent 

areas may be changing rather rapidly. This would introduce some
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uncertainty as to the significance of differences in recorded tempera

tures, even though the recordings were made simultaneously. In other 

terms, an area which appears anomalously warm at the time of recording 

could appear unanomalous two weeks later if it is giving up heat at a 

faster rate than its surroundings.

If the measurements were made in January, when the rate of daily 

temperature change is at a minimum, the relative temperatures of adja

cent areas should remain constant for a longer period. However, the 

deviations of the minimum temperatures from the mean annual surface 

temperatures will not be the same for all points.

Considering the uncertainty associated with the relative dif

ferences between mean daily surface temperatures and their respective 

mean annual surface temperatures at any one time, it would appear that 

an attempt to identify small thermal anomalies, such as may be due to 

sulfide oxidation, might require several recordings of surface tempera

ture. For example, measurements could be made in midwinter and at both 

coincidences of the mean daily and mean annual surface temperatures. It 

would be important to see if the same anomalies appeared in all surveys, 

after a correction for slope orientation. A technique could be developed 

for pooling the data in a manner which would provide an estimate of the 

mean annual surface temperatures. Obviously this time factor would be 

a handicap in the use of the method in mineral exploration by private 
companies.

Comparison of Results With Regional Values 

The mean thermal gradient below 300 feet has been given as 2.45° 

C/100m with a standard deviation of 0.35°C/100m (Table 4). The 95%
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confidence interval for the mean is from 2.02 to 2.88°C/100m. This is 

somewhat less than the regional mean of about 3.03°C/100m (Table 1).

Fortunately, there is a further estimate of the gradient at 

Silver Bell which includes the thermal conductivity. Roy, et al. (1968) 

include in their data the results of one hole logged in the vicinity of 

the El Tiro Pit (Fig. 1) for which a mean gradient of 2.55°C/100m and a 

thermal resistivity of 122 cm sec °C/cal were found. This is equivalent 

to a thermal conductivity of 8.20 x 10~3 cal/cm sec °C with a resulting 

estimated heat flow of 2.09 x lOT^ cal/cm^ sec. Thus, it can be in

ferred that the below normal thermal gradient measured in this study is 

mainly due to above normal thermal conductivity and partially to below 
normal heat flow.

The value of thermal conductivity reported by Roy, et al.

(1968), although above normal, is similar to the values reported by 

Lovering (1948) for rocks of similar composition and alteration at San 

Manuel. This inference is strengthened by this study since the thermal 

diffusivity estimated by in hole measurements is nearly the same as the 

thermal diffusivities reported by Lovering from laboratory measurements 

of the samples from San Manuel.

In summary, the results of this study directly and indirectly 

reinforce the single measurement given by Roy, et al. (1968).



CHAPTER 5

CONCLUSIONS

On the basis of this study the potential of thermal exploration, 

by infrared scanning or other means, for detecting oxidizing disse

minated sulfides at shallow depths in hilly terrain appears marginal. 

Surface temperatures have been shown to be dominated by topographic 

orientation with respect to solar radiation and by climate.

A linear correlation between depth to sulfides and deviation 

from normalized mean annual surface temperature has been established at 

the 95% confidence level. However, the maximum expected anomaly where 

sulfides are close to the surface is only 0.6°C.

Variations of up to 3 or 4°C in mean annual surface temperature 

are experienced as a result of the direction and inclination of ground 

slopes while mean daily surface temperatures vary up to 1 0°C above and 

below the mean annual surface temperature seasonally. The problem of 

seasonal variations is that the relative temperatures of adjacent areas 

do not appear to remain constant. It is suggested that when seeking 

small thermal anomalies the best results may be obtained by repeating 

the survey several times and pooling the data.

The probability of detecting surface anomalies due to oxidizing 

sulfides should improve if the topography is more subdued than at Silver 

Bell or if the sulfides are more abundant. There also remains the possi

bility of the direct detection of hydrothermally altered rocks due to
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changes in their thermal conductivity and diffusivity caused by altera

tion.

In addition to conclusions regarding surface temperatures, which 

have been extrapolated from the thermal gradient, several conclusions 

directly concerning the thermal gradient have been reached. The mean 

thermal gradient below 300 feet of 2.45°C/100m is less than the regional 

mean. The difference is believed to be due to above normal thermal con

ductivity and slightly below normal heat flow. The shallow thermal 

gradients are generally steeper and have greater variance than the deep 

gradients. The steeper gradients near the surface are believed to be 

due to lower thermal conductivities due to leaching and supergene alter

ation and possibly groundwater movement rather than sulfide oxidation.

It has been shown that the shallow thermal gradients are directly related 

to the mean annual surface temperature, which is in turn largely a func

tion of ground slope orientation. Rock type changes, even between 

dissimilar units, appear to have surprisingly little effect on the ther

mal gradient.

Finally, on the basis of the depths reached by the annual tem

perature wave the mean thermal diffusivity is estimated to be .0225 cm^/ 

sec. The variance of in situ thermal diffusivity is large with a 95% 

confidence interval for the data of from .0049 to .054 cm2/sec.
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APPENDIX A

FORTRAN IV COMPUTER PROGRAM USED TO CONVERT 
FIELD MEASUREMENTS TO TEMPERATURE AND 
INTERPOLATE BETWEEN CALIBRATION POINTS
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R ( I ) = P ( I ) * 5 .
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C C O R R E C T  F O R  S M A L L  N O N - L I N E A R I T Y  I N  P O T E N T I O M E T E R

1 5 I F ( R ( I ) . L E . 2 0 0 0 0 . ) 1 6 * 1 7
1 6 C = 5 0  •

GO T O  2 2

1 7 I F  ( R ( I ) . L E . 3 5 0 0 0 . )  1 8 , 1 9
1 8 C = 5 0 , + ( ( R ( I ) - 2 0 0 0 0 . ) / 1 5 0 u 0  

GO  T U  2 2
. ) * 2 0 .

1 9 I F ( R ( I ) . L E . 4 5 0 0 0 . )  2 0 , 2 1
2 0 C = 7 o . +  ( ( R ( I ) - 3 5 0  0 0 . ) / 1 0000 

GO  T O  2 2
, ) * 8 0 .

2 1 C = 1 5 o .
2 2 R ( I ) = R ( I ) - C

C A D D V A L U E  O F  F I X E D  R E S I S T A N C E  

J = I S ( I )

L E S S  L E A D  R E S I S T A N C E

2 3 R ( I ) = R ( I ) ' + B A S E ( J )
2 9  C O N T I N U E

C C H E C K  F O R  V A L U E S  O U T S I D E  O F  M A N G E  O F  P R O G R A M ( 1 0  C T O  4 0  C )

3 1  DO  3 2  1 = 1 , N
I F ( R ( I ) • G T • R O ( 1 0 ) • O R . R ( I ) * L T  » R O ( 4 0 ) ) 3 4 » 3 3

3 4  T ( I ) = 5 5 3  
6 0  T O  3 2

C F I N D  T E M P E R A T U R E  R A N G E  A N D  S E L E C T  V A L U E S  F O R  F I X E Dc V a r i a b l e s  r o  a n d  b  t o  i n t e r p o l a t e  u s i n g ' e q u a t i o n  b e l o w

3 3  T T 2 = 2 8 3 o l 5
D O  3 5  J = 1 1 » 4 0  
T T 2 = T T 2 + 1 .

1 F ( R ( I ) , 6 T , R 0 ( J )  ) 3 6 , 3 5
3 5  C O N T I N U E

C I N T E R P O L A T E  B E T W E E N  I N T E G E R  D E G R E E S

3 6  T ( I ) = ! . / ( ( ( D L O G ( R ( I ) / R O ( J ) ) ) / B ( J ) ) + ( 1 . / T T 2 ) )

C C O N V E R T  T E M P E R A T U R E  F R O M  K E L V I N  T O  C E L S I U S  

T ( I ) = T ( I ) ~ 2 7 3 . 1 5
3 2  C O N T I N U E
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C  W R I T E  R E S U L T S
5 0  W R I T E ( 2 , 5 1 )
5 1  F O R M A T ( 1 U 1 * / / / / / / / / / )
5 2  W R I T E ( 2 * 5 3 ) N H O L E , D A T E
5 3  F O R M A T ( 5 5 X , * H O L E  N U M B E R :  * * A 5 , / * 5 5 X * * D A T E :  * * A 8 )
5 4  W R I T E  ( 2 »  5 5 )  C O O R D N *  C O O R D E » E L E V * D E P T H * / » D E P T H S
5 5  F O R M A T ( 1 5 X , ^ C O O R D I N A T E S :  * * F 6 o O , *  N ,  * , F 6 . 0 , *  E * , / ,

2 1 5 X , w E L E V A T I O n : # » F 5 , 0 * / * 1 5 X * * 0 E P T H  T O  W A T E R :  * ,

3 F 4 . 0 , / , I 5 X » W D E P T H  T O  S U L F I D E S :  * , F 4 . 0 , / / )
5 6  W R I T E ( 2 * 5 7 )
5 7  F O R M A T ( T 5 X * * D E P T H * , 6 X * , 7 X * * T E M P * * / )
5 8  W R I T E ( 2 * 5 9 ) ( 0 ( 1 ) * R ( I ) » T ( 1 ) » I = 1 * N >
5 9  F O R M A T ( 1 5 X * F 5 , 0 , 3 X * F 7 . 0 * j X , F 5 , 2 )

7 0  GO  T O  1 0

7 1  S T O P

Note: The values of the thermistor constant, B, must be computed for

each one degree temperature interval for the particular thermistor 

being used prior to using the program. This data is then placed ahead 

of the field data as indicated in the program.
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(Sample Output)

H O L E  N U M B E R :  D

_  „  D A T E :  1 / 2 3 / 7 1
C O O R D I N A T E S :  3 9 7 0 1  N $  1 4 4 5 6  E
E L E V A T I O N :  2 6 9 4
D E P T H  T O  W A T E R :  5 5
D E P T H  T O  S U L F I D E S :  1 5

D E P T H R T E M P

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

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

I

3 0 9



APPENDIX B

DRILL HOLE LOGS OF THERMAL GRADIENT, 
ROCK TYPE, AND TOTAL SULFIDE CONTENT

70



EXPLANATION OF ABBREVIATIONS AND SYMBOLS

PSA

MZ

SP

DP

AK

ARK

HF

MBL

DOL

QTZ

G:2

IGNEOUS ROCKS 

Mid-Tertiary 

Post-Sulfide Andesite 

Laramide

Monzonite and Quartz Monzonite Porphyry 

Syenodiorite Porphyry 

Dacite Porphyry 

Alaskite

SEDIMENTARY ROCKS 

Cretaceous

Arkose

Paleozoic

Hornfels 

Marble 

Dolomite 

Quartzite

THERMAL LOGS

Projection of Lower Gradient 

Inflection in Thermal Gradient

Water Table

62°C/100m Thermal Gradient



DE
PT

H 
(F
EE
T)
 

DE
PT

H 
(F
EE
T)
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TEMPERATURE (°C)

G:1.96°C/100m

G-l; 11/20/70

TEMPERATURE (°C)

G:1.71oC/100m

G-2; 11/20/70



DE
PT

H 
(F
EE
T)
 

DE
PT

H 
(F
EE
T)

TEMPERATURE (°cj

6.76°C/100m

G-3; 10/16/70

G:4.17°C/lOOm

G-5; 11/20/70



DE
PT

H 
(F
EE
T)
 

DE
PT

H 
(F
EE
T)

TEMPERATURE (°C)

G:3.28oC/100m

G-6; 11/20/70

TEMPERATURE (°C)

G-7; 12/4/70



DE
PT

H 
(F
EE
T)
 

DE
PT

H 
(F
EE
T)
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TEMPERATURE (°C)

G:4.496C/100m

G-13; 11/16/70

G:4.26°C/100m

G-15; 11/16/70



76

TEMPERATURE (°C)

11/16/70
1/11/71
3/24/71



28
TEMPERATURE (°C)

G:3.11°C/100m

10/16/70

1/11/71

G-17 (Continued on following page)
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G-17 (Continued from previous page)



DE
PT

H 
(F
EE
T)
 

DE
PT

H 
(F
EE
T)

79

TEMPERATURE (°C)

G:4.59°C/100m

TEMPERATURE (°C)

G:4.59°C/100m

G-22; 11/20/70
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TEMPERATURE (°C)

G-23; 11/16/70

-----  10/16/70
-----  11/16/70
-----  1/11/71
-----  3/24/71

100m

G-24
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TEMPERATURE (°C)

G:3.37°C/100m

G-27



TEMPERATURE (0C)
TTT"

F-149
10/23/70

F-149; 10/23/70
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TEMPERATURE (°C)

G:0.82°C/100m

H 100

F-152; 10/23/70



TEMPERATURE (°C)

G:1.94°C/100m

Oxidation of Sulfides

F-155; 10/30/70



DE
PT

H 
(F
EE
T)
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TEMPERATURE (°C)

G:4.13°C/100m

G:2.76°C/100m

400

500

F-157; 10/30/70



TEMPERATURE (°C)

G:1.57°C/100m

F-158; 10/30/70



TEMPERATURE (°C)

G:1.63°C/100m

F-159; 10/23/70



V 88

TEMPERATURE (°C)

FILL

G:0.20oC/100m

G:1.84oC/100m

D-218; 1/23/71



TEMPERATURE (°C)

0.27°C/100m

G:0.66°C/100m

D 21%; 2/12/71



TEMPERATURE (°C)

G:2.07°C/100m

D-290; 12/11/70
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TEMPERATURE (°C)

G:2.92°C/100m

D-309; 1/23/71
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TEMPERATURE (°C)

G:2.66oC/l00m

G:3.37°C/100m

G:2.82°C/100m

G:1.87°C/100m

D-310; 1/23/71

400

500

600



18 20 26 28

100

uw5200
6Q

300

TEMPERATURE
22

(°C)
24

31°C/100m

(Oxidation of sulfides)

G:2.36°C/100m

200E; 12/11/70
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TEMPERATURE (0C)

G:1.69°C/100m

202 E; 12/11/70



TEMPERATURE (°C)

G:3.31°C/100m

205 E; 12/11/70
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TEMPERATURE (°C)

w 200

217 E; 2/12/71
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