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SECTION 1 

TECHNICAL REPORT SUMMARY 

The goal of this work was to predict hazardous changes in lithology 

ahead of tunnels in hard rock during rapid excavation. Based on the 

fact that any change in lithology also .-neans a change of thermal proper- 

ties in the affected regions, it follows that the temperature distribu- 

tion in such rock formations is influenced in a characteristic way. The 

undisturbed temperature field in homogeneous Isotropie rock would show 

isothermal planes parallel to the surface of the earth. Any inclusion 

in this otherwise homogeneous rock matrix will lead to curvature of r.he 

isotherms in the vicinity of the inclusion. Thus it was concluded that 

changes of lithology ahead of the excavation would show up as changes 

in the rock temperature of the tunnel walls. The kind of lithology 

changes to be predicted in hard rock were intrusions, fault zones, water 

courses, and gas seepage. From the study of investigations of tempera- 

ture fields around differently shaped intrusions, it was concluded that 

all of the geological changes mentioned above fall into two categories: 

• Regions in which only uhe thermal conductivity changes 

• Regions with either heat sources or heat sinks. 

The first category includes intrusions, fault zones, ore bodies, 

and water courses with no flow. Water courses with either flowing hot 

or cold water, and other geothermal sources form the second category. 

Since the temperatures of geothermal sources can cover a very wide 

range of temperatures, one can only try to predict the presence of such 

sources by establishing boundaries up to which temperature changes can 

be caused by nougeothermal inclusions and assume that any temperature 

change exceeding these boundaries (a few hundredths of a 0C) is caused 

by geothermal action. Therefore the analysis of an inclusion with 

different thermal conductivities seemed to be the most significant 

model to study the changes of temperature in the matrix rock. From this 
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this analysis, we arrived at the conclusion that the temperature measur- 

ing device, which was to be a radiometer, had to be able to measure 

temperature changes on the order of about 5 x 10-3oc In order to predlc. 

significant hazards. This value is very close to the highest sensitivity 

achievable witlr available radiometers. However, this was not considered 

an insurmountable obstacle considering that future development should 

result in instruments with higher sensitivity. A much more severe pro- 

blem was expected from, the Influence of the tunnel environment, for 

example, ventilation, heat dissipation from the excavating process itself, 

and the unknown radiation properties of the rock materials in the Infrared, 

A number of temperature measurements were taken in the experimental 

mine of the Colorado School of Mines in order to detarmine the effect 

of the tunnel environment on rock temperature.  Significant observations 

were made: 

• Blasting changes the rock temperature in the vicinity of the 

shot holes considerably and obscures the true rock temperature 

for many hours. 

• Changes In air temperatures caused by ventilation in drifts 

have long lasting effects on the rock temperature. 

• The infrared radiation from people can result in apparent 

temperature signals many times the size of those caused by 

rock temperature changes. 

The emisslvity change due to slight changes in the composition of 

rock of the same lithology did not seem to influence temperature readings. 

The measurements in the bored tube in the Republic Steel Mine in 

Mineville N.Y. showed that in the case of very large regions of lithology 

change, such as the huge ore body in the Republic Steel Mine, sufficient 

temperature change Is created so that the presence of the ore body can 

be sensed behind other types of rock, provided there is no forced air 

flow in the tunnel. 

The measurements in the Republic Steel Mine also showed that, if 

spalllng occurs, the discovery of loose rock may not be possible.  This 

2 
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is due to the fact that large areas of drift walls can be covered by very 

thin sheets of spalled-off rock material which very quickly.reach equil- 

ibrium temperature by heat exchange with air.  These sheets therefore 

show the same temperature despite the fact that loose rock might lie 

underneath. 

From the mathematical study and the on-site measurements, we have 

reached the conclusion that thermal monitoring as a method to predict 

hazards during excavation in hard rock is not reliable. The monitoring 

of rock temperatures in drifts seems to have potential for the securing 

of large ore bodies where the available time for measurements is long, 

and where the air flow can be controlled.  However, the radiometer mea- 

surements may not be able to compete with gravitational or magnetic 

methods. 

1-3 



SECTION 2 

THEORETICAL CONSIDERATIONS 

2.1  GENERAL 

The use of rock temperature measurements to predict regions of 

geological change in hard rock is based on the fact that a constant 

heat flow exists from the center of the earth to the surface.  In a 

matrix rock, where the thermal conductivity is undisturbed, a parallel 

vertical heat flow with horizontal isotherms will exist (See Figure 2-1). 

If in this matrix a region exists which has a different lithology and 

thus a different thermal conductivity, then the isotherms are distorted 

as shown in Figure 2-2. 

If a tunnel is excavated horizontally in an undisturbed matrix, 

then disregarding all possible disturbances, the temperature measured 

on a horizontal line along the tunnel is constant.  If, however, a 

region of different lithology is present (Figure 2-3), then the isotherms 

are bent up and the temperature measured along the horizontal line 

increases.  This increase in temperature is the signal used to predict 

the region of geological change. 

In the following subsections, two models of regions with a geo- 

logical change are analyzed in order to determine the kind of signal to 

be expected and how this signal can be evaluated to determine the size 

and location of the region.  The numerical values used in the analysis 

are based on data obtained from a literature search. 

2.2  LITERATURE SURVEY 

A thorough study of tables and papers was performed to obtain 

both values of thermal conductivities of pure minerals as well as rocks 

consisting of more or less homogeneous mixtures of such minerals. Two 

important facts seem to emerge from this search, namely that in materials 

with the same mineralogical names, there was always a certain spread in 

2-1 
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values depending on the location from which they came and also to a 

somewhat lesser degree on the investigator. Even in areas where there 

was only one type of rock formation, the measured thermal conductivities 

of samples vary sometimes by as much as a factor of 1.5.  It seems, 

however, that for hard rocks, the thermal conductivity ranges from 5 

to 16 x 10-3 cal/cm sec 0C. 

Another area of interest is the magnitude of thermal gradients 

to be encountered in underground tunnels. Over the USA, one finds 

the range of thermal gradients: 

Minimum: New Mexico - 8.0 x lO-3 0C/m 

Maximum: Eureka, Utah - 80.0 x lO-3 0C/m 

USA Average: -  20 x 10"3 0C/m 

The highest thermal gradients seem to occur in areas where many geo- 

thermal sources are known to exist.  If these thermal gradients do 

not change rapidly from location to location within the tunnel, then 

the high values can be useful for the detection of geological changes. 

Another area of literature search, namely the search for informa- 

tion on the effects of the tunnel environment on the detectable thermal 

gradient of the tunnel walls, yielded very few results.  It is to be 

expected that the tunnel ventilation combined with possible humidity 

and the existence of a fractured layer on the tunnel walls will lead 

to local cooling or even heating, which, if occurring in an uncontrolled 

manner, are a perturbation on the tunnel wall temperature measurements. 

The size of these regions - if they exist - and their temperature 

deviation from the undisturbed case must be known, especially their 

magnitude, since they can obscure the sought-after temperature. 

2.3  THEORETICAL ANALYSIS OF LITH0L0GIES WITH DIFFERENT 

THERMAL CONDUCTIVITY 

In the theoretical analysis of temperature distributions In a 

hard rock matrix containing zones of lithologic change, one must assume 

some kind of idealized geometry.  So long as the volume of different 
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geology is not a geothermal heat source or a fracture zone with substan- 

tial water flow or a large aquifer permitting convection, the different 

types of disturbances can be treated mathematically in the same fashion. 

Since an infinite number of geometrically irregular configurations 

of inclusions can occur, this analysis is restricted to two basic models: 

the sphere and the cylinder. 

Another Important requirement is that the isotherms underground 

are not disturbed by the surface relief. Although corrections for cer- 

tain types of surface reliefs are known1, they are almost Impossible 

to determine for practical cases in which the temperature has to be 

determined inside mountains but not far from the surface. Not only 

would one have to know the topography of the mountain quite accurately 

but would also have to consider the thermal characteristics of all the 

materials covering the surface. Also the geological history of the 

intrusion with respect to its age and initial temperature is not taken 

into account. 

In our models, we will assume a sufficient enough depth such 

that the surface structure will not have an effect on the shape of the 

Isotherms. Moreover we assume no heat flow except that from the earth 

center. 

2.3.1  Model Containing a Spherical Intrusion 

In this analysis, we assume a steady flow of heat from 

the Interior to the surface of the earth. For a truly homogeneous 

and Isotropie rock matrix, this heat flow would follow the radial direc- 

tion of the earth as long as the region of observation is far enough 

below the surface so that topography will not have a measurable influ- 

ence on the Isotherms (Figure 2-1).  Furthermore the undisturbed heat 

flow is considered unidirectional.  If we assume a sphere of thermal con- 

ductivity K, embedded in the matrix rock of thermal conductivity K (Fig- 

ure 2-2) then, according to H. S. Carslaw and Y. C. Yaeger2, the tempera- 

ture distribution in the matrix is given by 
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:(r) " To + GZ (2K + K^  r3 
(1) 

In this equation: 

T   = rock temperature on a horizontal line through the 

center of the sphere of radius a. 

G   = the thermal gradient in the undisturbed matrix rock 

Z   = vertical distance over the centerline of the point 

at which T(r) is measured 

a   = radius of sphere 

r = = distance of measuring point to center of sphere 

= thermal conductivity of interior of sphere 

= thermal conductivity of matrix 

T, .. = temperature measured at point given by radius 

vector r. 

The temperature distribution consists of the undisturbed part T(r) = T0 + 

GZ and the perturbation term 

(K - K1) /B 
T(p) = GZ (2K + K^ N I 

which is the part yielding the temperature variation. 

2.3.1.1  Location of Maximum Temperature Change 

Figure 2-4 shows a schematic of the model of 

the tunnel, with obstacle and measurement points. The maximum change 

in temperature occurs for the condition 

!!i[Mi.0 = 2G(a3,(^4l4 Ul        (3) 
9 S \2K + K  3S  ' ' 

where S is defined in Figure 2-4, 

8 
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Considering that 

we obtain 

3  / 1 

3S2 r3 
= 0 (4) 

r - (Z2 + S2)1/2 

as 
■^ = o = -3 

(Z2 + s2)1/2 
(5) 

which yields: 

Z = +2S 

for maximum change of temperature as a function of S. This means that 

those points at which the optimum temperature change occurs are all on 

a cone formed by straight lines with a slope of +2 having their origin 

in the center of the sphere (Figure 2-5). The axis of rotation is in 

the vertical direction. Only in special cases will the temperature 

measurement occur on these cones of maximum temperature change, but then 

they yield information about the location of the center of the sphere. 

If we assume that the tunnel head should not be closer than 1.5 times 

the sphere radius from the center of the sphere before the obstacle 

is detected, and one still wants to pick up the point at which the 

optimum temperature change occurs, then we find: 

x > - 

(6) 

10 
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Figure 2-5 - Location of Points of Optimum Temperature Change 

Equation (6) simply describes a region of tunnel diamecers as a function 

of b for which the tunnel will intercept the cone of highest temperature 

change.  In reality, this condition is an exception rather than the 

rule. 

2.3.1.2  Temperature Variation as Function of Wall 

Thickness Between Tunnel and Inclusion 

It was shown before that the mathematical term 

causing the temperature variation T in the case of a spherical inclusion 

is: 

AT = G b 
(K - K^) 

'(2K - K1) (7) 

Since the values for K and iq must be assumed, they are chosen for two 

extreme cases, namely, K»^ and K-^X. We assume for simplicity's 

sake that the tunnel floor is on the centerline and thus b - D with 
Op 

D = 2m and G = 2 x 10-2 _  If we let a/r = x> then for the Spherlcal 

case: 

2-8 
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AT = -2 (2) (10-2) x3 = -4 x 10"2 x3 , for ^»K (8) 

AT = +2 | (10"2) x3 = 2 x 10"2 x3, for c»^ (9) 

In iable 2-1, the AT is given as a function of 

percent wall thickness with respect to the cavity radius. 

Table 2-1 - Temperature Values for Spherical Model 

AT (0C) 

%  Wall Thickness Kl»K <»Kl 

4 x 10"2 2  x 10"2 0% 

3 x 10"2 1.5 x 10"2 10% 

2.3 x 10"2 1.15 x 10"2 20% 

1.8 x 10~2 0.93 x 10"2 30% 

1.46 x 10"2 0.73 x 10"2 40% 

1.18 x 10"2 0.59 x 10"2 50% 

0.98 x 10"2 0.49 x 10"2 60% 

0.81 x 10"2 0.405 x 10"2 70% 

0.68 x 10"2 0.34 x 10"2 80% 

0.58 x 10"2 0.29 x 10"2 90% 

0.50 x 10"2 0.25 x 10"2 100% 

From this table, it is clear that the temperature change is detectable 

under the assumed conditions. If we look at a more realistic case, 

for example, quartzite in granite then with: 

'h 

_3 
7 x 10  cal cm sec 0C - Quartzite 

12 
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i^ ^ 10 x 10  cal cm sec 0C - Granite 

-11_= 0.1765 and IrT^-= 0.111 

all temperatures are smaller. In Table 2-1, the AT In the -c, » K 

column would have to be multiplied by 0.111, that is, the detected tem- 

peratures would be only about 1/10 of the values in the table. In the 

K >> KJ^ column, the detected temperatures would be 2/10 of the values 

in the table. It should be pointed out that the case K^ « K could 

represent a fracture zone. However, it is hard to estimate the true 

value of K in such a fracture zone. 

2.3.1.3  Temperature Determination for the Case in 

Which the Tunnel and the Inclusion Have Equal 

Dimensions ' 

Hera we discuss the situation when the tunnel 

is of the same diameter as the sphere. We assume that the temperature 

is monitored close to the tunnel ceiling, so that the point at which 

the temperature is taken is a distance D/2 away from the center line. 

That means D/2 = b. We assume further that it is safe to come as close 

as 1.5 radius to the center of the sphere, thus leaving 0.5 radius of 

rock between the sphere and the tunnel head.* If at the same time 

the centerline of the sphere is also D/2 over the tunnel floor, then 

the temperatures monitored at the ceiling and the floor will have 

changed by 

i 
(<   -   K    ) 

Veiling = 0-125 G D  (2< + 0 (10) 

* 
This means r = 2  (1.58) 

13 
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(K - K ) 
AT,.,   = -0.125 G D 

With 

floor    "       (2K + K.) 

G = 2 x 10"2 0C/m 

D = 2 m 

K = 2K (which is realistic) 

we get 

AT ...  = -1.25 x 10"3 0C 
ceiling 

AT..   = 1.25 x 10"3 0C 
floor 

(11) 

If the tunnel floor is exactly on the sphere's centerline [r = a (1.8)] 

and all other parameters are the same, then the temperature change at 

the ceiling is 

^ceiling = 1-7 x 10"30C <12> 

In the case in which the tunnel passes by the sphere with radius a = D 

at a distance of 0.5 radius above the sphere, floor temperature will 

show a change of 

ATfloor ^ 2-2 x 10"3oc (13) 

and at the ceiling it will be a maximum of 

Veiling = 8 x 10"40C <14> 

14 
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All of these values are out of the sensitivity range of present-day 

instrumentation. 

Another case of interest is that of a very large 

sphere which could either be a volcanic intrustion or a large ore body. 

If a = 10 x D = 20 m, if the tunnel ceiling is the tangent to the 

sphere, and if r = 14.15 x D, then 

Veiling = 3-54 x 10"20C 

A change of this magnitude can be detected.  For a fracture zone of the 

same size, we would have ^«K and the temperature change would be twice 

the value above: 

^ceiling = 7-08 x 10"20C (15) 

Thus, inclusions of this magnitude can be sensed. 

We did show, however, that hazardous conditions 

can exist which do not give a strong enough signal to be detected. Thus, 

when the first signal changes occur, one has to expect the least favor- 

able situation, and assume that a relatively small though hazardous 

disturbance lies ahead of the tunnel face. Thus, precautions would 

have to be taken. 

2.3.1A      Analytical Determination of the Location of 

the Obstacle 

In practice, it is highly desirable to know 

the size and location of an obstacle. This makes it necessary to solve 

the set of equations for the size and the exact location of the sphere 

given below.  This is done here for a two-dimensional model, in which 

the sphere's cross section and one tunnel wall are in the same plane. 

The geometrical relations are shown in Figure 2-4.  The set of equations 

be solved for S, a, (K  - K^ /(2K + K^, and b, is: to 

15 
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T    = T    + bn   G I        c        1 1 + 
(K   -   K^ 

WTT^) | r T (16) 

TII = Tc + b2 G 1 + 
(K   -   K   )      /     3    ( 

(2ic + K.) 3 11 Viili 
(17) 

TIII = Tc + b2 G 1 + ^-V     /a3 

(2K + K,)   I 3 
1     |rlII 

(18) 

TIV = Tc + bl G 1 + 
(< - K  )    /     3 

i      /   a 
(2K + K) 3 

1 rIV 

(19) 

2 2 2 2 
rl=S    +bl     '    rlI=S    +b2 (20) 

rIII =  (S + Jl)2 + b2
2  ;    rIV =  (S + I)2 + h^ (21) 

(K " Kl)      3        3 
D != bl " b2  ;     (2< + ^) a    = A (22) 

TT    = T    + G bn I00        c 1 

It turns out that 
(K - O 
/2K + K )    an^ lla" cannot be separated. O^iy a value 

3 _ (K " KlL 3 A" = 
(2K + K1) 

a 
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the "effective radius" can be determined. The reduced equations to be 

solved for the unknowns b.., A, and S are 

TT - TT      b, A3 
11°°      1 

s2 + bi2M/2 
(23) 

TTT - TT + VD      (b. - D) A3 
II   I00 1   ' 

[s2 + (bj - D)2] 
21 3/2 

(24) 

TIII " TIco + VD       (bl " D) A3 

[(S + I)2 +  (b1 - D)
2] 
21 3/2 (25) 

The solution of these equations requires an iteration program on a 

computer. After a program was written for this problem, the evaluation 

of the temperature measurements yielded 4 solutions for each set of 

three temperatures. 

In the following, a numerical example is given 

in which the first set of temperatures at locations I, II, and III 

were calculated for given values of T , V, D, K^, a, b-p b2, S, ü,   K 

For an example, the data used are: 

TT = 20CC loo 

V = 1.8 x 10~2oC/meter 

D = 1.5 meters 

.3 
(K - K-P   -J^   3  ^K " Kl^ ^ I 

K =  10' Kl = 7; (2K + KJ = 9 ; A = (2K + K,)  " ; A = -=r- = 0-48 
^9 

17 
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a = 1 meter 

b1 = 1.0 meter 

b2 = 0.5 meter ; ^ = D + b,,; b,, = ^ - D 

S = 1.5 met ers 

Ä = 1 meter 

From these values we calculated the temperatures TIt  T,,, TIII and used 

them in the computer program to calculate the unknowns S^ b^ b2 A 

The program gave the following four solutions given in Table 2-2.' 

Table 2-2 - Calculation of Unknowns 

S 

b. 

I II HI IV 

-0.383 0.020 0.7417 1.5 
1.48 0.694 0.499 1.0 

0.02 -0.806 -1.001 -0.5 

0.383 0.209 0.3005 0.4807 

Obviously the data in the fourth column are the right solutions.  In 

practice however, one would not know this and all solutions would have 

to be considered. 

The solutions in column I imply that we have 

already penetrated the obstacle and that the location of TI and TTT 

measurement is beyond the center of the sphere. These solutions 'an 

be excluded since another temperature change would have been observed 

before the obstacle was penetrated and a change in rock formation would 

have been detected.  So. although the solution is valid physically and 

mathematically, it is not realistic. 

18 
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The solutions In the secret column mean that 

"a" Is smaller than 0.020 m which Is unrealistic. 

The third solution requires that 

, (K - O 
0.3005 - 2J ,- r \ (26) 

(2K + K.) N ■' 

Since S « 0.74 m, the radius "a" could be of that same order if the 

ratio of K/K-, turns out to be realistic.  In order to check this. 

Equation (26) is solved for K = k K-.  Thus 

(0-3005)3 = 6>4 x 10-2 = 
(K I Kl) 

(0.7417)3 (2K + Kl) 

when solved for K, this equation yields 

K   = 1.22 K. 

This is a realistic case.  It means that K^<K  which could occur in a 

fracture zone.  So this solution is possible, although it is not the 

one we used to calculate Tj, Tu, and TJJJ. This shows that one set 

of Tj, TJJ, TJJJ measured in a tunnel would give up to four solutions 

for the location and the effective size of the obstacle. Moreover, 

the observer cannot always distinguish between the purely mathematical 

and the real solution. 

2.3.1.5  Determination of Error in Location Due to 

Temperature Error 

In order to obtain information about the size 

of the error in the calculation of the coordinates and the "effective 

radius" of a spherical inclusion, the example calculated before was 

again solved for the two cases in which the temperatures Tj, TJJ, and 

19 
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TJJJ were changed by +0.005<>C. This deviation of 0.005oC is on the 

order of the resolution of the radiometer and will certainly occur. 

Table 2-3 gives the results for these two cases. Again four solutions 

are obtained, but none is even close to the data used in the previous 

exact calculation. 

Table 2-3 - Effect of Temperature Measurement Error on 

Calculated Coordinates 

Bl 

23.31 

1.55 

-10.93 

-0.174 x 10 
-4 

ATj. = +0.005oC 

5.95 

-0.497 

77.8 

79.77 

A 

5.36 

1963.0 

1.54 

12.54 

-t ■ 1149 x 10 

-20.4 

-4 

AT = -0.005oC 

-0.50 

-74.26 

-75.89 

-7.52 

0.936 

21.62 

5.3 

This means that any temperature deviation on the order of 5 x 10"3ot; 

will make the prediction of both the location and the effective radius 

"A" impossible for changes in geological dimensions on the order of meters. 

It also has to be borne in mind that, in reality, the areas of geological 

change rarely if ever have the shape of a true sphere. For irregular 

shapes, no mathematical model would have any general value. 

2-3.2      Model Containing an Area of Cylindrical Shape 

For a geulogical change of cylindrical shape and infinite 

length, the term introducing the temperature change into the otherwise 

undisturbed t-raperature field outside the cylinder is: 

ZQ 
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(K - O 2 

z  = D 

,-2, for G = 2 x 10    0C/in,   ic    = 2K 

AT = 
-2   2 

2 x 10 ^  a 

(27) 

If we again assume that we would like to detect the change in tempera- 

ture for a cylinder of a = 2m, a tunnel diameter of D = a, and tunnel 

face 1.5 (a) away from the cylinder than 

r = aV3.25 and Equation (27) yields 

AT = 4.1 x 10 
-3. 

This is again smaller than the sensitivity of existing radiometers, if 

the measurement is supposed to predict hazards. In principle, the same 

rules apply for the location and the size of the sphere, as were the 

case for the solution of the spherical case. Therefore a detailed 

evaluation by computer was not performed. 

2.3.3  Temperature Variation as a Function of Wall Thickness 

Between Tunnel and Inclusion 

The mathematical term causing the temperature variation 

AT in the case of a cylindrical inclusion is 

AT = Gb 
(K- - K) 

(<! + K) 
(28) 

21 
2-18 

■ ■ ■ . 
■ 



Since the values for K  and «^ must be assumed, they are again chosen 

for two extreme cases, namely, K»«^ and KI»K.    We further assume for 

simplicity's sake that the tunnel floor is on the centerline; thus, 

b = D with D = 2m and G = 2 x 10-2oC/m.  If we let a/r = x then for the 

cylindrical case: 

AT = +4 x lO-2 x2 (29) 

The values of AT as a function of the percent wall thickness with respect 

to the inclusion radius are given in Table 2-4. 

Table 2-4 - Temperature Values for Cylindrical Model 

Wall Thickness 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

AT rc) 

4 X lO"2 

3 .3 x 10"2 

2 .8 
-2 

x 10 

2 .35 x 10"2 

2 .64 
_2 

x 10 ^ 

78 x 10"2 

56 x 10"2 

38 x 10"2 

24 
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11 x 10"2 

00 x 10"2 
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If Instead of the assumed values for K and K-^, we again use more realistic 

values 

10 

then all the temperature values would decreasi by one order of magnitude 

and their detection would not be possible. 

2.3.4  Summary of Mathematical Analysis 

In summary, it can be said that hazard prediction using 

temperature monitoring in tunnels cannot be achieved in all cases.  Only 

for geological changes of large size - many times the size of the 

tunnel - can temperature changes be expected which are of a size large 

enough to be observed with certainty. 

Other factors which have an influence on the temperature 

maasurements are the presence of heat-dissipating machinery, heat- 

producing excavation processes, the presence of moisture, the  possible 

masking effect of thin layers of dust, and the heat exchange with the 

air in the tunnels.  These Influencing factors were examined experimen- 

tally and will be discussed in Section A. 

2.A  A URANIUM ORE BODY AS A MODEL OF A GEOTHERMAL SOURCE 

Uranium is known to exhibit radioactive decay. This means that 

energy is released from the uranium ore bodies into the matrix rock in 

which the ore is embedd J. As a simple model, we will again assume a 

large spherical ore body 20 m in diameter, in order to estimate the 

temperatures to be expected outside the sphere at a distance of a few 

meters from the sphere's surface.  This model was chosen since uranium 

mines seemed to be the only mines with geothermal action that were 

accessible for measurements. Due to company policies of the various 

mines, however, we could not obtain permission to perform measurements 

in the mines useful for our purposes. 

23 
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In order to calculate the temperatures, we assume th^it all energy 

released during a radioactive decay is completely converted into heat. 

This seems reasonable because of the fact that the uranium atoms are 

completely surrounded by large masses of other atoms of the elements 

which make up the matrix rock. The data used were taken from the Hand- 

book of Physics and Chemistry.  Table 2-5 gives the 3 occurring uranium 

isotopes, their abundance, and their half-life. 

Table 2-5 - Properties of Uranium Isotopes 

Isotope Abundance = An Half-Life = Tn 

u234 5.7 x 10"5 2.48 x 10 years 

I)235 7.2 x 10"3 7.13 x 10 years 

„238 
9.9 x lO"1 

9 
4.51 x 10 years 

The decay processes leading to emission of particles and their dissipat- 

ing energy are listed in Table 2-6. The energy released per unit time 

by one isotope is: E  x dN /dt with 
'        r     av    n I 

dN 
—2- = k (N ) 
dt   n  n 

£n2 

n   T 
n 

where N is the number of atoms of isotope n and k is the decay constant 
n n ' 

of isotope n. The average energy E  is determined as 
3 v 

E  = Y" E a (30) 
av  / ,  e e 

^4 
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Table 2-6 - Uranium Decay Processes 

Isotope 
Relative Distribut ion of Emergy MeV 

Emission Process ae Emitted 

u234 0.72 

0.28 

4.77 

4.72 

„235 
0.067 

0.25 

0.35 

0.14 

0.08 

0.058 

4.559 

4.370 

4.354 

4.333 

4.318 

4.117 

u238 0.77 

0.23 

4.195 

4.14 

with Ee the energy released by a decay process times the probability 

ae of this particular process. Therefore, the total energy released 

per unit time by a sample of N uranium atoms containing amounts of all 

isotopes according to their natural abundance is 

dE 
dt = V 

E   k N (31) ^  av  n n 
n 

n 

Since the total number of atoms is N, one finds 

N    = N A n n 

Thus 

dE r-1 

■,— = N   )    E        k    A (22) at ^   av      n    n {>JZ' n 
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or 

dE 
dt 

N V A k V a. Ec /_,  n n ^ SL    i (33) 

V       dEn or with A^ kn \     E^ a^ = -3— and n = 3 the number of isotopes, one finds 

forU234: !!l=7.55jcl0-10 Me^L 
at year 

forU235: fll = 2.16xl0-ll MeV 
dt 

for U238: -JP= 6.4 x 10 

year 

-11 MeV 
year 

This leads to 

n      \ Ä     /  n 

dE 

dt ^1 ^8.4 x IQ"10 ^L-   (34) 
year 

The total energy dissipated from a sample of N atoms is; 

f = N x 8.4 x lO"10 MeV 
year 

= N x 4.25 x 10"30 [W] (35) 

If N is the number of atoms per cubic centimeter of ore, then 4^ is the 
~ dt 

energy released in one cmJ per second or W/cm3. Assuming the ore con- 

tained 0.06 percent uranium, then under the assumption that one cm3 

contains 10" Atoms 

N = 6 x 10 
18 
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Thus the power generated in 1 cm is 

dE' 
dt 

W 

cm 
= 6 x 4.25 x 10 

■12 W 

cm 
= 2.55 x 10 

-11 W 

cm 
(36) 

If one now assumes an ore body of spherical shape with a diameter of 

20 m, then the energy flux at the surface of this sphere would be: 

dE' Volume of sphere    _ dE* 
dt Surface area of sphere  dt 

dE* = dE'  4TTr" 
dt = dt   3 

Airr 

dE' r 
dt  3 

(37) 

with r = 10 cm. 

dE* „ ., in-ll 10" 
~rr = 2.55 x 10 —r- 
dt \ J 

= 8.5 x 10 
-9 W 

cm 

If the matrix rock in which the uranium ore sphere is embedded consists 

-3 
of gneiss with a thermal conductivity K = 7 x 10 

the thermal gradient at the surface of the sphere is 

cal 
C - cm - sec 

dT 
dx 

dE* 

dt 
cal 

sec - cm 

(38) 

dT ,-9> 
B 4.19 (8.5 x 10 lj = 5>07 x 10 

dx     7 x lO"3 

-6 
cm 
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or 

Si = 5.07 x 10 ^ 
dx cm 

This gradient is not within the sensitivity range of our instrumentation. 

If the ore concentration is one order of magnitude higher, then under 

very favorable conditions, one might be able to detect a temperature 

signal. 
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SECTION 3 

INSTRUMENTATION SELECTION 

3.1  TEMPERATURE MEASURING INSTRUMENT AND PROCEDURE 

Factors considered in the selection of a particular infrared radio- 

meter as the most favorable instrument for temperature measurements were 

the following: 

• The accessibility of locations at which temperatures are to be 

measured. 

• The fact that a thermocouple probe undesirably interacts with 

rocks. 

• The possibility that temperatures may be averaged over areas 

from a few square inches to a few square feet. 

• Mine environmental conditions in mines like humidity, dust, 

and sometimes low ambient temperatures. 

Based on these selection factors, the Barnes precision Radiation Ther- 

mometer Model PRT-5 was chosen; this instrument performed well under 

all conditions encountered during the experimental part of the project. 

Originally the Barnes 12-511 radiometer was chosen, but it did not per- 

form reliably in laboratory tests at temperatures around 20oC or below. 

The method utilized in temperature measurements with a radiometer 

is based on the fact that a body emits radiation with a spectral distri- 

bution that depends on the temperature and emissivity of that body.  For 

a so-called black body, the spectral radiance (radiant power per unit 

projected target area per unit solid angle per unit wavelength interval) 

is given by the Planck radiation function 

NbA = Cl 
-1! .-5 C9AT 

e Z   - 1 
-1 

(39) 
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where 

= spectral radiance of a black body NbX 
CL = the first radiation constant 

C2 = 0.014388 (M0K) the second radiation constant. 

X  = wavelength of radiation 

T  = absolute temperature of the black body. 

The ideal black-body radiance is modified however by the emissivity 

e (X) of the body of interest, thus leading to real radiance of 

NX = e(A) NbX ^0> 

In order to be detected, this radiation has to travel through the atmo- 

sphere from the target to the detector, so that its spectral distribution 

is changed by selective absorption of radiation by H,?0, 0 , and CO . 

The detection of this radiation also depends on the spectral response of 

the detector. These difficulties can be avoided by selective detection 

in a relatively small range of wavelengths. 

It turns out that for the temperature range of 32° to 100OF, the 

maximum spectral radiance occurs around A = lOym. This also happens to 

be a wavelength range in which almost no absorption occurs in the air . 

Thus by selecting the right kind of infrared optics and detector, the 

total radiance detected can be limited to 

>■/.; 

A2 
e(A) Nb (X, T) dX (41) 

For the Barnes PRT-5, X = 8 ym and X = 14ym. 

The detector in this instrument is a thermistor bolometer whose 

spectral response is flat between 8 < X ^ 14ym, and the lens forming the 

image of the target area on the detector is a 10 mm f/2.8 made from 

IRTRAN-2. The spectral passband of the lens covers the range from 0.6ym 

to 14)jm. The 8tjm cutoff is produced by an interference filter. 
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Based on the information above, the PRT-5 was chosen as a suitable 

instrument for this project. Aside from the performance considerations, 

the PRT-5 is also light, compact and thus easy to handle. 

o According to the PRT-5 manual, the accuracy of the instrument is 

0.5 C absolute temperature, but this number is not of great importance, 

since in the present application only temperature changes are of interest 

The sensitivity of the PRT-5 is 0.1OC for the metef Readout and about 

0.004 C on the recorder output. The recorder output was used throughout 

the experimental part of this program, since it alone provided the sensi- 

tivity to detect the temperature changes caused by geological changes in 

rocks.  The total noise was on the order of 0.007OC. A measurement dura- 

tion of about five minutes was sufficient to integrate out the noise. 

The recorder used in conjunction with the PRT-5 was a Hewlett-Packard 

X-Y recorder. The experimental setup in the mine is shown in Fig. 3-1. 

3.2  RADIOMETER CORRECTIONS 

Due to the difference between the emisslvity of a true black body 

and that of a real body, a certain error is introduced into the deter- 

mination of the target temperature.  If one assumes that Wien's radia- 

tion law is a good approximation to Planck's law in the wavelength region 

of interest, then the temperature error is 

XT2 
AT = -— £n(ej (42) 

This means that for a given \  and a given temperature T. the radiometer 

reading will give a temperature value which is AT0C lower than the actual 

value. The AT for T = 300OK as a function of the emisslvity is given in 
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Figure 3-1 - Experimental Setup in The Mine 

Reproduced from 
best available  copy. 
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Table 3-1 Temperature Error as a Function of Emissivity 
h AT 

0.9      %  6.70C 
T = 300 K 

, AT _5 x \ =  10pm = 10 m 

C-= 0.014388 m 0K 
0.8      ^U.0uC 0 

0.7      ^22.40C 2 

0.6      ^32.0OC 

0.5      ^43.20C 

0.4      ^57.30C 

This shows that a change in emissivity of 10% can cause an error of several 

degrees Centigrade. If the measurements are performed on a perfectly 

homogeneous rock, then only the absolute value of the measured tempera- 

ture will be off. However, if the rock composition changes drastically 

from one measuring site to the nex,t, then an unknown error is introduced 

that can only be completely eliminated by determining the emissivities. 

However, a drift resembles a black-body radiation cavity as long as no 

large perturbations are introduced. This effect has to be borne in mind 

in the evalViration of radiometer measurements. 

Another factor important in the evaluation of radiometer tempera- 

ture measurements of rock materials is the transmittance of materials. 

If a material is not opaque, radiation will escape from its interior. 

The location below the surface at which the radiation originates depends 

on the transmittance or the absorption.  In a case in which there is no 

temperature gradient in this body, the radiation is in equilibrium and 

there is no effect on the measurement. If, however, the temperature is 

higher on the inside, then the surface temperature measured will seem 

higher than that for an opaque material, depending on the transmittance. 

Still another phenomenon to consider is the effect of polarization. 

Normally when one thinks of black-body or "near black-body" radiation, 

preferential or total polarization1* of the emitted light is not taken 

into account. In a real environment, especially in the case of rocks, 

the material is crystalline and thus the radiation it emits may be 

polarized. The degree to which polarization occurs depends of course on 

the types of crystals, the size of these crystals, and also on the fre- 

quency with which the various orientations (with respect to the surface) 

'■ • • 
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occur, i.e. whether the crystals occur with a preferential orientation. 

In intrusions and in banded rocks, this preferential orientation is 

expected and thus leads to polarization, which in turn leads to a devia- 

tion of the radiance from that of a black body. All the above-mentioned 

effects are known, but no data were found in the literature. The 

determination of the optical characteristics of rocks requires special 

equipment and is a rather lengthy research project in itself. To avoid 

complications due to the lack of information on the optical constants 

of rock, we performed our measurements in such a fashion that the per- 

turbation was kept as small as possible. This was done by choosing the 

site of our field tests such that the change of lithology was minimized, 

or else by testing rock samples in our laboratory for differences in 

emissivity. 
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SECTION 4 

EXPERIMENTAL FIELD TESTS AND RESULTS 

4.1 SITES OF MEASUREMENTS 

The objective of the field test of the radiometer was to measure 

the magnitude of temperature changes due to causes other than inclusions 

of different lithology. Perturbations were expected from ventilations, 

radiation sources, and the excavation process itself. Thus, mines with 

a number of drifts on one level and with adequate control over the 

ventilation were needed so that experiments could he performed in 

unventilated drifts. It was also desirable to have blasted as well as 

bored tunnels available so that the difference in temperature distri- 

bution between those two types of tunnels could be observed.  Bearing 

this in mind, different test sites were chosen. The first one was the 

experimental mine of the Colorado School of Mines in Idaho Springs, 

Colorado and the second one was an iron ore mine of the Republic Steel 

Company in Mineville, New York. 

The experimental mine of the Colorado School of Mines is located 

about 7800 feet above sea level and consists of a main tunnel with a 

number of drifts and chambers. (Fig-. 4-1) The entire system of tunnels 

and drifts is on the same elevation.  The rock formation is metamorphic 

gneiss. The mine is in the flank of a mountain, and therefore topography 

is probably of influence on the temperature distribution in the rock 

itself. In spite of a few weathered zones which are yet,  the mine is 

extremely dry.  The ventilation system of the mine has its exhaust 

through a source at the end of the main tunnel and takes in outside air 

through the main entrance. Due to this arrangement, the temperature in 

the main tunnel fluctuates with the outside air temperature and with the 

operation of the ventilator. The drifts are ventilated using small 

portable blowers only during drilling or after blasting. All drifts of 

interest had tracks in them so that the radiometer and the recorder 
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Figure 4-1 - Schematic of the Experimental Mine of the 
Colorado School of Mines 
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could be mounted on a flatcar and easily moved.  Both 220 and 110 V 

power supplies were available. 

The iron ore mine of the Republic Steel Companv is a deep mine 

extending up to 3200 feet below the surface.  The major rock formation 

is metamorphic gneiss with very large continuous deposits of magnetite. 

There are some faulted zones, but in general, there are large areas of 

undisturbed rock.  Due to the depths, the influence of the tooography 

in the area is nonexistent. 

This mine was of special interest because in 1969 the Army performed 

heat absorption experiments5in one drift. The rock - originally blasted - 

has spalled off and was stress-relieved with very smooth surfaces exposed. 

Since these were large areas of solid smooth rock, we assumed that the 

temperature variation due to loose rock wou.Td be almost nonexistent. 

The measurements revealed no measurable temperature deviation over areas 

in which we definitely found loose rock.  Close inspection showed, how- 

ever, that the spalline during the Army experiments has left many thin 

slate-like layers of eneiss and that on a small scale all of the wall 

consisted, for all practical purposes, of thin slices of loose rock. An 

investieation with a magnifyine glass showed clearly that, apparently 

due to the heat dissipated into the rocks during the Army experiment, 

the microstructure of the gneiss was drastically changed.  Its mechanical 

strength was reminiscent of soft sandstone. 

Since the ore body in die mine is of large dimensions , it was expect- 

ed to have a measurable influence on the temperature distribution in the 

rocks.  In addition, the Reoublic Steel Mine had a site in which a bored 

tube, 8 feet in diameter, was accessible for temperature measurements. 

The tube itself penetrated both the ore body and the gneiss and was 

without any ventilation.  (Fig. 4-2).  Thermal equilibrium between air 

and rock was well established since the mine had not been worked for many 

months.  The tube had a slope of 30 and was closed at the deep end- 

The Experimental Mine in Colorado was chosen for studies on tempera- 

ture fluctuations due to perturbations by rock, air, etc., and for studies 

on the feasibility of measuring inherent rock temperatures immediately 

after blasting. 
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Figure 4-2 - Schematic of Lithology Around Bored Tube 

The Republic Steel Mine in Mineville was chosen for studies on the 

temperature distribution on large areas of undisturbed rock, in the 

vicinity of large ore bodies. 

4.1.1  Temperature Measurements on a Rock Surface with an Intru- 

sion as well as Both Heavily Jointed and Solid Regions. 

(Colorado School of Mines Experimental Mine) 

This site was chosen because of its multitude of rock struc- 

tures exposed in a relatively small area. The area consisted of gneiss 

with various amounts of biotite, a large feldspar intrusion, a fracture 

zone, and areas with solid rock, thus offering an opportunity to study 

the effects of these lithologies on the radiometer temperature measure- 

ments . 

Figure 4-3 shows the feldspar intrusion in the gneiss mat- 

rix.  The measuring tape defines a distance of 4-1/2 feet over which sets 

of radiometer measurements were taken at 3-inch intervals. 
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The first set of measurements was taken at a distance of 4 

inches above the tape going from the left to the right. The changes in 

temperature are plotted in Fig. 4-4. 

The measurements were repeated three times in order to deter- 

mine their fluctuations.  The general trend of all curves plotted shows 

an apparent increase of temperature while going to the right across the 

intrusion but were not reproducible in detail. During the measurements, 

the air temperature was constant, so that fluctuations of the rock 

temperature could not be attributed to changes in the heat exchange be- 

tween the rock and the air.  Thus, the differences between the three 

temperature curves must have a different cause.  From point 9 on, the 

rock showed a joint and was  fractured and loose. At the same time, how- 

ever, the composition of the rock was somewhat inhomogeneous over small 

areas with feldspar and biotite interspersed. Both of these conditions 

can lead to fluctuations of the signal output from the radiometer. 

Loose rock can have temperatures different from that of the solid rock 

matrix. Thus, the fracturing could have caused true temperature varia- 

tions. The change in composition (dark biotite interspersed in the feld- 

spar) can mean a change in thermal emissivity; if there is an outside 

radiation source, a change in reflectivity csn cause signal fluctuations. 

It will be shown later than the reflectivity was responsible for the 

fluctuation in these measurements. 

The second scan across the feldspar intrusion is shown in 

Fig. 4-5.  These measurements were made on a horizontal line 8 inches 

below the first scan.  The scans obtained are much smoother, indicating 

very few abrupt changes in apparent temperature. Again, the general 

trend is an increase in the apparent temperature while going to the 

right. The intrusion manifests itself as a hump in the temperature 

curve. The temperatures measured are, on the average, smaller than 

those measured above the tape. At points 2 and 3, the apparent tempera- 

ture even dropped a small amount below that of point 1. Referring to 

Fig. 4-3 which shows the topography of the rock, one can see a spot 
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which has a color (actually brown at the test site) different from that 

of the biotite. This spot covers part of the areas belonging to points 

2 and 3. Also at the end (points 16 and 17) the temperature curve goes 

up, after a slight decline.  This coincides with the change of composi- 

tion in the rock.  Both sets of measurements seemed to indicate that the 

signal obtained with the radiometer was possibly determined by either the 

emissivity or the reflectivity of the rock rather than by a true tempera- 

ture variation. 

In an effort to determine if reflectivity was the cause of 

variations, the influence of the incandescent light in the chamber was 

checked. No detectable effect on the measurements was observed. 

The only other radiation sources present were the two oper- 

ators performing the measurement.  The temperature record in Fig. 4-6 shows 

the difference between three measurements.* At first, 2 persons are stand- 

ing behind the radiometer about 15 feet away from the chamber wall. After 

one person leaves, the radiometer signal drops, indicating a temperature 

decrease of 0.03OC. When the second person leaves, the signal drops 

another 0.07OC. This clearly indicates that the reflection of body 

radiation was of great significance in the radiometer measurements.  Fig. 

4-7 shows a scan across the intrusion corresponding to the first scan above 

the tape, with no one present during measuremerts. The temperature varia- 

tion is much smaller and almost reversed,  i'he dark-colored region gives 

a larger signal than the lighter one, which is probably due to the dif- 

ference in emissivity. The fact that fluctuation of the signal is still 

more than 1 x 10~2oC is rather significant, considering that the experi- 

ment was intended to measure temperature changes of this same order of 

magnitude for the prediction of hazardous geological changes ahead of 

tunneling operations. 

Temperatures in the vertical direction fluctuated by about the 

same magnitude.  However, temperatures measured about 1 foot above the 

floor were generally 0.02oC lower.  This means that the rock temperature 

Taken at point 9 on lower line. 

^2 
4-8 



X0 + AT 0C 

0.08-r 

0.06 

0.04-- 

0.02-- 

4:00 PM 

3:30 PM 

1  7-7  4  5  6 7  8  9  10  11  12 13  14 15  16  17 

POSITION ON WALL 

Figure 4-5 - Second Scan Over Feldspar Intrusion 

Figure 4-6 - Influence of Body Radiation on Rock Temperat 
Measurements 

P-46-572-2 

ure 

43 
4-9 



follows the trend of the air temperature, which is also lower near the 

floor. 

4.1.2  Temperature Difference between Loose Rock and Solid Rock 

On the site described in Section 4.1, the temperature was 

measured on loose gneiss about 2-1/2" thick". Then the gneiss was broken 

off and the temperature of the freshly exposed rock was measured. 

The temperature difference between the two measurements was 

on the order of 5 x 10 0C, with the freshly exposed rock having the 

higher temperature. This indicates that, even days after the air tempera- 

ture in a mine has been changed, some loose rock can be detected with 

sufficiently sensitive temperature-measuring devices.  The size of the 

signal is, however, not only a function of the time elapsed since the air 

temperature in the drift changed, but also a function of the thermal con- 

ductivity, the thermal capacitance, the volume of the loose rock, and 

the size of the contact area over which heat conduction occurs into the 

solid matrix rock. In the following, the complexity of the loose rock 

problem is discussed. 

The model for the temperature behavior of a loose rock is 

as follows. Figure 4-8 shows a schematic of a loose rock with a total 

effective surface area F exposed to air. It is separated from the 

matrix rock by a narrow air gap. The contact area, which in reality 

does consist of many area elements, is contracted into area F. for 

simplicity's sake. The rest is the solid matrix rock. The heat conduc- 

tion through the air gap is also included in the effective F . The rock 

itself has an effective volume V. The heat transfer into the loose rock 

from the air occurs through a thin boundary layer of thickness (6). The 

temperature of the loose rock is governed by the differential equation 

of conduction of heat in an Isotropie solid: 

7 x U = V2T; d = ^ = diffusivity 
a   dt pL 

44 
4-10 



 ■ •■■ '       ■    "       -■ -■   —  ,      --^»«KmOTfliiiBirn-«««»™««»^«»»»,,.,  

0C 

0.3 

0.2 

0.1 

1 PERSON 30 YARDS AWAY (LIGHT WAS ON!) 

23456789     10 
POSITION ON WALL 

Cjl 
(N 

in 

T a. 

Figure 4-7 - Sweep Over Feldspar Intrusion (No Personnel Present) 

LOOSE 
ROCK 

BOUNDARY 
LAYER 

SOLID 
ROCK 

t 
d. 

Figure 4-8 - Schematic of Loose Rock 

45 
4-11 



The boundary conditions for which this equation must be solved are given 

by 

i 

7^ = F. k(T ,  - T  . ) = F- K, grad T 
dt   1   air   rock'   1 1 B    rock 

where 

-r~       = total heat flow into rock per second. 

k    = heat transfer coefficient 

«l   = thermal conductivity of rock near the saifface f« 

T    = air temperature 

Trock = temPerature of air-exposed surface of loose rock. 

The heat transfer coefficient depends on the air speed in the 

tunnel, the humidity of the rock, and the roughness of the rocK surface, 

all of which can vary7. Furthermore, K-^ grad T = K2 grad T in the con- 

tact region, where <£ is the effective conductivity due to the restricted 

area F2. 

It is obvious that a theoretical determination of the tem- 

perature of a loose rock as a function of time is not possible, even 

if the changes of air temperature are known, since k, K , K2, Fi, and 

the volume are not known. 

An interesting special case of loose rock was found in 

the Republic Steel Mine in Mineville, N. Y. In the chamber (a diift 

closed off with bulkheads) in which the Array performed their heat 

dissipation experiments, we found an equal distribution of surface 

temperature on the rock. There was no detectable temperature change. 

On close inspection, we found that the whole surface was covered with 

a spalled-off layer between 1/8- and 1/4-inch thick which apparently 

was at an equilibrium temperature all over the walls. Loose rock of 

larger dimension could lie beneath this thin layer without creating a 

temperature signal on the surface. The conclusion from this is that 

the absence of a temperature change on the walls or on the roof of a 
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drift does not necessarily mean that there is no loose rock. On the 

other hand, a change in apparent temperature doe« not necessarily mean 

that there is loose rock, since such a change can be caused by changes 

In emissivity, reflectivity, or possible moisture. 

4.2  TEMPERATURE MAPPING FOR AN UNVENTILATED DRIFT 

The objective of these measurements was to study the variation of 

temperatures over long distances in the mine to see if a basic tempera- 

ture profile, representing the heat flow from the interior of the earth, 

could be detected.  In Figure 4-9, the apparent temperature distribution 

along the drift 3A is plotted at ten-foot intervals.  No special effort 

was made to avoid loose rock.  The drift was excavated by blasting and 

shows the usual surface roughness. Many cracks of unknown depth were 

visible.  The drift is not ventilated but opens into the main tunnel 

in which a constant air flow is maintained.  The lithology is metamor- 

phic gneiss.  The altitude above sea level is 7800 feet and there is 

no slope. 

During our measurements, we found places at which temperature 

differences of many hundredths of a degree occurred due simply to a 

difference in moisture on the rock. The moisture was deposited by the 

air exhaust of a drill a long time before and could only be water or 

oil absorbed by the rock.  This moisture was only recognizable by the 

somewhat darker colors of the rock. The general trend of the tempera- 

ture in drift 3A was an increase of temperature toward the middle of 

the drift and then a decrease toward the closed end. The change of 

the rock temperature over the drift length was almost two orders of 

magnitude higher than a temperature change caused by the bendinp, of 

isotherms due to differences in lithology. The large changes observed 

are probably due to both air exchange with the main tunnel and, perhaps 

to some extent, the topography of the mountain in which the mine is 

located. 

The measurements do show that very large temperature changes 

result from causes other than intrusions or inclusions, since no 
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intrusions exist in the mine that are large enough to account for the 

magnitude of the temperature change. 

Drift Bl was also mapped and the results are given in Figure 4-10. 

In this case, an attempt was made to measure temperatures only on solid 

rocks having no detectable moisture. There is less fluctuation than in 

the first case, but still more than 0.01oC. The general trend from 

the closed end of the drift toward the main tunnel shows increasing 

temperature up to the location of a raise. Here work had been performed 

several hours before the measurements and fresh air had been blown into 

the raise.  Therefore, the sudden drop of the rock temperature in the 

vicinity of the raise is probably due to the cold ventilation air from 

the main tunnel. The conclusion drawn from these measurements is again 

that the surface rock temperature in drifts is very much determined 

by the ventilation conditions in such drifts. 

During the mappings, we had hoped that a trend in temperature 

distribution could be picked up which was definitely not attributable 

to the air temperature. This attempt, however, was not successful. 

4.3  DETERMINATION OF INFLUENCE OF BLASTING ON ROCK TEMPERATURE 

MEASUREMENTS 

An experiment was conducted to determine the influence which 

blasting has on the temperature of freshly exposed rock. At the closed 

end of drift Bl, a site was chosen to check the temperature signature 

left on rock freshly exposed by blasting.  Three holes spaced one foot 

apart were drilled into a protruding part of the wall in order to clean 

off an area of approximately 3' x 3' (see Figure 4-11). Only one stick 

of dynamite was used in each hole in order to keep the energy dissipated 

to a minimum.  Figure 4-12 shows the source area after blasting. After 

about 20 minutes of ventilating with compressed air, the area was 

sufficiently dust-free to permit measurements with the radiometer. The 

freshly exposed rock between the shot holes increased as much as 0.09°C 

with respect to the old rock surfaces, with variations between the shot 

holes of 0.06oC.  The locations at which the shot holes ended in the 
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rock could be clearly identified as hot spots. After 17 hours, the tem- 

perature of the blast area was still 0.03oC higher than that of the 

undisturbed rocks, with the shot holes clearly the warmest spots.  The 

results of this experiment indicate that thermal energy generated by 

blasting (and probably by excavation machinery) would be sufficient in 

itself to mask any change in temperature due to geological changes. 

4.4  TEMPERATURE MAPPING ACROSS LARGE INTRUSION AT END OF DRIFT Bl 

This experiment was conducted because the intrusion of feldspar 

occurred at the end of an unventilated drift, excluding the influence 

of air temperature changes.  Figure 4-13 schematically shows the closed 

end of drift Bl where the dark end face consists of mica shist. A photo- 

graph of this area can be found in Figure 4-14. A feldspar intrusion 

crosses a few feet ahead of the end of the drift and ahead of the feld- 

spar, gneiss occurs.  When the intrusion was scanned, a definite tem- 

perature minimum was detected that was lower than the temperatures of 

the mica shist and gneiss. The magnitude of this temperature change 

is similar to that detected on feldspar as compared to geniss 

(Section 4.1.1). 

The magnitude of the temperature change in both cases would 

suggest that the feldspar and the gneiss were in equilibrium with the 

air temperature; otherwise the much larger pegmatite intrusion in the 

present case should have given a larger signal. Therefore, the "effective 

temperature" difference between the gneiss and the pegmatite is likely 

to be due to a difference in emissivity. 

4.5  TEMPERATÜRE MAPPING OF A BORED SLOPED TUBE PENETRATING A MAGNETIC 

ORE BODY 

The experimental site at the Republic Steel Mine chosen for the 

following measurements was an 8-foot diameter bored tube descending at 

30 degrees, with a total length of 800 feet. The elevation difference 

between the entrance and the end of the tuba is 400 feet. 
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Figure 4-13 - Diagram of Closed End of Drift Bl 
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Figure 4-14 - Bored Tube at Republic Steel Mine 
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Figure 4-2 shows the general lithology with respect to this tube. 

The first 220 feet penetrates a rather large deposit of magnetite, which 

then gradually tapers away from the tunnel and is replaced by gneiss. 

The transition from magnetite to gneiss on the tube surface is rather 

sudden, so that the radiometer sees gneiss alone, although the magnetite 

is only inches below the surface. During these measurements, the air 

temperature was also determined using a precision thermometer. The 

latter values are plotted along with the measured wall temperatures in 

Figure 4-15.  In general, both the air and wall temperature increase 

with depth, and the average wall temperature gradient is ^ 1.4 x 10-2"c/m, 

which is of the expected magnitude. Figure 4-15 shows that a very rapid 

increase of wall temperature occurs over the first 80 feet of the tube, 
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probably due to the air currents from the main tunnel. From 80 feet 

up to 220 feet, the wall temperature follows a very smooth curve.  It 

then levels off until 240 feet where it drops off sharply by 0.2oC 

and then again rises to a new plateau at 290 feet. From 320 feet on, 

the temperature curve is rather smooth except for a dip at about 480 

feet. The curve finally flatens out at 640 feet.  The last 160 feet 

could net be mapped because of debris and water at the end of the tube. 

The zones of special interest are the region between 220 feet and 300 

feet and the region at 480 feet. 

According to information obtained from the Republic Mine adminis- 

tration, the ore body is close to the tube walls at the region from 

220 feet to 300 feet and apparently is slightly further away around the 

480-foot area.  This information then indicates that the detected signal 

is indeed due to wall temperature and not to changes in emissivity. 

Since the thermal conductivity of magnetite is almost twice that of 

gneiss, one would expect magnetite to show a higher temperature than 

gneiss. Oxidation of magnetite to hematite does not seem to be the 

cause for the higher temperature, since hematite has a characteristic 

red color which would be observed if this material were present. Thus, 

it seems that the mapping of temperatures in deep mines may be useful 

for locating ore bodies.  Theoretical findings also support this conclusion. 

In all these measurements, it has to be borne in mind, however, 

that the surface temperature of the rock is not the same as the tempera- 

ture would be in undisturbed solid rock, since the surface exchanges 

heat with the air in the tube. In a case like the present one, where 

there is no forced air flow, one should obtain a more accurate tempera- 

ture measurement by determining the energy transported in the air. 

Whenever a temperature difference exists between the air and the 

tunnel walls, heat has to be transferred from the warmer to the colder 

medium. Since the tunnel walls are, in all locations, warmer than the 

air, the heat flow has to be from the rock into the air: 
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^ = k (T  ,- T . ) 
at      rock   air 

dfi    dT 
dt  ~K dx 

In the first equation, the heat flow from the rock into the air 

is given as a function of the difference between the rock and the air 

temperature and the heat transfer constant.  In the second equation, 

the heat flow from the rock is given as a function of the temperature 

gradient in the rock very close to the surface and the thermal conduc- 

tivity of the rock. 

By measuring the air flow and the air temperature along the tunnel, 

one could determine the heat contribution from the unit length of the 

tunnel, which is equivalent with an averaged —*■ .     Knowing this yields 

-j— under the surface and thus enables one to correct the rock surface 

temperature for its deviation from the internal rock temperature. 

Theoretically this is possible, but practically this correction 

would require rather complex equipment to measure the heat transport 

in the air. 

A.6  SUMMARY OF EXPERIMENTAL RESULTS 

The temperature measurements show conclusively that very large 

areas of geological change will create a temperature change large enough 

to be detected by a radiometer. However, IR-radiating sources (due to 

the variation in reflectivity of rocks of different color and composi- 

tion), changes in emissivity, changes in air temperature, and barely 

visible amounts of dampness on rocks can cause temperature changes 

many times larger than the signal to be observed.  Even if one were to 

go through the time-consuming task of determining the emissivity of 

the rocks at each point of readiometer measurements, one would still 

have to deal with the air temperature and the dampness.  Both of these 

factors are difficult to control in a mining environment. 
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SECTION 5 

. CONCLUSIONS 

The outcome of this project is the following.  The theoretical 

analysis indicates quite clearly that the determination of the size and 

the location of an area of change in lithology is not possible.  The 

analysis did indicate the possibility of distinguishing between changes 

of lithology, water-bearing sources, and geothermal sources as long as 

the temperature changes which occur are in the range of a few hundredths 

of a degree centigrade.  Once the temperature change exceeds a few 

hundredths of a degree, one can assume a geothermal source.  However, 

safety would require that precautions be taken for the smallest detec- 

table change.  The excavating process would have to be interrupted and 

probing holes would have to be drilled. 

The procedure documented in this report in only applicable for 

cases where the temperature of the walls of a drift or tunnel are not 

obscured by temperature changes caused by air currents, water vapor, 

or heat from either explosives or equipment.  In the experimental part 

of the project, we found that reflected radiation from human bodies was 

sufficient to simulate signals many times the size of those caused by 

rock temperature changes. Even on drift walls which had been in equili- 

brium with the air for a long time, temperature fluctuations were 

observed which were of the size of, or larger than, the signals of 

interest.  Some of these fluctuations could be correlated with dampness 

of the rocks and dust. 

Only in the case of very large inclusions (many tens of meters) 

could a signal change be observed and attributed to the presence of an 

ore body,  It is for this case that the thermal monitoring method is 

potentially useful.  In a mine with many levels and many drifts on the 

same level, temperature mapping with no ventilation in the drifts might 
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yield information concerning the presence of undetected ore bodies. 

This possibility would have to be explored experimentally. 

Thus, we conclude that themal monitoring as a method for predict- 

ing hazards in rapid excavation is not reliable. 
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