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Abstract. A detailed geothermal study has been made in the region of Mount Isa in the
Precambrian shield of northeastern Australia, involving 14 vertical or steeply dipping dia-
mond-drilled holes in the Mount Isa Mine, 11 surface holes in the surrounding area, and 3
holes 50 km to the east of Mount Isa. The measured temperatures have been combined with
188 thermal conductivity determinations to give heat fluxes varying from 149 to 2.57 ucal/
em?® see, with a weighted mean for the Mount Isa region of 1.96 == 0.03, The errors introduced
by conductivity determinations, the method of computation of the heat flux, structural fea-
tures, surface water, ventilation, and leaching and oxidation are discussed. The need for geo-
thermal studies involving more than one borehole and detailed geological information, if a
reliable value for the geothermal heat flux is to be obtained, is emphasized, particularly in

areas with large conductivity contrasts and steeply dipping structures,

InTropucTION

Heat-flow measureimnents have now been pub-
lished for some 24 locations in Australia [ef.
Howard and Sass, 1964; Sass, 1964]. In view of
the need for detailed and systematic studies to
determine the extent of the area represented by
and the reliability of a single heat-flow measure-
ment, a detailed study was made of the Broken
Hill region of New South Wales [Sass and
Le Marne, 1963]. The only remaining place in
Australia where a large number of boreholes is
available in a small area is the Mount Isa re-
gion, which is the subject of the present study.

Mount Isa is in northeastern Queensland, 400
km south of the Gulf of Carpentaria, at 20°47°S,
139°29'F, with a surface elevation of 400 m.
Geolagically it lies centrally in the small Queens-
land Precambrian shield of some 100,000 km®
[Jones, 1953; Carter and Brooks, 1965]. The
general structure of the Precambrian rocks is
that of a huge north-south anticline with its
axis about 40 km east of Mount Isa. A number
of smaller anticlinal and synclinal structures
are associated with each limb. Strong shearing
and faulting is evident, particularly around
Mount Isa. In this area the strata consist of

thick alternating sequences of dolomitie, sili-
ceous, and carbonaceous shales and siltstones
dipping at 60 to 80°. To the west of the Mount
Isa Mine lies a metamorphic complex of amphi-
bolites and schists. These are bounded on the
west about 300 m from the mine by the Mount
Isa fault or shear zone [Carter, 1953, 195S;
Knight, 1953; Murray, 1961; Bennett, 1965].

The relative positions of the measured bore-
holes at Mount Isa are given in Figure 1. All
but one of the underground holes were collared
on the 13 level of the Mount Isa Mine at a
depth of 700 m below the surface. The remain-
ing hole (I, 60) was collared on the 15 level,
70 m deeper. These holes generally penetrated
300 to 400 m for a maximum depth below the
surface of 1200 m, and occupied a north-south
line extending for 1500 m. The surface holes
extend for a distance of 10 km to the north and
south of the mine.

Three holes were measured ai the Blockade
Mine, 50 km to the east of Aount Isa at
20°35’S, 140°00°E. They lie in a broad zone
of metamorphies, consisting of altered feldspar
porphyrys and chlorite schists, intersected by
numerous amphibolite dikes. »
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gradients.

TEMPERATURE MEASUREMENTS

Temperature measurements were made with
thermistor probes and a Wheatstone bridge
with a tranpsistorized current amplifier as de-
scribed by Howard and Sass [1964]. This in-
strumentation provided a precision of #0.02°C
for temperature differences, with absolute temp-
eratures to better than +0.1°C. ,

In the majority of holes collared on the sur-
face, temperatures were measured at 15-m in-
tervals, starting below the water table. Temp-
eratures in holes that started underground were
measured at 30-m intervals, except for those
holes with nonuniform temperature gradients
where the intervals were reduced to 15 or 8 m.
The top 50 to 100 m of the underground holes
were measured in detail to outline the nature
and extent of the cooling resulting from mine
ventilation, The upper 100 m of one surface hole
(BW” 96) subject to the cooling effect of a
large tailings pond was also measured in de-
tail. In all inclined holes, vertical depths were
determined from the measured length and the
inclinations measured after drilling. A profile of
isothermals is given in Figure 1.

The least-squares gradient determined for
each hole is given in Tables 4 and 5. The part
of underground holes affected by ventilation and

Relative positions of boreholes and isothermals at Mount Isa. The isothermals
given by broken lines were obtained from the extrapo]atlon of least-square temperature

the top 50 to 100 m of surface holes, where

temperatures may be affected by variations in
surface temperatures and by the flow of ground-
water, have been omitted in determining the

gradients. In one hole (PE 36 S), in which the

drilling had ceased only 44 hours before the
measurements, temperatures from the bottom
15 m were also omitted [ef. Jaeger, 1961]. The
mean gradient of the underground holes,
weighted according to the length of the holes,

was 19.9 = 05°C/km; the mean for all the.
~ holes in the Mount Isa region was 19.8 == 04.

The mean temperature gradient for the

three holes measured in the Blockade Mme 

area was 19.3 = 0.8.

Because the maximum relief of both the, :
Mount Isa and Blockade areas is only about-
40 m, no topographic correction to the gradient

is necessary.

TuERMAL CoNpUcTIvITY MEASUREMENTS

Thermal conductivity measurements were
made with the divided bar apparatus described
by Beck [1957] and with a two-boiling-liquids
apparatus designed by Schréder [1963]. Both

instruments were calibrated with the values for .

quartz given by Rateliffe [1959]. The divided
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:25°C. This is somewhat lower than the rock

~eratures in the measured boreholes; hence

.. measured conductivities will generally be
oioncly higher than their in situ values. The

smum error should be for quartz-rich speci-
: it is less than 3% for the highest in situ
neratures. The Schréder instrument was
-~orated at a mean specimen temperature of
253°C. Both instruments used 6-mm-thick speci-
mens. A direct comparison of the Beck and
rrider instruments was made by overdrilling
gyeen 85-mm divided bar disks to 18-mm
diameter for the Schrioder instrument (Table
;. A systematic difference of about 4% was
nyied, part of which may be accounted for by
ke different specimen temperature. The Beck
Jivided bar gives reproducible measurements to
=27, whereas the Schrdder instrument ap-
pears to give values reproducible to about 4%,
Tk> divided bar was thus used wherever the
drilled core or sample was large enough to make
35-mm disks and the two-boiling-liquids in-
srriment was used for smaller sizes.

An anisotropy of from 5 to 309 has been
stzerved in the conductivity parallel and per-
nendicular to the bedding of foliated shales
ind siltstones (Table 1). Since the dip of the

ion in the mine is fairly uniform, the ef-
feevive vertical conductivity could be obtained
o combining the conductivities perpendicular
(R ) and parallel (K} to the foliation accord-

ngio

K. = (K., % cos’ 8 + K, %sin” 0)""* (1)

In near-vertieal holes or vertical parts of holes,
the conductivity specimens were simply cut
across the axis of the core to obtain the vertical
concuetivity.

n
[N
ne

With the exception of the mineralized zones,
all the rock types encountered were relatively
fine grained, so that the grain sizes were never
an appreciable fraction of the thickness of the
sample conductivity disks. The difficulty of the
short-circuiting effect of high-conductivity grains
[ef. Birch and Clark, 1940; Beck and Beck,
1958] thus does not arise. _

In computing the mean conductivity for
each rock unit in which it is assumed there is
no systematic variation in conductivity from a
number of conductivity samples, there is some
question as to what mean should be used. The
choice is of secondary importance, however, in
comparison with sampling errors. In our choice
we have been guided by the geometry of the
field situation. For the near-vertical holes from
the surface we have the largest amount of in-
formation for the vertical column of rocks pene-
trated by the drill. In this case, because it
seemed best to combine the measured conduc-
tivities in series, we used the harmonic mean.
We listed both the harmonic and arithmetic mean
conductivities in Table 4 for the whole length
of each surface borehole, and the difference be-
tween the two means is only a few per cent in
all cases. In the mine area, the conductivity
samples were collected from one horizontal
level over as large an area as possible, and we
used the arithmetic mean or parallel mean con-
ductivity in estimating the effective conduc-
tivity of each rock unit.

Tue CancurarioN or HeEar Frow

All computations of heat flow result from the
integration of the heat-flow equation

H, = —KaV/oZ )]

) TABLE 1. Mean Conductivities and Anisotropies for Mount Isa Rocks
Anisotropy is given as the ratio of the conductivity with heat flow parallel to the foliation to that

perpendicular to the foliation.

No. of

Rock Specimens

Conductivity
(arithmetic mean)

No. of
Anistropies
Measured

Mean
Ky/K,

Dolomitic shale 36
Pyritic shale 6
Carbonaceous shale 10
Silica dolomite* 12
Greenstone* 16

3 1.17
6 1.06
6 1.38

“ These rocks are generally isotropie.
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where H, is the component of heat flux in the
z direction and K and 0V/0Z are the thermal
conductivity and temperature gradient. The
simplest form for the integration results from
independently summing the temperatures and
thermal resistances (per unit area) for the
length of the hole being considered. Sums rather
* than integrals have been used because tempera-
tures and conductivities are usually measured
at discrete intervals. This can be expressed as

= Z AV/(Z R; AZ)

k where AZ; is the length of borehole penetrating
rock of conductivity K; = 1/R;. > _;V; depends
only on the top and bottom temperatures meas-
sured in the hole. Temperature data from inter-
mediate depths are not used in the reduction.

If there is no apparent systematic variation of
temperature gradient with depth (i. e., tempera-
ture varying linearly with depth), it is preferable
to combine the least-squares temperature gradi-
ent (which allows a statistical measure of the
scatter in temperature values) and the mean
resistivity : according to

= (0V/02)1.00./( ‘; R; Az,-/; AZ) (4

If, on the other hand, there is an indication
of systematic changes in gradient with depth,
Gough's [1963] method, in which individual
heat flows are calculated at regular intervals
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Fig. 2. Relative positions of boreholes and the
surface geology at the Blackade.
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(say 30 to 100 m) along the length of the hole
is appropriate. This can be stated as

= (1/N) Z (AVK)/(AZ)

If the heat flux is then plotted as a function o

depth, any systematic variation is readily seen:

This technique is particularly useful in deter.

mining whether changing surface temperatures
in the geological past have produced any 40-1

nificant effects.
Where there are layers of rocks having dif

ferent conductivities, a better method is ob—f}r
tained by integrating equation 1 [Bullard,:

19397 to give
V.= Vo+ H. 30 AZR,

H, can then be obtained from a least-squares:

determination of the slope of a plot of £(z)
Z;AZ :R; versus the temperature V,.

All the above methods are designed to deter-:
mine the best mean value for the flux fowing
vertically through the rock immediately adjacent
to the borehole. If the lithology is nearly hori--
zontal, this value should approximate that to be
expected if the structure were homogeneous.:
However, if the structure or layering has an j
appreciable dip angle from the horizontal, [
refraction of the lines of flow at the boundaries
More heat will
flow through the high-conductivity rocks than

must be taken into account.

through those of lower conductivity.

F. Approximate relations” for § parallel” dlppm" 1

beds, giving the true geothermal flux that would’

be expected if the structure were homogeneous,
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can be obtained by assuming geometrical refrac-
ton at the boundaries [cf. Roy, 1963]. This
implies that the heat flux in each layer is not
appreciably influenced by other than adjacent
fyers, The major difficulty encountered is that
of reconciling the requirements that the flux
veetor become vertical both at the surface (if
the surface is horizontal) and at o depth where
horizontal layering or homogeneous material is
encountered. In most situations both of these
restrictions eannot be satisfied by geometrical
refraction alone. Ideally, the effect of these two
boundary conditions would be added to that of
the geometrical refractions. In many cases,
however, the measured temperatures will be
appreciably closer to either the surface or the
underlying region where the flux may ‘be assumed
to be vertical, so that consideration of one of
these restrictions is sufficient.

From the boundary conditions at the contacts
{continuity of normal components of heat flux
and tangential components of temperabure
gradient) (see Figure 3),

tan Bo/t'an 31 = I{O/I<1 (7)

cos Bo/COS 01 = III/}IQ (8)

where 6, and 6, are the angles with the normal
of the incident and refracted heat flux vectors,
K, and K, are the conductivities, and H, and
Hy are the magnitudes of the heat flux in the
two mediums. From these two relations the
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heat flux H, (assumed vertical) can be expressed
in terms of (H,),, the vertical component of
H, (ie., that part measured in a vertical bore-~
hole), ’

(H1).
Ho =3 8, + (K,/K,) sin” 6, ©)
where §, is the dip angle of the contact.

This relation will still hold after » refractions,
so that H,, obtained in terms of (H,)., is in-
dependent of the conductivity of the intervening
layers. The effective conductivity then becomes

Z AZ;

Koo 2 (B cos® 8 + B, sin® ) AZ (10)

where R, = 1/K, and R, = 1/K,. The heat
flux vector is assumed to be vertical in a layer
with resistivity R, This expression clearly il-
lustrates the magnitudes of the errors that can
arise in computing the heat flux when the effect
of dipping beds of different conductivities is not
considered. ) -

For beds or a conductivity structure with an
appreciable dip angle, Bullard’s, [1939] method
may be similarly generalized. The relation ob-
tained is

TABLE 2. Conductivities from Borehole VB‘V' 96

* Conductivities, meal/em see °C

Schroder Instrument

Disks
Overdrilled
from (A)

Hole Beck
Length, Instrument
m (A)

Adjacent
Disks

17.9
16.2
18.1
10.9
11.2
18.6

48
96
103
119
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Y, = Vo+ Ho
-3 By oo b + Rosin® 0)AZ; (1)

where H, is the flux magnitude in a region where
- . the flux vector is vertical.

Equation 11 is clearly an oversimplification
because of the assumptions mentioned above.
However, it should be a considerable improve-
ment over the other methods because it takes
refraction into account. Equation 11 has been
applied to borehole BW” 96 as a check on the
~validity of this type of reduction. The flux has
been assumed vertical in the underlying shales

. and siltstones. A plot of the results is given in
Figure 4. The dip angle is approximately 70°,
and K, has been taken as 9.9, the mean value
for the shales and siltstones underlying the
greenstones (Figure 7). The temperatures and
conductivities measured are given in Tables 2
and 8. Tt is readily seen that (11) approximates
a straight line much more closely than (8).
In (6) too large a dependence of the measured
temperatures on the measured conduectivities is
assumed. It might be assumed that this implies
that the measured conductivities are not rep-
resentative of any appreciable length of the
hole, but this is not borne out by measurements
on adjacent samples. Samples that are 2 to 10
cm apart (Table 2) show very close correla-

_tion. The fact that the heat flow as calculated
from (11) agrees with those measured in other
“holes in the area (cf. Table 4) also suggests the
satisfactory nature of this reduction.

In the present study at Mount Isa, the ma-

" jority of holes penetrated single rock units with
little systematic variation in conductivity. Ac-
cordingly, the mean conduectivity (harmonic for
surface hole core samples and arithmetic for
underground hand specimens, as indicated
above) of the rock unit penetrated by the hole
has been combined with the least-squares temp-
erature gradient, and the heat flux in each hole
has been measured.

The evaluation of the heat flux using Bul-
lard’s method (equation 6) has very little
validity in the steeply dipping Mount Isa
structure and has not been applied. The use of
(11) for a dipping structure should give a better
value for the heat flux, but this unfortunately

requires additional information. It has been

applied to two surface holes, BW’ 96 and

Quartzite 2. Examination of this formula ang TAB.

(10) will also give an indication of the magm..

tudes of the errors that are possible for the |

other holes. Hole
The Gough method (equation 3) on Om Depth,

intervals has been applied in most cases to m. |3srehole m
vestigate any change in flux with depth. It
should be noted, however, that any such varia~
tion may be the result of difiraction of heat:
flow lines in.inclined struetures of different eon-
ductivities rather than the result of climai

4C 1 870

2 210

variations in surface temperature. , y 160
In the Blockade Mine area, with the exceps:|' 240
, 750
TABLE 3. Temperatures Measured 410
in Borehole BW’ 96 120
310
Hole Length, Depth, Temperature, 400
m m *C
o
3.0 3.0 28.50 280
6.1 6.1 28.53 o0
12.2 12.2 28.08 280
18.3 18.3 27.74
24 .4 24.4 27.88
30.5 30.5 28.28
36.6 36.6 28.76
42.7 427 29.12 :
45.7 45.7 29.98 DS 100
48.8 43.8 29.37 = IDS 11 350
54.9 54+.9 29.59 ]
61.0 61.0 29.76 - JDS12 330
67.0 67.0 29.91 :
73.1 73.1 30.03
76.2 76.2 30.09 = -
79.2 9.2 30.14 1 * Flux ealeulatec
85.4 85.4 30.25 # 1 Flux caleulater
91.5 91.5 30.36 |t Gough’s 1963}
106.7 106.7 30.61 § Bullard's [1939
121.9 121 [ 30.87 i Mean, weighte
137.2 136.17 31.11 “% zadient and harme
152.3 151.3 31.36
167.6 166.3 31.61 )
182.8 181.2 3184 |om of numerou
198.0 ©196.2 32.09 + jikes, there is no
2%3.3 21‘15 1 32.37 =< rructure. There
228.2 226.1 32.6% - - h H
2439 210.6 3.0t oL ?e ,f‘ql}t(lfl?fl‘?
259.1 255.9 33.21 - {'nductivity 15 ta
274 1 270.6 33 46 - bilue. Bullard's 1
289.7 285.9 33.73 tuation and has
304.8 300.1 33.99 = 1l eases, the errc
ggg (2) %gg gié‘i ‘e standard error
350.3 343.9 34.81 Sta
365.8 338.0 . 35.05 > =
350.9 372.0 35.32 AMining Corpo
306.1 355.9 35.5 “aged to a dept
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TABLE 4. Temperature Gradients, Thermal Conductivity, and Heat Flow
for Holes Drilled from the Surface '

No..of

- Conductivity, mecal/cm sec °C

Conduc-
tivity
Specimens

Hole
Depth,
m

Temperature
Gradient,

°C/km

warehole

Harmonic
Mean

Heat Flux
uneal/em? sec

Arithmetic

Mean Estimated

“ Mount Isa

27

H_

\MC 3A
MC 4

365
WS
Uryst S

P293
BW” 96

FHEE B oW

s

Bio 2

martz 2

8.6 £ 0.3

0.08*
0.06+
0.141

8.8

i

0.14*
0.101
0.13*
0.07%
0.06*

.

ggb;&bcwqm’oqumoomwwcm

9.9

HHH

9.4

0.17*
0.12}

15.5

0.03*
0.07¢
0.05*
0.09%

9.6

7.8

DCOONHOAXRIO RO RISORSD -
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Weighted meani

The Blockade

9.7
9.2

DDS 9
DD 11

DS 12 8.1

*

9.
+ 0.5 9. 0.12*
0.08%
0.16*

0.08§

+ 0.8 8.5

bbb o ot s
00 P 0 =1
il i

-1
o v N e~ R ]

Weighted meanl}

don of numerous nearly vertical amphibolite
dikes, there is no evidence for a steeply dipping
structure, There is also relatively little scatter
n the conduetivities. Thus the harmonic mean
econduetivity is taken as giving the best heat flux
value. Bullard's method should be valid in this
situation and has been applied in one hole. In
1l cages, the error limits quoted correspond to
*he standard error.

SURFACE BoREHOLES

Mining Corporation No. 1. This hole was
Ingged to a depth of 670 m. The top portion

* Flux caleulated from the least-squares temperature gradient and harmonic mean conductivity.

7 Flux calculated independently over each of the major geological units penetrated by the borehole.

I Gough's [1963] interval method at 30-m intervals, equation 7; equation 11, for steeply dipping structures.
§ Bullard’s {19391 method, equation 6.
I Mean, weighted according to the length of hole, of flux obtained from the least-squares temperature
gradient and harmonic mean conduetivity.

penetrates dark gray dolomitic siltstone with
occasional breceiation and grades into thinly
bedded dark gray dolomitic shale with dolomite
stringers at about 380 m. Below 530 m there is
extensive (59 ) generally fine-grained pyrite.
The over-all least-squares temperature gradi-
ent is 21.0 = 0.1°C/km. Conductivities were
measured on 27 samples at approximately 30-m
intervals. The harmonic mean of these was 8.6
+ 0.3 meal/em °C, giving a heat flux of 181
=+ 0.08 pcal/em® sec. Since there was some sig-
nificant difference in the conduectivities among
the three zones, but not within each zone, the
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heat flux was also computed by taking the mean
of the heat fluxes computed individually for each
section, The temperature gradients were, from
the top, 21.5 == 0.1, 19.8 = 04, and 214 = 14;
the harmonic mean conductivities were 82 ==
0.3, 85 = 04, and 108 == 0.5, and the heat
flux was 1.92 == 0.14 pcal/cm® sec. Applying the

" Gough method at 30-m intervals gave a flux of

193 = 0.06. The difference among the three
methods of computation is thus barely signifi-
cant. It is of interest to note that, although the
mean conductivities in the bottom section are
some 30 to 40% higher than in the other sec-
tions, the temperature gradients are not sig-
nificantly different. The probable horizontal ex-
tent of the high-conductivity pyrite zone is
therefore limited, the temperature gradients be-
ing strongly affected by adjacent loxver-conduc—
tivity rock.

Mining Corporation No. 2. This hole, along
with Mining Corporation No. 3A and EW 5, has
been measured previously [Howard, 1963;
Howard and Sass, 1964]. No conductivity sam-
ples were available, so a mean value of 9.7 has
been taken for dolomitie siltstone from adjacent
holes. When this is multiplied by a temperature
gradient over 210 m of 224 =+ 02, a flux of
2.17 is obtained. k

Mining Corporation No. 34. A gradient of
258 = 0.2 over 160 m has been combined with
a mean dolomitic siltstone conductivity of 9.7
taken from adjacent holes to give a heat flux of
2.50.

Mining Corporation No. 4. To the depth
measured (240 m), this hole penetrates uniform,
thinly bedded, light gray dolomitic shale. The
least-squares temperature gradient was 20.6 =
0.1, and the harmonic mean conductivity for
five samples was 10.0 = 0.7, which gives a heat
flux of 2.06 == 0.14. The Gough interval method
gives a flux of 2.06 = 0.10.

PE 36. The top 610 m of the hole pene-
trates dolomitic shales which gradually grade
into dolomitic siltstones. Between 610 and 660
m, a wide zone of almost pure quartz is en-
countered. Below 660 m, to the depth measured
(750 m), the hole penetrates carbonaceous
shale, extensively sheared in places. Because
temperatures were measured after a 44-hour
break in drilling, the top and bottom 15 m of
the hole were omitted in obtaining the tempera-
ture gradient. The gradient of 202 = 0.1 and
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_interval method in turn gave a flux of 2.70 =

harmonic mean conductivity of 92 = 0.6 for
samples give a heat flux of 1.86 == 0.13. Co
puting the flux at 30-m intervals gives a flux
1.94 = 0.07. ‘

EW 5. 'To a depth of 430 m, borehole EW:
penetrates a uniform shale formation. The har,
monic mean for 12 samples of the shale is 9
0.3 and the least-squares temperature o'mdxen
18.9 %= 0.1 for a heat flux of 1.76 = 0.06.

G
ooling effect of a large tail
ibute to the high comput
ed below.

: Biotite No. 2. Biotite N¢
) km south of the mine :
ong with Quartzite No. 2,
yrmity of the heat flux ove
anee. It penetrates a fairly
tstone with zones contain

Crystalina No. 5. The top 10 to 15 m
in siltstones, below which the hole penetra;
dolomitic siltstones. Measurement to a de
of 120 m gave a temperature gradient of 13.2
02. No core was obtained for condueti
measurements, but a mean dolomitic cﬂt*tun
conductivity of 9.7 from adjacent holes g
heat flux of 1.76.

P29 8. Temperatures were measured in th
hole to a depth of 310 m. No core samples wer
available. The hole penetrates a uniform sil
stone formation, however. A mean siltstone con:
ductivity of 9.7 from adjacent holes and th
gradient of 21.4 == 0.1 gives a flux of 2.03.

BW’ 96. Temperatures and conductiviti

were measured to a depth of 400 m through a:
complex metamorphic structure of schists con=:
taining varyving amounts of chlorite, hornblende,>
tremolite, actinolite, serecite, and quartz. Sevs:

eral large zones of amphibolite were also en-:
countered. The over-all temperature gradien
was 17.7 = 0.1 and the over-all harmonic mean-
conductivity for 16 samples was 145 = 09
for a heat flux of 2.57 == 0.17. Applying th

0.12.

A number of explanations can be suggested:
for this high value of heat flux. The faei that
the conductivities are higher than those in
adjacent holes along the near-vertieal strue

ture suggests that appreciable refraction of heat};
into this region has taken place. As indicated §;

by (10), the effective conductivity will be de=
pendent on the adjacent rocks. The geological.
data (Figure 7) suggest that these should be:
dolomitic shales. Dolomitic shales encountered:

. Ermonic mean conductivity
5 = 0.3, gives a flux of 1.

f pyrite and other sulfides.;
= 0.2 over a depth of 230 n

i 1.90 = 0.07 was obtain
hethod.

‘Quartzite No. 2. This h
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:latively homogeneous shs
radient determined from
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. Computing (11) with 6,

1.7, the mean shale value for
- flux of 1.73. The faet that ¢
locked and was cleared by t
ing of drill rods into it som

in adjacent holes have a mean conductivity ofz
about 9.9. Applying this value to equation 10
and assuming that the contact follows the gen-
eral 70° dip of the Mount Iza structure yields an
effective conductivity of 10.3. This gives a flug
of 1.82. Using the same data in equation 1I
(Figure 4) results in a heat flux of 1.51. The

neasurement is a third poss
onlinear temperature variat
-ater was -cireulated, ‘some
1rbance may have resulted.
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~0iing effect of a large tailings pond may con-
inite to the high computed flux; this is dis-
wssed below.,

Biotite No. 2. Biotite No. 2 hole, which lies
10 km south of the mine area, was measured
song with Quartzite No. 2, to check the uni-
iormity of the heat flux over a fairly large dis-
ance. It penetrates a fairly uniform dolomitie
«ltstone with zones containing small amounts
of pyrite and other sulfides. A gradient of 20.2
= 0.2 over a depth of 280 m, combined with a
harmonie mean conductivity for 11 samples of
05 = 0.3, gives a flux of 1.92 = 0.08. A value
of 1.90 %= 0.07 was obtained by the interval
method, ' ’

Quortzite No. 2. This hole, located 5 km
north of the mine area, penetrates a uniform,
relatively homogeneous shale formation. The
sradient determined from temperatures to a
depth of 280 m was 1.93 = 0.1. The harmonic
mean conductivity of 9 samples was 7.7 = 0.2,
ziving a heat flux of 149 = 0.05. The interval
method m turn gave 149 =+ 0.09. A number of
superficial explanations for this anomalously
fow flux may be suggested.

Because the temperature-depth curve for
this hole (Figure 5) reaches a constant slope
only below a depth of 150 m, the gradient was
computed from the temperatures below 150 m
{the majority of surface holes have a constant
slope within 75 m of the surface). A number
of holes showing temperature profiles of this
ivpe have been cited by Diment [1965]. Move-
ment of groundwater is a possible explanation.
There is also always a chance of adjacent or
underlying zones of high conductivity in the
steeply dipping Mount Isa structure. The fact
that the conductivities are anomalously low as
compared with other Mount Isa holes, rather
than the gradient, adds weight to this hypothe-
5. Computing (11) with 6, = 70° and K, =

9.7, the mean shale value for Mount Isa, gives

+ flux of 1.73. The fact that the hole was found
bocked and was cleared by the repeated drop-
ping of drill rods into it some 12 hours before
mexsurement is a third possible cause of the
nonlinear temperature variation. Although no
water was ecirculated, some temperature dis-
furbance may have resulted.

Blackade Holes DDS 9, 11, and 12. The
three Blockade holes lie about 100 km to the
tast of Mount Isa in a region of altered feldspar

33F

w

Temperature, °C

w
O

200

Depth, m

Fig. 5. Temperature-depth profile for borehole
Quartz 2.

porphyries, intersected by numerous amphib-
olite dikes (Figure 2). DDS 9, measured to a
depth of 100 m, penetrates a 20-m zone of
coarse-grained amphibolite, a zone of platy
chlorite schist to 35 m, and then siliceous feld-
spar porphyry. A temperature gradient of 16.7
= 0.3 was combined with the harmonic mean
conductivity for three samples of 9.7 to obtain
a heat flux of 1.62.

DDS 11 and DDS 12 interseet a complex
structure of feldspar porphyry, seapolitized,
sheared, and brecciated in places, with occas-
ional zones of chlorite schists. A least-squares
temperature gradient to 330 m in DDS 11 of
19.1 %= 0.3 was combined with a harmonie
mean conductivity from 9 samples of 9.2 == 0.5
to give a heat flux of 1.76 = 0.12. The method
of averaging the flux from 30-m intervals re-
sulted in a value of 1.81 = 0.08.

In DDS 12, a gradient to 350 m of 20.2 %= 0.1
and a harmonic mean conductivity for 7 samples
of 9.1 = 08 gives a heat flux of 1.84 == 0.16.
As there was a fairly large systematie variation
in conductivity in DDS 12, the Bullard method
was applied. The heat flux so obtained was 1.88
=+ 0.04.

Only two of the surface holes penetrated to
sufficient depth to give any indication of
changes in heat flux with depth. These are MC 1
and PE 36S. Borehole MC 1 shows a slight in-
crease in flux with depth, and PE 363 shows a
slight decrease. Neither is considered significant,
and they may readily be explained by the
thermal conductivity structure; MC 1 pene-
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trates a high-conductivity pyrite zone near the
bottom, and PE 36S encounters a low-conduc-
tivity zone of carbonaceous shales.

The mean extrapolated surface temperature
for the 11 holes in the Mount Isa region was
28.66°C. No records are available for the mean
annual temperature at Mount Isa, but at Cam-
moweal, 70 km to the west, it is 24.9, and at
Cloncurry, 45 km to the east, it is 25.5 [Bureau
of Meteorology, 1956]. The difference between
mean annual air temperature (25.2° assumed
for Mount Isa) and extrapolated surface temp-
erature is 3.5°. At the Blockade the mean ex-
trapolated surface temperature is 28.11, for a
difference of 2.9°. These differences are quite
consistent with the average of 3.0 == 0.3°C for
Australia found by Howard and Sass, [1964].

UNDERGROUND BOREHOLES

Fourteen vertical or steeply dipping holes
were measured underground in Mount Isa. No
core samples were available for conductivity de-
terminations because all the available core had
been broken up for assay and analysis. Condue-
tivities, measured on hand specimens from the
13 level, were chosen to represent each rock
type encountered in the holes and to be fairly
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tions of dolomitic, carbonaceous, or pyritie
siltstone, and silica dolomite. In a few p}acg
tensive copper or lead-zine mineralization
countered. The arithmetic mean conductiv:
have been combined with the least-squ

5. ,
One set of boreholes (V 32, Vertical; Eas
cline 1, and East decline 2) is of particula
terest because the three holes, drilled at-diffs
ent angles from the same collar, give '
information to permit us to estimate th
nation of the flux vecior from the verti
dip angles of the boreholes (down to the east
and the components of the flux measured parak.
lel to the holes are: V, 85°, 1.83; ED 1, 2%
180; ED 2, 50°, 1.72. The bottom 30-m part -
of V, which penetrates a high-conductivity zone,
was omitted in determining the flux for that -
hole. These values give a flux vector inclined:
at an angle of 15° from the vertical (up to the
west). The probable error of this value i is m-
fortunately rather high—ahout =7°. Gy

Two holes were omitted in determining thé
over-all heat flux for the nnderground holes. In
hole L 60, the presence of extensive pyTite made

well distributed over the regions of the measured it difficult to estimate the effective conductivity §

boreholes. accurately without core saraples from. the hole. § .re much hi
The drilled holes generally penetrate forma- In AW 54, ED 1, leaching was evident in the § -:rhonaceor
' simieture bu
L 1y, Anothen
TABLE 5. Summary of Underground Holes ndergrounc

wection on s

Temperature, Ventilati
, . Hole Depth, Gradient, Conduetivity, Heat Flux, : entiatio
Borehole m °C/km meal/em sec °C peal/km? sec ietermining

, 2o0les in min
0-20 211 18.2 9.7 1.77 Aton. In s
W-20 o192 18.2 9.9 1.80 wcounted

V-32, Vertical 183 18.5 11.0 2.03 :0oling eury,
V-32, ED 1 . 223 20.0 9.9 1.98 corteetion o
V.32, ED 2 Rt 22.5 9.9 2,22 Jorrection ¢;
CW-42 236 18.4 10.6 1.95 emperature,
AW-54, ED 1 267 25.5 9.9 2.60* vere sufficie
AW-54, ED 2 292 21.i 9.7 2.05 ary to dete
BW-70, ED 1 305 18.5 9.7 1.79 X -hie

BW-70, ED 2 189 20.9 9.7 2704 fond which
CW-76, WD 1 382 18.9 11.0 2.08 frmination
CW-76, WD 2 307 19.1 10.0 1.91 omplieated
EW-79, Vertical 394 19.1 9.9 1.59 . ~taales (O 20

L-60, (15 level) 395 23.7 13.3 3.15* ‘4 ends of deac

' Weighted mean  1.96 = 0.04 iated during

* Not included in the mean.
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Fig. 6. Computed and observed cooling curves
for the penertation of mine ventilation, for bore-
holes BW 70, ED-1; BW 70, ED-2; and W 20, V.

core, which suggests the movement of under-
zround water in the region of the hole.

The isotherm profile of Figure 1 (along the
strike of the geological structure) shows a defi-
ite dip of the isotherms toward the center of
the mine area. This could be the result of higher
conductivities in the mine area. The conductiv-
ities for pyritic shales and silica - dolomites
which are characteristic of the orebody regions
«re miteh higher than those of the dolomitic and
carbonaceous shales which are found in the same
structure but distant from the ore zones (Table
). Another possible cause is the movement of
underground water. This is discussed in the
section on leaching and oxidation.

Ventilation. An important source of error in
determining undisturbed temperatures in bore-
holes in mines is the cooling effect of mine venti-
lation. In shallow holes this cooling must be
accounted for by comparison with theoretical
cooling curves [ef. Sass and Le Marne, 1963]. A
eorrection can then be applied to the measured
temperatures. The Mount Isa holes, however,
were sufficiently deep so that it was only neces-
s:ry to determine the distance in the hole be-
vond which the eooling was negligible. The de-
termination of theoretical cooling curves was
complicated by the fact that all but two of the
holes (O 20 and W 20) were from near the
ends of dead-end crosscuts. Air had been circu-
lated during the drilling operations, but since
fhat time the nearest direct air circulation had
been in drives 15 to 100 m distant.
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An approximate calculation has been made of
the theoretical cooling for holes BW 70, ED 1,
and ED 2 using the theory for a cylindrieal
opening in an infinite medium [Jaeger, 1956;
Jaeger and Le Marne, 1963]. The present meas-
ured surface temperature was assumed to have
remained constant since the opening of the
crosscut. The computed and observed cooling
curves are given in Figure 6. As a comparison,
the theoretical and ohserved curves are given
for hole W 20, which was drilled from a drive
with continuous air circulation. The data uvsed
for the holes are shown in Table 6.

A difference between the observed curves for
BW 70, ED 1 and ED 2, is evident. The greater
depth of cooling in ED 2 is the result of the
hole passing fairly closely (within 30 m) be-
neath a ventilated drive.

The computed disturbances in the BW 70
holes are less than 0.1°C at a depth of 60 m.
The remaining holes were drilled after the BW
70’s and should have a smaller cooling penetra-
tion. No holes other than BW 70, ED 2, pass
close enough to a ventilated opening for the
temperatures to be appreciably affected.

Leaching and owidation. A frequently sug-
gested source of temperature disturbance in
boreholes in the region of sulfide ore deposits is
the heating effect of oxidation. This oxidation
may exist naturally [ef. Lovering and Goode,
1963] or may be initiated by the development
of mine openings. In particular, movement of

TABLE 6. Ventilation from Underground Holes

Borehole BW-70, ED 1 and 2 W-20

Time since start, of

ventilation, days 1770 510

Duration of direst
ventilation, days 120

Mean ventilation air
temperature, °C

Present temperature
at collar, °C

Borehole extrapolated
surface temperature,
°C* 40.2
(ED 1)

39.9
(ED 2)

* Diffusivity of 0.02 em?/sec and radius of open-
ing of 3 m assumed.
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underground water may cause leaching out of
water-soluble minerals such as carbonates. Thus,
immediately around mine openings and where
the presence of the mine has caused a lowering
of the water table, air circulation may be initi-
ated, exposing any sulfides present to oxidation.

Over the whole of the Mount Isa Mine area,
the silica dolomite rocks have been leached out
down to the depth of the water table (about
60 m), and the sulfides have been oxidized and
carried downward. In particular, the Black
Rock secondary copper orebody now being
opencut mined is the result of the decomposi-
tion of chalcopyrite, down to the water table,
»~which has then been transported in ground-

water to nearby calearious shales, where it has

been deposited as carbonates and silicates
[Carter, 1958]. A renewal of this oxidation
process might be expected with the lowering of
the water table resulting from the opening of
the mine, All the deep surface boreholes meas-
ured were some distance from the secondary
copper orebodies now being mined, so the bot-
tom temperatures were measured in four shal-
low holes, RM 1, 3, 4, and 5 (80 to 110 m), im-
mediately adjacent to the opencut (Figure 7) to
determine any increase in temperature from
these processes. Carter [1958] estimates the
base of complete oxidation to be at 30 to 50 m
and the limit of any oxidation to be at 65 to
* 100 m below the surface in this area, The temp-
eratures agree to within 04° of the tempera-
tures obtained at that depth from the least-
squares fit in the deeper surface holes. It ap-
pears that there is no significant temperature
effect in the area of these holes.

In one newly opened underground region of
the Mount Isa Mine, temperatures exceeding
100° have been observed (P. J. Solomon, per-
sonal communication). These have been aseribed
to oxidation processes caused by the exposure of
sulfides to ventilation. Such processes might
thus be considered as important sources of
temperature disturbance in the underground
boreholes. However, most of the underground
holes were water filled to the collar, and in any
case measurements were made only below the
water level. Unless there has been significant
fluctuations in water levels, or unless the under-
ground water contains enough dissolved oxygen
to support appreciable oxidation, any heating
should be limited to the tops of the holes. The
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AI‘ "ig. 7. Geologic cross seetion at .3000 ft-n¢

Base of Complate Oxidation

Top of Unoxidized Ground

Cu Ore Bodies Low Grade

Chaicopyrite

through the Mount Isa Mine [after C'arter 058

penetration of such heatmg would be-
to that of the ventilation cooling. N
normally high temperatures were obaerved
the measured holes. :

A more important source of temperature,,
turbance in the underground holes at \Iount~
Isa is probably the movement of water faci
tated by the leaching out of the silica dolomit 3
and dolomitic shales and siltstones. The iso-
therm profile of Figure 1 shows a dip of the
isotherms toward the center of the mine area
which may be interpreted as the result of the
general downward movement of water through
the mine as the lower levels are pumped out:
Water percolating through leached rocks would-
also be cooled whenever it came into contact-
with regions subject to mine ventilation cool+:

ing. In hole AW 54, ED 1, minor leaching W"As-' N
observed over most of the Iength of the core. A
fairly straight line temperature-depth relation:
was obtained, but the gradient was some 25%;.
higher than the average. A general downward®

percolation of water through the leached roc
penetrated by this hole is thus suggested.
Surface water.

1947. The pond is approximately 1 km long and~
500 m across and is quite shallow, the mean:
depth being less than 10 m. At the time of the
measurements (early winter) the temperature:
of the water in the pond was more than 10°

.cooler than that at the water table in the hole,

3 m below the collar. It is suggested that the
water temperature is kept below the mean sur-
face temperature through evaporation and the’
inflow of cool runoff water.

Hole BW” 96 is collared 15 m_
from the edge of a tailings pond filled in late:

b
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tiz. 8. Computed temperature disturbance on
~rehole BW? 96 from the presence of the tailings

ond,

The evient to which the pond has affected
ie equilibrium temperature at a given depth
~av be determined to a close approximation
waowing {1) the mean annual temperature dif-
“rence between the lake and the surrounding
_nd, (2) the age of the pond, (3) the thermal
ifusivity of the rock, and (4) the solid angle
~ihiended by the pond at the depth under con-
aderation, For a shallow pond the solid angle
£ the pond surface may be used. The surface
i the tailings pond has been approximated by
i sertes of eircular sectors centered on the collar
- the hole and temperature disturbance calcu-
ated according to the theory given by Lachen-
ruch [19577.

The diffusivity of the rock has been estimated
rom the conductivity measurements as a =
0028 ¢m®/see. For a duration of ¢ = 17 years
this gives a produet a«t = 1.50 X 107 em® As
indicated below, this appears to be too large, so
‘he correction has also been computed for at =
15 > 10" and 0.375 X 10°. The relative cor-
rections AV,/AV, (where AV, is the disturb-
- uanece at depth z and AV, is the surface disturb-
inee) are given in Figure 8. Using these values,
we obtained approximate fits to the observed
imperatures by choosing appropriate values
for AV, (Figure 9). The remaining disturbance
5 largely explained by the penetration of sea-
fonal variations in surface temperatures. The
‘:ﬂhw of at = 0.375 apparently gives the best
it to the ohserved temperatures. For a pond
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age of 17 years this implies a diffusivity of
0.007 cm®/sec, which is unreasonably low for the
high-conductivity metamorphic rocks found in
this hole. The effective age of the pond is thus
likely in error. A possible explapaiion of the
discrepancy is the fact that during the first few
years after the pond’s formation, warm water
from undergound in the mine was pumped into
it. This is also suggested by the small positive
disturbance from the extrapolated temperatures
at depths from 60 to 150 m (Figure 9).

It is seen from the above calculations that
there should be a negligible disturbance below
a depth of 150 m. Thus, if temperatures below
200 m are used, the heat flow will not be ai-
fected by the presence of the pond.

Discussioy

A rather large range of heat-flux values has
been obtained in the Mount Isa region (1.49
to 2.57). This is in contrast to the study at
Broken Hill [Suss and Le Marne, 19631, where
the flux over 200 mi* ranged only from 1.81 io
2.07. The major cause of the large seatter is
thought to be structural, the steeply dipping
structure of varied conductivity causing a re-
fraction of heat flux. As shown in equations 10
and 11, in order to estimate the true geothermal
flux it is neceszary to consider the conduetivity
structure over a large region. The study thus
emphasizes the need for measurements in a
number of boreholes, along with detailed geo-

[
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Xt =0.75 X107 vy=5°
o= 0.375 x 107 v,z a®
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Fig. 9. Computed temperature profiles for bore-
hole BW’ 96. The profiles have been determined
for various values of the produet of the rock dif-
fusivity and the time of duration of the pond, tak-
ing Vo, the surface disturbanece, so as to give the
best fit.
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logical information, if a reliable value for the
heat flux of an area is to be obtained. Errors
will be particularly large where there is a steeply
dipping lithology with beds of appreciably dif-
ferent conductivity.

Ventilation and surface water cooling should
not be important sources of error if their ef-
fect is carefully computed. Leaching and subse~
quent oxidation may be important in regions
of sulfide ores, but no temperature disturbance
has been detected in the holes measured at
Mount Tsa. A more important source of error
appears to be the movement of underground

water, particularly where facilitated by leaching

processes. Such movement is suggested in one
borehole at Mount Isa and may be the cause
of a general dip of the isotherms in the mine
area.

The differences found in the holes measured
at Mount Isa do not indicate any systematic
variations in heat flux. However, because of the
large potential error in a single measurement,
only a fairly large variation could have been
detected.

There is a significant difference in heat flow
between the Mount Isa and Blockade regions,
50 km apart, but more holes would be necessary
in the Blockade area to show this conclusively.
There are no obvious differences between the
known geological parameters of the two areas
with which the difference in heat flows could
be associated.
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