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THE USE OF THERMAL RESISTIVITY LOGS IN

STRATIGRAPHIC CORRELATION

*A. E. BECK*

Since it has been found that the heat flow along

a borehole rarely deviates more than 20 percent
from the mean equilibrium value and that forma-
tion thermal resistivities may vary by as much as
an order of magnitude, the profile of temperature
cradient versus depth is equivalent to a log of
thermal resistivity (T-log). In this work high
precision temperature measurements in cased
boreholes were used which yielded temperature
zradients as high as 140°C/km.

Using the equivalence between thermal resis-

tivity and temperature gradients, it has been founc
that the T-logs are characteristic of the formation
in which they were measured with a general negs)
tive correlation between thermal resistivity anc
clectrical resistivity, except in coal (and perhap
gas) bearing formations.

In one instance, the character of the resistivit:
log was used to conclude that a horizon deduces
from the electrical resistivity log had been mis
picked by nearly 100 m.

INTRODUCTION

> field work on which this paper is based was
nally intended simply to measure terrestrial
flow in cased boreholes near Roma, Queens-
land, Australia. The Roma area forms part of the
Surat Basin, which is 2 subbasin of the great Arte-
sian Basin., The sedimentary formations are rela-
tively flat lying on the regional scale and contain
numerous seams of coal and carbonaceous shale
up to | m thick (Gray, 1972) which are of minor
economic interest. Many boreholes, drilled princi-
pally for gas exploration purposes, penetrate the
formations and are of a suspended status. Most of
these suspended wells are mud filled and, there-
fore, could not be used to depths greater than 100
m with the equipment used: only two water-filled
holes were open to the bottom (1 km).

The usual procedure (Beck, 1963) in heat fow
work is to plot temperature versus depth, ob-
tain values of formation thermal conductivity at
appropriate depths, and combine the temperature
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and conductivity data in one of several ways t
give an equilibrium heat flow value. Howeve:
in this work some unusually large changes in tem
perature gradient over short intervals were ob
served. Detailed measurements of conductivit
have not been made yet, but sufficient data hav:
been obtained to indicate that the equilibriun
heat flow is close to the mean continental value o
LSpcalem™2sec™' (1.5 HFU). There is no reasos:
lo suspect any significant influence from hea
sources or sinks, or structure in the vicinity of the
borehole, and it has been found (Beck and Judge
1969) that in the absence of obvious disturbin;
influences such as these, the heat flow values ob
tained along a borehole rarely depart by morny
than 20 percent of the mean value. Therefore, ¢
log of temperature gradient versus depth is essen
tially the same as a log of thermal resistivity ve
sus depth. Hereafter the log of temperatur:
gradient (or thermal resistivity) versus depth wil
be referred to as the T-log.
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qecause the temperature gradients and, there-
. the thermal resistivities vary by nearly an
- of magnitude, it was decided to compare T-

- with the electrical resistivity logs (E-logs).

FIELD PROCEDURES

principal difficulty in using the existing set
I'data is the lack of detail in the T-log. In
heat flow work, the usual practice is to
> wemperature sensor stepwise, leave the
irat & puarticutar depth for 2 or 3 minutes
ow it Lo coine to within a few thousandths of
strigrade of its surrounding temper-
then take a measurement. This is a
i re if done for very small
> standard depth interval,
1, is 100m. For a com-
ttures of temperature
stivity between bore-
al does not present
the T-log is to be
fatter containing
ing effect of taking
considered more

&

Z, Iwo runs were
¢ over a depth of
rd run the standard

nd the temperature

d 23 shown on curve | in

i
d by a computer plot-
borehole, 3-m inter-
plotted in three differ-
“Ewavs, Curve 2, Figure 1, is a plot of 3-m
adients which shows considerably more
Ll than curve 1. Curve 3 is a plot of a running
“eTuge tuken over three intervals, ie., each point
“presents atemperature gradient over approx-
“dely 10 m, Curve 4 was obtained by having a
5o who knew nothing about curves | and 3
“ooth curve 2 by eye. It is quite clear that the
“oud features of T-log profiles are well preserved
4 10-n interval technique, although such a
rofile obviously lacks detail. '

ELECTRICAL RESISTIVITY

?Itctricqu resistivity profiles (E-logs) were avail-
T having been obtained with a guarded elec-
"“de system run after the drill rods were pulled
4’5‘* 04 depth of about 100 m. The depth inter-

HLOverwhich a typical resistivity measurement is

&

applicable is far less than the standard 10-m inter-
‘al used for the T-log. There is, therefore. much
more detil available from the E-logs than from
the T-logs. To make a reasonable comparison, the
E-logs must be smoothed in some manner. This
was done by averaging the electrical resistivity
value by eye over 3-m intervals and then com-
puting the running average of the electrical resist-
ivity over three intervals: that is, the smoothing
procedure is similar to that described above for
temperature gradients.

COMPARISON OF T-LOGS AND E-LOGS

Figure 2 shows the complete profiles in two
boreholes, Euthalla No. 1 and Pleasant Hills No.
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FiG. 1. Effect of treatment of temperature data
on temperature gradient profile; all gradients in
°C/km and on logarithmic scale. Curve 1@ 10-m
intervals going down; curve 2: 3-m intervals com-
ing up: curve 3: 10-m running average of data
from curve 2; curve 4: same as curve 3 but data of
curve 2 smoothed by eye by person with no
knowledge of curves 1-3.
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i, 2. T-log and E-log for two boreholes near Roma, Queensland (see Table 2 for explanation of
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Table 1. General data on two boreholes, diameter 16 cm.

Euthalla i Pleasant Hills 1A
Latitude 26°28'22"S 26°25'10"S
Longitude 148°47"40"E 149200 10"E
Collar 3223 m 380.5m
Start 6 August 1970 30 October 1972
Finish 13 August 1970 7 November 1972
Total depth 1113 m 1058 m

IA. The depth scale is linear but the temperature
gradient and resistivity scales are logarithmic.
he two holes are separated by a distance of ap-
proximately 25 km, and there is a difference of
approximately 60 m in the collar elevations. Table
| gives some general information about the two
holes, and Table 2 gives a typical section in de-
seriptive form. In Figure 2, depths in the bore-
lioles have been adjusted to a common datum and
2an sea level is indicated.
The generally negative correlation between
ihermal resistivity and electrical resistivity is im-
iately apparent from Figure 2, particularly for
1= two curves from Pleasunt Hills No. 1A where
thermu! resistivity variations are not as ex-
= as they are in the vicinity of Euthalla No. 1
However, in two and possibly more Sections
oth boreholes the temperature gradient ap-
rs to increase simultaneously with electrical
tivity. The positive correlations oceur in sec-
s exhibiting very high temperature gradients
are, therefore, attributed to the presence of
enificant quantities of coal. The thermal con-
ductivity of coal depends upon its rank but is in
the vicinity of 1.0 mcal em~?sec™! °C~* (1 TCU).
Possible reasons for a positive, rather than a neg-
ative, correlation between thermal and electrical
resistivity in these sections will be discussed later.
Part of the broad extent of some of the high values
in the T-log may be attributed to the associated
carbonaceous shales, siltstones and mudstones,
and possibly bentonitic clays; but the T-logs are
not sufficiently detailed to resolve the difference.

~—

COMPARISON OF T-LOGS BETWELN
BOREHOLES

Figure 3 shows segments of the logs with an
expanded depth scale. To facilitate compurison of
curve character, the depth reference for one bore-
hole has been shifted so as to align the shallowest
major peaks in thermal resistivity. The similarity
between the character of the T-logs over long
sections of a borehole and through significantly
varying types of formation can readily be seen.

Beck
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This similarity holds throughout most of the ho
except in one region.

CORRECTION OF A MISPICKED HORIZOXN

In the Pleasant Hills No. LA hole, the top of th:
Hutton sandstone wus picked from the E-log at «
depth of 610 m. From the character of the T-log i
is believed that this horizon has been incorrectly
picked and that it lies at about 690 m.

In both borecholes, the temperature gradient
in the sandstone formations (Mooga. Gub
beramunda. and Hutton) all lie between 20 ang
25°C/km. On the other hand, it can be see
from Figure 2 that between the depths o7 600 an
700 m there are long sections with gradients &
high as 40°C/km. It is therefore most unlikel;
that the material is sandstone, because if it were, 1
would be necessary to postulate significant he:
sources in order to explain the consequent ver
high heat fiow in those sections with relali\'cl?
high gradients. It is believed that the section frorn
610 to 690 m consists of the Eurombzah Beds.
transitional group of cross-bedded labile sand
stones with siltstones and mudstones, which ar|
reported as occasionally occurring between th

Hutton Sandstone and the overlying Injune Cree
Group. Other instances of mispicking this horizo
hase been reported by Gray (1972) who compure)
core and chip examinations with the E-logs. FL'
similar reasons, it is believed that the hase of th
Hutton Sandstone lies about 20 m above the hor
zon picked on the basis of the E-log (see Figure 4

1

GENERAL DISCUSSION
In some sections of the boreholes, temperatur
oscillations as high as = 0.03°C were observed. A
first it was thought that the thermistor »omuin"‘
was leaking but it was later found that the of
cillation only occurred in regions of temperatury
gradients greater than 60°C. km. For instance. |
Euthalla No. I at a depth of 622 m, oscillations !
temperature of 0.02°C were observed in 4 regio
where the temperature gradient was 73°C/Kn
However, when the probe was lowered 13 m int
regions where the temperature gradient wi
13°C/km, no oscillations were observed, but whd
the probe was returned to the 622 m level th
original oscillations were again observed. It
therefore concluded that the oscillations are di
to small convection cells.
Convection may occur in boreholes thut a:
theoretically unstable, that is. where the crust;

equilibrium gradient excecds the predicted criticy
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190y Diment (1967) and Gretener (1967)
<¢shewn that if convection oceurs it is in the
ot focal convection cells with a length of no
e thun o few borehole diameters. Therefore,
Aeueh in regions of high temperature gradient
“eetfeet of small-scale convection may obscure
¢ fine detail of thermal resistivity changes, the

“reholes us a whole will remain stable and there

~bedittle effect on the general character of the

g,

The short distance between the above two re-

“ofvery different temperature gradient leads

deomsideration of the possibility that exother-

S OMidution processes initiated by the drilling of

“horehole might constitute a heat source which
‘o8 the high temperature gradient. 17 a layered

“osouree oceurs in a borehole, we can expect

FUTHALLA No. 1

Gradient (°C/km)

r T 1
25 50 100

2 T

1 10 100
L | e

Resistivity (Q - mZ/m)

nas Figure 3 but showing more detailed electrical resistivity
mations, B peak due to sandstone, the differention being based

that, in the region immediately above the heat
source, the temperature gradient and therefore the
terrestrial heat flow will be enhanced; whereas,
immediately below the heat source, the temper-
ature gradient will be decreased, since heat from
the source will be flowing counter to the natural
heat flow from the earth’s interior. However, not
only is the wavelength of the disturbance too
short for it to be caused by the initiation of a healt
source at the time of drilling, but application of a
worse case approach (Carslaw and Jacger, section
3.8, 1959) shows that to explain the disturbance
due to a heat source with an origin time sub-
sequent to the time of drilling requires impossibly
high source intensities.

It is interesting to compare the detailed E-log
with the T-log in some segments of the borehole.
For instance, Figure 5 shows a section of the
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Table 3. Some typical thermal resistivies of sediments
and sedimentary materials at about 25°C'

Thermal resistivity,

Material cm sec °C cal™*
Air 15,800
Coal 800-2000
Dolostone 70-100
Ice 190
Limestone 100-170
Mud 350-600
Quurlzite 55-90
Sandstone 60-250
Shale 140-330
Silica 530
Siltstone 90-170
Soils 500-1000
Water 710

Yit must be recognized that the thermal resistivity
of any particular sample is highly dependent upon its
sical condition, e.g., porosity. saturating fluid, the
degree of \\cdlhcrmg dcgrec of consolidation, direction
cat flow if sample is anisotropic, etc.

1"“

detailed E-log alongside the T-log for both holes,
ir the same region as in Figure 3. It can be seen
it there are many “‘spikes™, indicating thin re-
ns of high electrical resistivity. In some cuases
ihe zpikes correlate well with peaks of the T-log
sut inoothers they do not. Since the very high
2l resistivity peaks can only reasonably be
uied to coal seams or coal-bearing strata, it
icluded that the T-log would be useful in
--’*xiiating coal-bearing formations from other
formations having high electrical resistivity. The

f)m indicated by A in Figure 5 are those
wiiere it is postulated that coal seams occur; the
high-resistivity peak indicated by B is belicved to
be due to a sandstone section. It is clear that
withoul the T-log it would not be possible to
differentiate sandstones from coal-bearing forma-
tions.

ot

Since the electrical resistivity of coal increases
with decreasing rank (Van Krevelen, 1961) it is
interesting to speculate that the thermal resistivity
bchuvcs the same way an d that the largest spikes

re due to coal of low rank since the thermal
resistivity of the coal also increases with decreas-
ing rank.

The principal advantages of a T-log are that it
can be used in cased boreholes and that it is free of
the near-hole eflects of such things as mud cake
and variable zones of fluid invasion which com-
monly mar resistivity logs. The principal dis-
advantage is that with present techniques, the hole
should be left standing for several days to recover
thermal equilibrium. However, it is possible that

Beck

with improved theoretical and logging technigues.
corrections could be applied to allow for nonequi-
librium of the borehoele so that T-logs could be

- run shortly after drilling ceases.

The present work has been hampered by the
fact that the data were collected with a different
objective in mind and using a technique which is
not suitable for detailed logging of a borehole.
However, there appears to be no inherent difi-
culty in producing an instrument which can re-
cord either temperatures or temperature gradient
continuously with the high accuracy required:
work has commenced on such an instrument,

CONCLEUSIONS

The potential use of temperature gradients, and
therefore thermal resistivity. as a logging tool for
producing characteristic profiles has been demon-
strated. It has also been shown that when the
thermal resistivity logs are compared with the
electrical resistivity logs. ambiguities in the elec-
trical resistivity logs can be resolved. With further
development’ the method may therefore become a
useful standard logging technique since 2 T-log
can readily be run in conjunction with any other
log.

\
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