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TEMPERATURE

ALTHOUGH it has been
known for years that the tem-
perature o*y the ground in the
vicinity of salt masses is higher
than normal, no accurate data

could be secured on this phe-
nomenon because of the impossi-
bility of taking a sufficient num-
ber of temperature readings. By
using electrolytic scale models,
the isogeothermal pattern in and
about a salt intrusion can be ob-
tained with accuracy.

IT HAS been pointed out in the pre-
ceding article that an analytical study
of the ground temperature is usually im-
possible and that the only general
method of approach is to conduct experi-
ments on electrolytic models. With this
procedure it is a simple matter to deter-
mine accurately the shape of isogeo-
therms and to establish temperature pro-
files under any predetermined condition,
even very complex. The majority of the
figures which illustrate this and the fol-
lowing article are typical examples of
the results obtained this methed.
Only formations which are in perfect
thermal equilibrium will be considered.
In other words it will be assumed that
there is only one source of heat in the
ground: the hot core which constitutes
the interior of the earth. The influence of
circulating ground wateis, of rocks
which are not in thermal equilibrium, of
radioactive disintegration, etc., will be
disregarded. This simplification is per-
missible because it is felt that in most
petroleum provinces the effect of these
disturbing factors is usually extremely
small and therefore neg]igl[\)’le. For ex-
ample, the effect of circulating waters
cannot be large in
virgin formations
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heat evolved by radioactivity disinte-
gration, it is the consensus that the re-
sulting temperature increase in sedi-
ments is probably so small that it is
not measurable, even in sediments, as-
sociated with rocks, such as granite,
which contain a relatively large amount
of radioactive substances.

The Problem of the Ground

- Temperature

Physically, the problem of the ground
temperature consists in investigating the
temperature distribution in heat-conduc-
tive media whose upper and lower
boundaries have a given shape and a
constant temperature. Therefore, the fac-
tors to consider are:

the heat conductivity of the materials

involved,

the geometry of these materials,

the geometry and temperature of the

outermost boundaries of the sys-
tem.

As far as the last factor is concerned
it will be assumed that the formation is
unlimited horizontally and that the hori-
zontal boundaries are defined as follows:

1. At a depth about twice that of the
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desired investigation, or shallower,
there is a horizontal isogeothermal
surface. Grologically, this means
there is a relatively thick basement
rock whose lower surface is roughly
horizontal. )

2. The surface of the ground in the
vicinity of the area under survey is
an isogeothermal surface. Actually,
because of diurnal and annual va-
riations, it would be more accurate
to consider the surface situated 100
eet deeper; this, however, is not
necessary as long as it is remem-
bered that the data obtained do not
apply to the top 100 feet of for-
mation.

- The two foregoing assumptions are
legitimate under most conditions. In
case it is found that they are not, more
appropriate boundary conditions will
have to be considered in order to mini-
mize the resulting errors, as will be
explained later,

The Homology Principle

The homology principle, which was
mentioned previously in this magazine
while discussing electrical logging' ap-

plies also to heat
problems. Accord-

because the per-
meability of sedi-
‘'ments is relative-

ly small, Only
sources or gey-
sers can really
modify appreciab-
ly the tempera-
ture of the ground.
However, these
octurrences are
rare in petroleum
areas and their in-
fluence will not be
discussed here.
Regarding the

This is the sec-
ond of a series of
7 articles, The first
art was published
n TH® O WEBRLY
of October 21, Hal-
liburton 011 Well

ing to this prin-
ciple, data ob-
tained for a given

T set of conditions
are applicable to
any other set of
conditions when
there exist a geo-
metrical homol-
ogy and a ther-
mal homology.
¢ For example, re-
ferring to Figure
2-1, the graph
shown to the right
represents the tem-
perature changes
found in a hy-
pothical well pene-
trating sediments
and a salt dome
whose top is at a
depth D, while
the undisturbed

Cementing Com-
pany, Duncan,
Oxla., sponsored

the author’s re-
search work.

Figure 2-1. Ilustration of homology principle.

salt is at depth
Ds. The diameter
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Figure 2-2, Isogeotherms and depth-temperoture grophs in the vicinity of a deep-seated salt dome (scole model dota).

of the dome is Ds;. The same temperature
graph represents also the temperature in a
similar formation in which the dimensions
of the salt dome are nD;, nDe and nDs, n
being any number greater or smaller
than unity., The only meodification to
bring to this graph is to multiply the
depth and temperature scales by the
factor n. A similar remark can be made
regarding the heat conductivity of the
formations. If graph G was obtained for
sediments and salt having conductivities
K, and K. respectively, the same graph
represents the temperature distribution
in geometrically similar formations
whose heat conductivities are mK, and
mK,. The only change to make on the
graph is to divide the original tempera-
ture scale by the factor m.

The geometrical and thermal homolo-
gies are absolutely independent of each
other and the principle applies if, for
instance, the dimensions are increased n
times and the conductivities decreased m
times, or conversely.

This, of course, facilitates consider-

ably the investigation of the earth’s tem-
perature because it makes it possible 1o
use, for a given set of conditions, the
data obtained previously for different
but homologous conditions. A few ex-
amples of application of this principle
will be given later.

Symmetrical Structures

Frequently the structures found in
petroliferous provinces are roughly sym-
metrical about an axis (intrusions) or
about two planes at right angles (anti-
clines, ridges). To simplify ﬁ'&is work,
only symmetrical structures will be con-
sidered. The basic information obtained
in this manner may be applied, with a
few minor modifications, to actual for-
mations whose asymmeiry is not exces-
sive, ’

Each type of formation and structure
modifies the temperature distribution in
its own way. For example, the effect of
a salt intrusion is different from that of
an anticline. Also, the influence of a
thick lime bed is different from that of
a shale bed. Because there are so many
possible geometrical and petrographical

combinations of formations, it is neces-
sary to understand the influence of each
factor separately before the resulting ef-
fect of a combination of factors can be
considered.

Intrusions

The effect of an intrusion on the tem-
perature distribution of the associated
sediments is relatively simple and, for
this reason, will be discussed first.

Most intrusions have a greater ther-
mal conductivity than sediments. For
example, salt conducts heat about five
times as well as shales, and approxi-
mately three times as well as sands.
Granite is also a better heat conductor
than shales and sands, although its con-
ductivity is only ¥4 to 24 that of salt. On
the other hand, there are also intrusions
whose conductivity is less than that of
the associated formations, in particular
those of igneous origin having a rela-
tively Jarge amount of gas filled vesicles.
However, such cases are probably rare.

The temperature distribution in and
about canductive intrusions is illustrated
in Figures 2-2 throueh 2-5. These figures
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Figure 2-3. Isogeotherms and depth-temperature graphs in the vicinity of a salt dome of intermediate depth (scale model data).

represent, in vertical cross - section, the
four following conditions:

Figure 2-2: a deep-seated dome (depth:
15 units) )

Figure 2-3: a deep piercement-type
dome (depth: 7.5 units)

Figure 2-4: a shallow piercement-type
dome (depth: 2 units)

Figure 2-5: a mushroom-type dome

depth: 4 units).

The cap-rock conductivity is assumed
to be equal to the salt conductivity.

The diameter of these domes is as-
sumed equal te ten units, while the di-
ameter of the overhang of Figure 2-5
equals 15. The depth of the top of the
salt, far from the domes, is assumed to be
20. The actual value of the units used for
the foregoing dimensions is immaterial
for the following discussions, and it can
be 1000 feet if the reader so wishes.

The formation overlying the salt is
supposed to be uniform and its heat con-
ductivity is one fourth as great as that
of the salt, except for Figure 2-5 for
which it is a little less (1/5).

The isogeotherms are represented by
dash-lines. The temperature interval be-
tween them is constant. The plain line
graphs situated below each section of
the domes are the degth-temperature
curves which would be obtained in verti-
cal wells drilled at the following loca-
tions:

A, above the salt intrusion,
B, close by the intrusion,

C, at a relatively short distance from
the intrusion,

D, through the overhang.

These wells are supposed to be drilled
in such a manner that the temperature
of the ground is net modified by the
drilling operations. :

The dotted lines represent the depth-
temperature graphs which would be ob-
tained far from the intrusions, at N for
example, or farther. These lines give
therefore the normal temperature of the
formation in the non-disturbed areas.

The first remark which can be made
regarding these figures is that the iso-
geotherms are raised above and around

the domes. This corresponds to the fre-
quently reported fact that sediments as-
sociated with salt intrusions are warmer
than normal. It should be noted, on the
other hand, that the isotherms are
slightly depressed near the lower part of
the domes, with the result that the sedi-
ments are slightly colder than normal in
this particular zone. This has probably
never been observed or reported before,
very likely because temperature meas-
urements have not been taken at such
points as yet.

Another interesting feature of the fig-
ures is that the rate of temperature in-
crease is greater above and near shallow
domes than near deeper plugs. More
exactly, the smaller the ratio D,/D; (see
Figure 2-1), the greater the rate of tem-
perature increase in the vicinity of the
salt.

If the diameters of the intrusions are
different from those assumed in the fig-
ures, the temperature distribution above
the dome or near it is not appreciably
changed, unless the diameter becomes
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Figure 2-4. Isogeotherms and depth-temperature graphs in the vicinity of a shallow piercement-type salt dome (scale model data).

very small, in which case the tempera-
ture anomalies are reduced.

Inslde the intrusions, the isogeotherms
are spread apart much more than in the
sediments. This is evidently caused by
the relatively high conductivity of the
salt. The temperature is greater than
normal in the top section of the dome,
but less than nermal in its bottom sec-
tion as well as in the undisturbed base-
ment rock near the roots of the plug.

To summarize, a conductive intrusion
modifies the temperature distribution of
the ground in an area comprised within
a vertical cylinder centered at the in-
trusion and whose radius equals about
four times the radius of the intrusion.
Outside this area, the temperature is
not appreciably modified.

t will be observed that the depth-
temperature graphs of Figures 2-2
through 2-5 are calibrated neither in de-
grees nor in feet. This is because they
have been established according to the
homolegy principle mentioned previous-
ly: they are therefore, in certain ways,
universal curves that can be used to fit

many different conditions. For instance,
suppose that it Is desired to determine
the temperatare of the ground immedi-
ately above a salt dome whose top is
8000 feet deep, while the top of the non-
intrusive salt bed is 20,000 feet deep.
This particular deme is represented on
Figure 2-3. Graphs A and N of this figure
are the curves which have to be used for
the determination, and they are repro-
duced as Figure 2-6 for convenience. The
point whose temperature is desired Is
marked Z on this figure. Graph N, which
is the normal depth-temperature curve
in nondisturbed formations, is the yard-
stick which will allow calibrating
curve A,

It will be assumed that the average
reciprocal gradient in the non-disturbed
areas of the ground is known and equal,
for instance, to 64 feet per degree, and
that the mean surface temperature is
60°. Point X of graph N represents the
mean surface temperature, Therefore, its
coordinates are:

depth: 0

temperature: 60°.

Point Y of graph N represents the
normal temperature at the top of the
salt, far from the intrusion. Its coordi-
nates are:

depth: 20,000

temperature: 60—} —%Qé—%.Q.L= 372°,

These two sets of coordinates permit
calibrating the depth and temperature
scales of the graphs of Figure 2-6. From
this calibration the desired temperature
at point Z is readily obtained: 223°, It is
interesting to note that the normal tem-
perature at that depth (Point Z’) is 180°,

If the temperature at other points of
the ground in the vicinity of the same
intrusion is desired (graphs A, B, C, or
N) the same temperature and depth
scales have to be used.

If similar temperature determinations
are desired near a homologous salt
dome, the same graphs have to be used
(Figure 2-3) using the adequate numeri-
cal values.

If a depth-temperature graph is de-
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this particular zone. Elsewhere, the
anomalies are usually less. Therefore, if
the correction chart is used for estimat-
ing the temperature at other points, the
values will be too high. Temperatures
can nevertheless be reasonably estimated
anywhere in the vicinity of a salt dome
%y using different correction charts.

hese are not given here in order not to
complicate this discussion, and because
good results can usually be obtained by
simply estimating from the graphs avail-
able in this article the “correction”
which should be made to the correction
factor given by Figure 2-7,

The correction chart refers to conduc-
tivity ratios comprised between one and
five. Greater ratios are probably not
found in petrolenm provinces.

When the intrusion is a salt dome, the
conductivity ratio varles according to
the nature of the sediments approxi-
mately as follows:

Figure 2-6. Callbration of temperature data.

sired on a vertical profile different from
“those given as examples, such profile can
be readily established from the isogeo-
therms shown on the figures.

If the appraximate temperature dis-
tribution is desired near a salt dome
whose dimensions are different from
those given as examples the correspond-
ing graphs can be obtained by interpo-
lation or, if facilities are available, by
constructing an electrolytic model of
proper dimensions and making the nec-
essary electrical measurements.

Temperature Correction Chart

Figures 2-2 through 2-5 were estab-
lished for intrusions whose heat conduc-
tivities are four times greater than the
associated sediments. In practice it is
probable that much greater conductivity
ratios will almost never be found, while
smaller ratios—down to two or three—
will be commeon, for instance if the sedi-
ments contain a high proportion of
sands or limes. Under such conditions
the temperature anomalies are less than
those exhibited by the preceding figures,
and they can be estimated by using the
chart of Figure 2-7. This chart is basically
similar to those used for the computa-
tion of true resistivity from the apparent
resistivity data given by an electric log.!
It gives a correction factor in terms of
the relative depth of the intrusion and of
its relative conductivity. Suppose for ex-
ample that it is desired to- determine by
this method the temperature Tz at the
point Z of Figure 2-6. Let Tz’ designate
the normal temperature at the same
depth (point Z') and T represent the
mean surface temperature. The pro-
cedure is as follows:

1. Determine the relative depth (or
depth ratio) D.==Dy/D, of the
point whose temperature is desired.

In the present example:

D, = 8000’

D, == 20,000
therefore D, = 0.4, giving point D
on the abscissa axis of the chart,

2. Determine the relative conductivity
(or heat conductivity ratio) K.==
Ku/K, of the plug, K‘: being the in-
trusion conductivity and K, the
sediments conductivity. This ratie
will be assumed to be equal to 4 in

Sediments Ratie
Only shales ....,.....i00iiiinenennecanes 6
Predominantly shales............. PR 4.5
Shales and sands

(roughly in equal amounts)
Predominantly sands................ .03,
Only sands.......... e ersarenraeeans 3
Shales and hard formations

(roughly in equal amounta)........... 2.5
Predominantly hard formations.......... 2

this example. Curve 4 of the chart
must therefore be used.

3. The vertical passing through point
D intersects curve 4 at point L
whose ordinate is 1.35.

This means that from the surface of
the ground to point Z the temperature
increase is 1.35ptirnes greater than be-
tween the surface and point Z’. In other

words:
Tz— Tx=1.35 (T7 —Tx)

. T:= Tx+ 1.35 (Tz'—Tx)

Assuming for Tz and Tx the values
mentioned previously, namely, 180° and
60°, respectively, it is found from the
foregoing relation that Tz =222°,

An examination of the graphs of Fig-
ures 2-2 to 2-5 shows that the tempera-
ture anomaly is maximum in the zone
sitnated immediately above the salt dome.
The correction chart was established for

If the intrusion is of igneous origin
the conductivity ratios are approximately
half as great as indicated in the fore-
going table,

All these figures are based on a rela-
tively small number of reliable observa-
tions, They will have to be corrected
when additional accurate measurements
made under controlled conditions are
available. :

The dearth of accurate data is caused
by the fact that the few observations
made on salt sections in wells which are
in therma] equilibrium are usually at
stations situated very close to the sedi-
ments. These measurements give figures
which cannot be used for accurate de-
terminations of conductivity, Referring
for example to graph A of %igure 2-7 it
will be seen that in the top section Z Z”
of the dome the slope of the temperature
graph is different from that which is ob-

and
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-8 (ubove), Temperature graph obtained in a Gulf Coast well having penetrated a salt

Figure 2

overhang.

AP1 Production Bulletin 205.)

2

Figure 2-9 (right). lsogeotherms above Humble sait dome, Hartis County, Texas. Temperature
interval between isogeotherms: 5° F. (From Hawtof
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Figure 2-10. Isogeotherms and depth-temperature graphs in the vicinity of o heat-resistant intrusion (scale model data).

tained in an undisturbed section (Section

-

e [ e — ——

Rt o —— - —— - ——

Y Y’ of Graph N). Therefore, the re-
ciprocal gradient obtained from tem-
perature readings taken in Section Z Z”
does not give an exact value of the salt
conductivity, and this erroneous value
cannot be corrected unless all the perti-
nent data are at hand. This is due to the
fact that the sediments modify the tem-
peraiure distribution in the dome, just as
the .lome modifies the temperature of
the ¢ :diments.

Figure 2-8 represents an actual tem-
perature graph obtained in a salt over-
hang. The formations were reasonably
in temperature equilibrium at the time
the measurements were taken.

Figure 2-9 gives an interesting illustra-

500 |— o ————- —— | TTp It
1000  f-om e e S T T T T e e
WAV Yy, p W g S
1500 SERPENTINE
. 1000’

tion of the isogeotherms obtained near a
shallow dome from actual temperature
measurements. The pattern is strikingly
similar to that obtained on scale models.

The discussion offered in this section
. shows that the abnormally high tem-

Figure 2-11, Isogeotherms in and above a serpentine plug, Lytton Springs oil field, Caldwel!
County, Texas. Temperature interval between isogeotherms: 2° F. (Data from Howtof, API

Production Bulletin 205, 1930.)

peratures associated with salt or granite
intrusions are fully accounted for by
considering the conductivity and geome-
try of the formations involved.
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Figure 2-12. lsogeotherms and depth-temperature graphs in the vicinity of a salt anticline (scale model data).

The preceding discussion referred to
intrusions having a higher heat conduc-
tivity than the associated sediments. In-
trusions from rocks whose thermal con-
ductivity is less than that of sediments
are rarely found and will be only briefly
discussed here.

Figure 2-10 represents an intrusive rock
only one half as conductive as the as-
sociated formation., As should be ex-
pected, the isogeotherms (dash lines)
are depressed above the top of the plug
and around it (except near its bottom
where they are raised). This means that
near the top of the dome the tempera-
ture is less than normal.

Typical depth-temperature graphs in
hypothetical bore holes A, B and C are
shown in plain lines in the lower half of
the Figure. The dotted lines represent
the normal temperature distribution
(well N) far from the intrusion.

Figure 2-11 represents isogeotherms
obtained from actual temperature meas-
urements near an intrusion which ap-

pears to be less conductive than the
associated formation.

Salt Anticlines

The effect of a salt anticline on the
temperature distribution in the ground is
evidently very similar to that of a salt
dome, Figure 2-12 represents the section
of the isogeothermal surfaces by a plane
perpendicular to the major axis of the
anticline. A few typical depth-tempera-
ture graphs are also given.

Measurements ‘'made on a model repre-
senting a dome whose section is the
same as that of the anticline shown on
Figure 2-12 have shown that the tempera-
ture anomalies are slightly less than
those of a similar anticline, all other fac-
tors remaining the same. This was to be
expected since, in a salt dome less salt
is lifted above its normal level than in
a salt anticline: the effect of the salt
must therefore be somewhat less.

Evidently the foregoing remarks apply
not only to salt but also to granitic

ridges, or other similar structures whose
core is more conductive than the sedi-
ments.

More discussions on conduetive ridges
are unwarranted here. Satisfactory data
on conditions different from those of
Figure 2-12 can be secured by the reader
by simply comparing Figure 2-12 to the
previous figures representing the tem-
perature distribution in domes.

Non-Uniform Sediments

The typical depth-temperature graphs
and isogeotherm patterns discussed
above were obtained on scale models for
which the materials simulating the sedi-
ments were uniform. In practice, such
uniformity is never found. The data
offered above can nevertheless be used
without major modifications when the
sediments consist of horizontal or nearly
horizontal beds. In such cases, the aver-
age conductivity has to be considered in-
stead of the conductivity of any particu-
lar bed. It should be noted, however,
that in non-uniform sediments the



Figure 2-14. Temperature distribution in the vicinity of a salt intrusion when the influence of the
otmosphere is taken into account (estimated).

19

depth-temperature graphs are not as
smooth as shown on the preceding fig-
ures: breaks are observed at each forma-
tion boundary, but the general slope of
the curves is not appreciably changed.

Figure 2-13 illustrates the case of a
dome whose heat conductivity is four
times as great as the average conduc-
tivity of the sediments, the latter con-
sisting of an alternation of horizontal
shale and sand beds of various thickness.

If the sediments are not approxi-
mately horizontal the temperature dis-
tribution is further modified. This con-
dition will be discussed in the next
article.

Accuracy of the Method

The use of scale models for the study
of flow problems gives excellent results
when the boundaries of the models sim-
ulate accurately the corresponding sur-
faces of the ground. This result is
obtained without difficulty as far as the
geometry of the systems is concerned.
Less satisfactory results may be ob-
tained for the boundary temperatures.
For example, in the examples given
above it was assumed that the surface of
the ground is an isogeotherm. This is
not entirely true, and it would have been
more correct to assume that, above the
ground, the nearest isogeotherm is situ-
ated perhaps at T, several thousand feet
in the air (Figure 2-14). The isogeotherms
obtained in the ground with this modi-
fied model would be found to be raised a
little higher above he dome, as shown by
the dash lines. These better patterns are
obtained by constructing models com-
prising three different media instead of
two, namely:- S for the salt, F for the
sediments, and A.for the air.

Also, instead of considering line B as
representing an isogeotherm 4000 or
5000 feet below the salt plug, it would
have been more accurate to move this
line perhaps 10,000 feet deeper. The re-
sult would be to depress the isogeo-
therms a litle lower in the neighborhood
of B, as shown by the figure,

_It has not been thought necessary to
introduce all these refinements to secure
the data required for this work. How-
ever, for a really accurate quantitative
treatment of the problem it would be de-
sirable to construct more elaborate
models. This does not offer any diffi-
culty.

Miscellaneous Applications of Data

The foregoing quantitative discussions
were restricted to the estimation of tem-
perature anomalies caused by intrusions
when the approximate depth of the salt
is known, It is evident that the same
charts can be used to estimate the depth
of a salt intrusion if the correct tempera-
ture data are available. Also, the ap-
proximate shape of a salt mass can be
sometimes inferred if depth-temperature:
graphs such as C,, Figure 2-5, can be ob-
tained.

To solve these problems with good
accuracy more data and more accurate
figures than those offered in this work
are necessary: These will probably be
available at a later date. At present, the
data offered in this work sheuld be con-
sidered as being more an illustration of
the possibilities of the scale model
method, rather than the result of a very
accurate and complete qualitative in-
vestigation.

1 Hubert Guyod, ‘“Electrical Well Logging,
Part §, The Oil Weekly, September 4, 1944,

2 Hubert Guyod, ‘‘Blectric Log Interpreta-
tion, Part 3, The Oil Weekly, December 17,
1945,



