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OF ITS APPLICABILITY IN WESTERN CANADA
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SUMMARY

Ground temperature investigations have been made in Canada since Callendar
published the first paper in this field in 1894. Studies of the variatioms in
ground temperature have heen made at intervals for various purposes, mainly in
cormection with soil surveys, highway research aund for meteorological purposes,
Temperature surveys have been conducted to locate oil deposits related to salt
dome and anticlinal structures in the United 3fates and for corrvelation purposes
during the last two decades, These measuvements were always carried out near
the source of variation, whereas the method described im this report is ocoupiled
mainly with near-surface temperatures affected by variations in sirata buried at
depths of the order of 5,000 feet. The temperaiure pattern near the surface is
necessarily influenced by all the underlyiag strata, Statistical analysis of
the local and regional variations and correlation with geclogical data are re-
quired Lo extract the information which wmay aid in increasing the chances of
finding oil and gas deposits. The conclusions of this study may be condensed
as follows, Analysis of available field data veveals that oile and gas-bearing
structures at depths of approximately 5,000 feet do affect the patiern of near-
surface temperatures. Anticlines and ridge-faulis (horsts), being of a densex
structure, will generally show a positive anomaly; reef formations, a negative
anomaly, Bodies of oil and gas contained in these structures will lower the
thermal conductivity in proportien to the porosity of the container and depth
of o0il and gas and may perceptibly affect the near-swiace temperature pattern.
The presence of oil and especially of gas tends to offset the positive anomaly
produced by anticlines, and increases the negative anomaly produced by bioherwms.
The efficiency of the temperature swrvey as a tool for prospecting depends on
the availability of addiiional information and on the analysis of the field data.
The method can be used for rapidly scanning large areas at low cost, In addition,
it would appear that near-surface temperature surveys will be particularly use-
ful in delineating the contours of newly discovered oil fields,

Inowledge of the vertical heat-flow pattern near the surface is of great
importance for a correct interpretation of near-surface temperature patterns.
More data relating to Canadian conditions are required to correctly interpret
near-surface influences, in particular the effects of topography, moisture and
vegetation,

2
Senior Scientific Officer, Western Regional Office (Edmonton),
Fuels Division, Mines Branch, Depariment of Mines and
Technical Surveys, Ottawa, Canada.
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INTRODUCT ION

This report has been prepared by a member of the
staff of the Fuels Division who has specialized in'the applica-
tion of statistical analysis to the interpretation of experi-
mental data in laboratory and plent research projects. In this
sfudy-an oxample of statistical analysis is given whexre én ex-
perimental geophysical methed has been tried to determine whether
a shallow sub-surface temperature survey is indicative of varia-
tion in strata buried below depihs of the order of 5,000 £t, This
method has been proposed as an oill exploration technique but the
oil companies require a demonstration that it has tangible possi«
bilities as a procedure of practical significance,

The project was undertaken in November 1956 following
discussions under the auspices of the Director of the Alberta Re-
search Council between Petronics of Canada Limited, the company
rvesponsible for.the geothernal prospecting, and the author,

| The study indicates that the method requires consider-
able goeological comtrol but it also demonstrates the merits of
statistical analysis in the examination of a very large number of

simple temperature measurements,
P



Ceothermal surveying has been used in mineral Pros=
pecting for several deéadeso and its extent is described in
Jakosky's Handhook "Ezploration Physies" (1960)s -

Masporeture noapuremonts of tho earth's crust

con be used to furnich fundamental Information related
to the origin and bistory of arons uwndew: choervation.

T addition temperature motourcments in foverable @@é@ﬁ
will yield veluable infcfma%i@n'wmgﬁrdiﬁg zopal digtris
butlon of oros, the configuraiion of intrunive bodiss,
© the contacts betwoen sedlmentary and igneous wooks, the
Tocation of hads and %hwaw of faul%sg‘%hé git oundwator
disteibution mud local and regional flow, Tho prachical
application of g@aﬂh@rma1 m§ésuremen%s 4o the solwdion
of the various problems of esonoiilc geology is ﬁéuaixy
one of ﬁ#o types:
(a) near-swrface ﬁemperaéure>méasuremsnts,
| to study loteral varistions of ‘temperature;
(b) subesuwriace measiurenonts iﬁ_driii holss tél
gtudy vertdieal &iatribﬁtian of femperature |

along the deild hols,®

The growing interest in geothermal methods is

reflected in the fact that im the period between 1941 and 1948




nine patents on thermometexrs for thermal methods were granted in
the United States alone.

Thermal prospecting for oll by means of shallow holes
is a new developmenf0 Credit for'its introduction is due to Dr. J.
No 4, van den Bouvhuijsen, and for originating the geothermal method
as a\toql of prospecting, in his paper "The Geothermal Method of
Geopﬁysical Swveying" and also to Petronics of Canade Limited, a
private company which was formed by Southern Albexte businessman
in 1952, In this publication, which hereafter will be referred to
as thé Petronics Paper, the r@sults of three field investigations
are reported and an analysis is made of -the data obtained from the
near-surface tomperature survey. From this paper it also appears
that Petronics of Canada Limited has developed a thermocouple
instrument of epecial congiruction, and has also developed a method
of measuring near-surface temperatures, This method can be regarded
as an established techmnique for obtaining reliable temperature data
of high accuracy (0,01°C), which‘arg practically imdependeﬁt of
periodic variations caused by soiar heat, -In the present study' an
appraisal is offered of the data presented by Petronics of Canada
 Limited and inéludes one survey made in Alberta, The work dome is
necessarily of a preliminary nature as the writer has been handi-
capped by lack of sufficient geological information., Despite this

disadvantage, some useful conclusions can be drawn from the data
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available at this stage., It is felt that drawing attention to
these facts may aid in the further development and practical
application of geothewrmal surveying in prospecting for oil and

natural gas,

7

ANALYSTS OF DATA
The problem is to ascertﬁin whether temperature
differences measured near the surface cen be caused by strata
buried at great depths and, if so, whether these differences cén

be distinguished from the other concomiiant temperature effects

caused by near-surface discontinuities and by lateral variations

in heat condﬁptivity and %hiqkness of the formation,

The last point is, at this ?@???; particulaxrly con-
troversial and geothermal éurveya so far have m@inly‘been%used to
find temperatures of the wock immediately 5uwrpunding the thermometer
station only., To drav conclusions with respact fo deep seated bodies
scams, at first perhaps, farmfetéhedg in view of the 1argé nuber of
factors dnvolved, There is clearly the danger of spuriouslﬁorrelae
tion (the dorrelating of unrelated phenomena showing éuperficial
conneciion), Also there are some points with regard fp near=surface
effects of tempér&turea measured at sbg;;oy\dapth§ which are not
quite clear yet and which w111 requive further inygsﬁiga#;gp:

There is some doubt about the interpretation of the data
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as presented by van den Bouwhuigjsen, who was guided b& the outlines
of the isogeotherms and by averages talen in the northesouth and
sast-west direction. On the one hand, the averages found do indicate
convincingly the presence of wregional discontinuities. On the other
hand, certain outlines of the isogeotherms are assumed to indicate
faults which are not there in reality. The limitations of the method
of presentation have prevented the author of the Petronics Paper from
finding-the tpatchiness?! of the near-surface témperature pﬁttern
which is chavacteristic especially for the Salt Creek Swrvey and the
Ten Section Field (Figs. 3 and 14, Petronics Paper).

All conclusions are based on the assupmtion that the
lower stratla are the more dense, so that anticlines and ridge faults
will stand out as positive anomalies in the temperéture pattern, This
is gemerally true but it appears from comparison with geological,
control that the actual distribution of the anowalies is more complex.
The presence of gas, oil or water, which recen% investigations (2)
have proved to have a significent effect on the thermal conductivity
of porous sirata, may have had an effect on the neér-surfaCe temp-
eratures, Yel no mention is made of this in the Petronics Paper

Despite the above limitations, the report appears to
.offer substantial evidence that structural features of formations
buried at depths of up to 8000 feet are perceptibly reflected in the

near-surface temperature pattern.
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An attempt was therefore made to analyse thé data in the Iiwht
of more complete geological information and ﬁsing‘mathematical statislic~
al methods,' This was done as follows: in addition to the trends foﬁnd
*in the Petronics Paper, the temperature data of the three oilfield
surveys were analyZed, to éscertaiﬁ-the presence oé "¢old" regions in
the area surveyed as distinct from fhe remainder of the data in that
area,

| 31The advantage'of this method lies in its-greater fléxibility;
the contours of "coldb and "yarm" regions are no. longer tiéd to the
orientation north—soufﬁ or eéstéwestu- The "colé" regions, or "cold éfeas"
as they will be called here, are indicated'in Tables I and II by contours
consisting of‘brokeq straight liﬁ&S; -Thgy are found as folléws: ‘after
having calculated the overall avefagé of the field those ﬁempgratufes
that’were lower than averége were sépafated from the remainde?'of the
field by a contour, A statistical test known as the t—teét.(ﬁ test éo
disprove the assumptiQn that tﬁe difference between two‘averégeé is
caused by chance) was\%ﬁen applied to check whether or not the averége
temperature of the "cold area" was significantly lower than the
aversge temperature of the remainder of the area, There is a certain
arbitreriness in the choice of the temperatures'butAthis is 1imited on
the one side by the faét that, if too many temperafurés afe included in
the "cold grea", the difference between its éverage and the éverage of
the remainder becomes so small that its statistical significance cannot .

be proved, If too few temperatures are chosen the number of observations

is not large enough to prove significant, A 1ittle experimenting showed




this degree of arbitrariness to be small and, in fact, to he limited to
the inclusion or exclusion of only a few temperatures which did not
affect the éonclusionso A more detailed description of the analyses of
two of the three oilfields mentioned in the Petronics Paper is given in
the Appendix, Some interesting inferences can be drawn from a detailed
study of these tables, As sufficient geological control is lacking, only
one conclusion can be drawn here, namely that the observed differences
between the average temperatures of the "cold areas" and the average
temperature of their corresponding remainders canunot have been caused by
chance and must therefore be the results of an overriding factor

originating from subterranean |

conditions, In the case of Table II there
is hardlyiany doubt about the relationship between near-surface temperé-
ture and the location of the fault, but contrary to van den Bouwhuijsen's
conclusion it appears that the negative anomaly is situated o%ﬁr(the
ridge~-fault instead of over the down-throw side of the fault, Tn thé case
of Table I the situation is even more complicated, as the anomalies over
the elevated portions are partly positive and partly negative, The
observed distribution of "cold areas" might indicate the presénce of gas
and oil in stratigraphic iraps formed by the high side of the ridge-
faults; but nothing definite can be said here for lack of detailed
information,

In order fo obtain more complete quantitative information on
what happens to the temperature pattern in regions overlying oil bearing
formations, an analysis was made of two surveys released by Petronics of
Canada Limited, namely, one for the Lrskine field and onc for the Big

Valley-Fenn field in Alberta, Instead of a two-dimensicnal temperature




pettern only one single line of temperatures was taken for each of the
above fields, TFor the Irskine field this appeared to be insufficient as
the contours of the tcﬁ of fhe oil-~hearing formation are very irreguler
and mask the effect of a difference in depth Qf approximafély 190 feet
along the survey-line, A fw0~dimensiona1 survey would be needed to
provide the information for this particﬁldr‘fieldgl .

The choice of the Big Vallewaenn field gowever, appears té have
been a(more,fortunate one, Here, a,barrier‘reef of approximately 17 mi,

long by 2 wi, wide is located at a depth of apprdéﬁmately 1 mile, The

femperature survey-line Whiéﬁ cuts right across the middle of this

barrier:réef indicétes 2 negative anomaly over the top‘of thé reef where

’ﬁt rises %rom approximately minué’6,300 feet to approximgfelé minus 5,300'

feet, from the surface, This fieid bréduces frpm two formations, fhe

Nisku (D2) zome inlwhich'23\feet of gas and 130 feet of oil %fe found; and ‘
from thé Leduc (D3) zone whére 7 feet of gas and 26ffeet‘ofA§il oceur, -

The ana]ysis; deﬁailé of which are given in. the Appendix, shéﬁs, first of -
qll, that therévis a high degree of cecrrelation between the nearfsufface .
temperaturq and the depth of the Leduc format{én (n3). _Secoﬁdly, this
correlation is betterzthanvcorrelation ﬁetween'the:Surfape teﬁperatures

and any of the‘other’horizons above the oil producing zones, Té'éub—
stantiate the correlation between the nesr-surface témperéture and the

depth of the oil«p?oducing zones further, eétimates for the heat- ‘ )
conductivities of the basement rocks and the oil-bearing formations were

ohtaihed from private oil compahies operating in the field, An estimate

of temperature differentials, based on the law of Fourier, could be made |

for the whole cross-section, It appeared thst the thermal conductivity
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figures found from the temperature survey and the drill log data correspond

very well with the actual "in situ" thermal conductivities of the oil~

bearing formations and the overlving strata, The latter were found {rom

an analyses of veloéity~log eud clectro~log data, following a method

introduced by Zierfuss and van der Viiet (2) and using the relationship

between acoustic velocity and porcsity of limestones given by E, R,

Denton (4),

The results of these analyses, details of which are presented

in the Appendix, lead to the following conclusions,

[2¢)

CONCLUSIONS
. Temperature differences of the order of 1°F, measured at neer-
surface levels can be caused by oil-bearing formetions found at depth
of spproximately 5,000 feet, depending on the contours and thickness
of the cil-besring formation and on its p6rosity,
In the Big Valley-Tenn field the relationship between the observed
negative aromalies in neer-surface temperature and the presence of the

reef can he proved quantitatively from direct observations made in a

- number of wells in that field,

Near~surface temperature surveys can be uéed as an additional
tool in oil“prospecting; firstly, zs an aid in locating structures
which may beApotential oilfields; apd secondly, for delineating the
outlines of proven oilfieldso |

Positive anomalies~produced by anticlinal formations of high
tﬁermal conductivity may, in part, be offset by the precsence of oil

and gas, On the other hand, the negative anomalies produced by reef
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formations will bocoﬁe more pronounced by the présence of oil and
£es, ft would appesr therefore that the thermal survey is aeven
more guited for déteqting reef formations,

9, Neafwsurface discontinuities and lateral variations in the
conductivity of individual formations tend to locally mask the
regional anomzlies of the deep-seated formations, Proper ex~
perimental design, judicious applicatidﬁ of variance analysis and
sufficient geélogiéal control will aid in isolating theéé local

! . ‘ . .
anomalies from the regional anomalies,

REMARKS

| ‘Although'good.expériméntal design ﬁnd analysis of data will
greatly enhance the economic valub of geothermal surveys, geological
information is réquired in order 1o correctly'interppet'the.néapﬁguffggg
temperature patterns, It is felt that, with respect to near-surface’
disconfinuities,'more work should be done to'further gubstankiéte the
value of geofhermal surveying as a prospecting mefhod, Considerable in-
formation has come to hand since the Petronics Paper was written, Data
from velocity-logs and electrologs are more abundant today and'qan‘be
used to advantage for the correct evaludtion.of thermal conductivities of
the basemenf rocks and the oil-bearing formations. 'Muéh 19§s is kﬁqwn
aboﬁt the effects of near-surfece discontinuities such as moisture content
and moying’water, vegetation and.surface ggntours,' Fig;d experience with
the .method so fer would seem to indicate thgt tﬁgviﬁgﬁhermé near @h@
surface tend tq follow the surface contours, According to Kersten (6)
s0il moisture éontent in the range of 0 - iO% may change the thermal con-

ductivity of the soil from 0,000) to 0,0006 BTU/CF, ft, sec, These are
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features to be noted by the field operator, Moving suﬁterranean waters
cause local depressions of the tempersture but these can be detected by
the instabiiity of the temperature reading, Jgkosky (7) gives a number
of reasons for near-surface temperature changes, but the above ones would
appear to be the major causes for local anomalies, As not all of these
are sufficiently known or even understood-it would appear that this

reﬁort should not finish without the following recommendations,

RECOMMENDA TIONS

The influence'of surface topography on heat-flow lines and
isothermal planes are to the writer's knowledge not sufficiently known,
Tests under varying conditions are recommended for analyzinmg the vertical
heat-flow patterns, preferably in an ﬁrea where information on the
geological structure is available,

Very little is known about the thermal conductivity.of the
glacial drift which is of particular interest for Canadian conditions,
Separate tests for evaluating the effect of glaciél drift on the near-
surface temperature are recommended,

The effect of the ground water on the near«sufface temperature
reading may require further investigation, TFinally, it is felt that a
special test is justified to determine the minimum depfh required to

exclude periodic variations for Canadian conditions,
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APPENDIX

Unit Systems

Three different systems are in use for expressing heat flow
coefficients and thermal conductivities in geothermal surveying, The
couversion [actors for these units are given on the following page. Two
other units which are used in soil mechanics and in heat insulation
neasurements are also given,

| In the present studykthe heat flow coefficient (q) is expressed
in Btu, per sq.ft, second, The thermal conductivities (K) are expressed
in Btu, por £1t, sec, degrees TFahrenheit,

The relationship between heat flow coefficient (q), thermal

conductivity (X) and the thermal grédient is, in its simplest form,

Thermal gradient = %, in W/£t,

For o series of geological strata, differing in thermal con-
ductivity (Xi) and thickness (di), the vertical temperature difference

can'be expressed in the formula of Fourier as follows::

L d :
T v Py o= Qs 4 e b “ o

Corrections Petronics Paper

Comparison of thermal conductivity ostimates presented in the

Petrontcs Paper with those found in the literature ghows thet cgs-units and




CONVERSION FACTORS

Heat flow coeffi

cient (q)

....I,'-[...

' i . ; 2 : 2 -
Btu/ft,%sec.  to cal/cm, Zsec, ‘ 0.27125 |l cal/om,%sec,  to Btu/ft. sec. 3, 6866
Btu/ftozsec, to joule/m.zsec, | 11362,7 i joule/mezsec, to Btu/ft, %sec, 0,88007 x 10™%
: 2 ot I 2 ! —4% 2 . a2 ‘ - '
joule/m,“sec,  to cal/cm, “sec, }_0023865 x 10 i cal/cm, “sec, to joule/m, “sec, 431802.4

Thermal conductivity (E)
.ﬁ o] e

Btu/ftosecooFo to cal/cm,secoocg 14,8819 ! cai/cm.sec, C, %o Btu/fi.sec, F, 0,087195
Btu/ft,sec, F, to joule/m, sec, °C, §234,02 joule/m,sec.°C, to Biuw/ft,sec,CF, 1,6041 x 1074
joulé/mosecaoca to cal/cm,sec, O, 23,865 x 1072 c2l/cm,see,C, to joule/m,sec.’C, 419,024

Btu,inch to. . cal 3,4448 % 104 A cal to Bt;,inch 2902,8

£t,“br, °F, cm,sec, %, : ' cm, sec, °C, £t, “nr, °F, -

Bift. 4o cal 4,1338 x 1075 L o EReEE 241,90

£t,%hr, o7, cm,sec, °C, - cm. sec, °C, £, %nr, °F,




practical units are used simvltancously in the lFourdier formula, For
instance, on paée 16 of the letronics Paper, the heat flow coelficient
(q) is expressed in Btu/ft.zsecoiwhile the thermal conductivities are
expressed in cal/cm,sec¢, %, Consequently, the temperature différence
per foot of slip is not .003°F/ft, es stated on page 16 but 0,050°F/ft,
This error does not materially aflect the conclusions of the paper but
changes the results of the 'problems' which are given, by way of exemple,
on pages 16 and 19, On page 16 of the Petronics Peper (4th line from
bottom of pége): "eww a slip of 3 feet -~-" should read: "-~- a slip of

1/2 foot ---", On page 19, the last sentence: "~~~ the difference would

0., , .
amount to 0,5 I, ---" should read: "--- the difference would amount to
0 ) . . . R
4,67, -=~-", This figure can vary widely depending on the thermal con-

ductivities of the strata involved, as is illustrated in the following

table,
TmmmmhweDﬁTmemm,inom per mile, degree slope
T T1 \ 11 o
P — eeme—— S Formula: T - T1 = Xq (EE - RE) tan,1
7 // Ko Temperature difference T - Tq, in °T,
/J?lWWW
/ ot x,
4 ) 1 2 3 4

o | {10ty
5 T.1 3,2 1.2 0,5 0.2
4 6,9 3.0 1.0 0,3 0
3 6,6 2,6 0.7 0 -0,3
2 5,9 2.0 0 -0,7 | ~1,0
1% 5.8 | 1.8 | ~0,7 | -1,3-| 1,6
5 "0 ~1l,0 } =5,9 | «6,6 | =6,9
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Reference is made in the Petronics Paper to gebloéical
information of the thﬁaa oilfields (Salt Creek, Kern~Riv¢f'qnd Ten
Section field) but no geo?ogical details are given, |

For the first two fields contour maps of the 031wprodu01ng
formatlons were available and these heve been sketched in on Tables I
and TI, For the Ten Section field no such detailed control was availabie
to the writef at the time.this report was published and the analysis
which was made of fhis fiéld was therefore left out, The analyses pf-thé
Bakersfield (Salt Creek) and Kern’River Front °urvéys were‘carriéd out as
. ewplained in the Secfion "Analysis of Data", The f0110w1ng is a resume
of the caleulations for the guldance of those interested in Lhe A

Siai]S+[011 1roqtment of the f1e1d dawc

Tests of Sienificeance

The calcglétions on the field data vere made with the foilowing"
ﬁwo quesfioné in mind, ' -
1, = Are the temperatures observéd in the field signifidahtly

diffefent from each other; and, .if 80, |
2, Can the observed differences be qnan11tat1ve1y epralned:.
by the structursl (faulis, slopes) and textural
"(llthology,‘poroslty, permeability) features_of Oilﬁ
bearing formations found at depihs of‘thé qrder'bf
5,000 to 10,000 feet,
The first queutlon was answered by the analys:s of the Bakersfjeld and

I{ern River Front data,
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Bakersfield (Salt Creel, Cymric Avea)

In this area of 1/2 mile square approximately 600 near-surface
temperature observations were made following a grid of 25 by 25 lines,
with a spacing of 110 ft, between stations, Three zones of lower-than-
average temperatureé can be distinguished, as indicated by the broken
straight contours in Table I of this report. Steztistical deta obtained

from the near-surface temperatures are condensed in the table helow,

DATA OF TABLE I

Cold Areas, Nos,
I IX ITT
1
Cold Areas ):
Av, temperature, deg, T, 83,83 84,79 - 86, 83
Number of tewmp. cbservations 45 46 64
Variance of single obs, 1,79 3,61 1.67
. 2)
Remaining Arcas ¢
Av. temperature, deg, T, 88,16 87,98 87,94
Number of observations 528 527 509
Variance of single obs, 3,61 4,006 5,09
t-test:
Difference (d) between av,
temperatures, deg, T, 4,33 3,19 1.11
= standard dev, of dlffereﬂces 0,289 0,308 0,288
degrees of freedom 571 571 571
ratio t = d/s 14,98 10,36 3,85

Minimum t-ratio required to dis-

prove thg)null—hypothesis at the 2,81 2,81 2,81

1% level

1) 1wo locel znomalies, indicated by dotted contours (Table I)
‘appeared to be insignificant,

2

) The remaining area = total area minus the cold area under
consideration,

3) Pro}, I,S, Keeping (University of Alberta) has commented that,
strictly speaking, the t~test applies to independent observa-
tions only, The obsérvations used are not entirely independ-
ent and this may affect the following coneclusions to o degree,
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The results of this analysis afe statistically highly significant,
showing that the observed temperature differences of 4,38°Fa, 3.19°F,

and 1,11°F, are not caused by chance, The contours of the top of the
oil~producing formétion given in Table I show a rather complicated system
of ridge-faults and trough-faults sloping at considerable angles in a
northeasterly direction, There seems to be a rough correspondence
between the locations of the faults and those of the cold areas, but much
more information would be required to substantiate ény conclusion in this
réspect. Tﬁe fact remains that the observed temperature pattern
indicates local subterranean discontinuities, The following exemple
illustrates that faults at great depths can produce anomalies in the
near-surface temperature which can be easily recognised among the

anomalies caused by near~surface discontinuities.

Kern River Front (Table II)

A t-test on the two areas lying on either side of the main
fault shows that the observed difference of 1.30°F. is highly significant
(P<0,1%)., It is very likely that this anomaly is caused by the presence
of the fault-block, The presence of a second, less pronounced fault (in
the northwest corner) could not be proved with enoﬁgh certainty, mainly
because the number of observations at the down-throw. side is too low,
The'advantages of the more flexible method used in this analysis becomes
apparent when comparing Tﬁble IT with Fig, 15 of the Petronics Paper,
where the presence of the tfough~shaped anomaly is masked, as a result of
its northeast-southwest orientation,

Tt is further noted, firstly, that the neor-surface temperatures,
over the ridge-fault, are low; {his indicates that the thermal conduct=-
ivity of the oil-bearing formetion (Chanac) must be lower than that of

the overlying strata,
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Secondly, the top of +the Chanzc slopes in a southwesterly
dircction 2t an angle of 6° to 8°, This is not reflected in the near-
surface temperatures, There is no explanation for this, but the same
can be obhserved in Table I. The fact remains, that the observed anomaly
. is significant, TIm thz case of Kern River Front it is very likely that
this anomaly is caused by a fault occurring in the Chanac formation,

The conclusion which can be drewn from the Bakersfield and Kern River

surveys is that, while individnal observations may vary over a renge of

.100.17‘,,J local anomelies of the order of 1°F, can be detected if sufficient

date are available,

The second question, posed 2t the beginning of this section
(p,16) was whether the observed regional differences in near-surface
temperature can be quentitatively expléined by the presence of buried
structures, The following example presents a case where sufficient data
were available for a quantitative estimate of the near-surface temperatures

based on thermal conductivities of underlying strata,

Big Valley-Fenn Field (Figs, 1, 2)

A series of near-surface temperature observations were taken
in a straight east-west line across the reef, A verfical crossg~section
over this survey-line is presented in Fig, 1. Drilling log data of ten
wells: located nearby on a straight east-west line provided the necessary
geological qontrol needed fbr 2. quantitative check of the observed
relationship between the neaf-surface temperature at six foot débth and
the debth~from~surface, of the Leduc formetion, The field data and

averages used in the calculations are given in Table TII,
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TABLE

ITT

FIELD DATA.BIG VALLEY-FENN

611 . o . Av, T1 Depth, Leduc
Near-surface temp,, C, 9Single observations from surface
No, . On OF = d .
o e 1
1 .
2 | Te3=TedmT,5~T 4T, T=TT~To 6T, T=T45 T.53 | 45,55 5495
3 | 8,2-7,9=T, 87 ,2=T,3-6,9-T,4~7,6~7,6~6,8~7T,0 7,43 | 45,37 5454 .
4 B0 BT 42T 2T 0 2T o B=T , 2=T s 3T o 4T, 2 . Te23 | 45,01 5412
5 | Ted=T.4=T,1=7,4-7,0~7,1 T.231 45,01 5382
6 | Tedl=649=T,5~T,T~T742-6,9-T:3 17.081 44,74 5349
T | Te3=6,T=6,8~7,1-7,0-7.1 ' 7.00] 44.60 15326
8 | 7.0-7,2-6,9~7,0~7,2-7,4~ 7.6~7.6m7.2~7,1 7,22 45,00 5376
9 | T.3-Te3mT 4T g2 ¢ 3T o 8T T=T o4, 1T o 2 7,351 45,23 5444
Average 7,34 { 45,06 5405
10 | 7,6-8,0-7,6-7,8-8,8 These data were not used as Leduc is here re-
placed by the Duvernay formation.

The relationship between the depth of the Leduc formation and

the near~surface temperature is illustrated graphicelly in Fig, 2,

The observations appear to fit a straight.line within narrow

1imits,

ion that was tried (e,g, the Banff formation, 2nd White Specks),

This.correlation appears to be better than any other ¢orrelat-

In

order to prove, quantitatively} that the observed temperature anbmalies

are caused by the reef, it was necessary to find’estiﬁatés of the

thermal conductivities of the strata and to verify’theif lateral

stability,

Lstimstes of Thermal Conductivities

Data on "in situ" thermal conductivity of rock strata are







- Ficure 2.- Bis_ VarLiLey/ FeEnn
Depth of Leduk foimation LEGEND
fronrsurfuce; [im {get ® Observed temp. at ©-fi. depih {av. of
6— 10 obs.). : -
d X Calculated  temperatures.
5,300 11 Standord deviation. $=0.06 °F."
2o ’\e— X
. v RS |
@&—— r—-3<
80 - _
20 )6-—"$°ﬁ'-—“—"‘@ ‘ !
5,400 , i
) - h\_..--._ .=
20 .
\
40 < B —) -
- 80 ol —k\“@\
80 ‘ \ -
5,500 e
? \
20 >
T PN
40 i =
_ Near- sutface femip. °Fi
445 RN 7 8 g 450 A 2 3 4 ass s T




- 25 -

very scarce, but a comprehensive study was recently published (2), and
from it approximate {igures could be derived for the Big Valley-Tenn
field, usingllocal velocity-log data, This was.done as follows,

The thermel conductivity of rock formations is closely related
‘to the porosity and.to the formation resistivity, Comprehensive
quantitative information is given by Zierfuss and ven der Vliet in the
above mentioned publication (2). Porosity deta are known, but sverage
velues for fermetions in nlace were not available to’ the writer, Use
was mede of the relstionship which exists between the porosity and the
acoustic velocity, as is shown lor liwestones and sandstones in Fig, 3
(Denton (4), Wyllie), Interval-velocities of individusl formations, as
well as resistivity data, were made available by courtesy of two major oil
companies and, from these, reliable estimates of the thermal conductivities
could be derived (see Table IV), It appears from these figures that,
while the thermal conductivity rises generelly with increasing depth,
there are two notable exceptions where porous limestones occur, viz,, in
the Wabamun and Leduc formations (bottom Table IV), where a sherp drop
in the thermal conduétivity was found, Where such a formetion is
relativelv thick, the hest flow is deflected, with a‘fesulting negative
anomaly in the nezr-surfsce temperature, It appears from Fig, 1 that the
Wabemun series is relatively flat; the Leduc formation, on the other hand,
shows a drop ol 3° on its east flank and slightly over 1° on the west
flank, In order to study the effects of the various formations, the
cross~séction was [irst regarded as consisting of two majbr sections,

viz,:




BIG VALLEY-FENN DATA (continued)

" TABLE IV

Thickness

" Depth of interval, in ft,

~ Near-surface temp, OF,

Well ] e Thermal .
No, in f1. s - A s conduct, | Calcu- Ob-~ o
(Fi ) e 4 Lea | Blair-| IX- {yanamun | Nisku | Ireton <« 10.000 | lated |served Difference
ig.1 0 1 {| Park| more | shaw { . .y (1) o (2) = Tq calc, -obs,
1 © 120 6333 2535 1855 705 615 173 450 3,42 {45,58) (3) -
2 764 5485 108 1942 673 525 (108} (141) 3,44 45,70 45,55 0,156
.3 794 5454 4 20987 1930 660 465 (178) (125) 3,45 - 45,23 45,37 | -0,14
4 826 - 54312 2083 1826 747 sS4 (122) (110) 3,44 45,23 45,01 0,22
.5 862 5382 || 2084 | 1801 - 540 583 {103) ( 91) 3,41 44,97 45,01 { -0,04 -
6 892 5349 §§ 21227 1855 | 632 572 ( 91 (77) 3,40 . 44,89 44,74 0,15
T 922 5326 2099 1954 | . 655 o544 110 - 64 3,41 44,68 44,60 0,08
8 877 5376 §f 2082} 1874 670 551 113 a8 3,42 44,80 45,00 | -0,20
9 812 5444 20921 1875 695 537 (113) (132) 3,43 45,08 45,23 -0,17
10 423 5885 § 2245} 1730 680 643 178 404 - 3.41 {45,73) | (46,33)] (4)
Averzge | 729 | 5547 | 2155| 1864 | 676| 554 14 3,42 |._45,07 | 45,09 [ 0,115°F,
Stenderd ' :
Gevintion]| 475 145 6| s4f = 56 | 170 0.018 - - n.16°F,
Therﬁal 2.2 =1{3,4 = - n . ) ‘ :
cenduct, | 19 Ko |.10°Kq 3,2 3,9 5.0 2,2 3.0 4,3 - - - -
x 10,000 : - '
Notes: (1) Figures in brackets were found by.linear interpolation,

(2) Calculated temperatures are based on a temperature at the reference level (minus 3,500 ft,

base sea level) of 127,30°F, .
(3) 1In station (1) no temperature was observed,
(4) 1In station {10) the Leduc¢ is replaced by Duvernay,

ve -




(a) the Leduc and lover strata, thickness d,, overlying
a relerence level wherce the temperaturc is supposed
to be counstants
(b) the strafa overlying the Ledus formation, thickness dg,
(see skatch),
The thermal conductivities of the Leduc zone and of six individual groups

of formstions constituting the

cverburden (sce Tahle IV) were Tq o
fdund independently from porosity
and velocity deta nrovided by the
0l companics, These thermal

conductivities esre expressed in

Btu, per ft, degree F, sec, The

minus 3,500 £, base sea

temperatures sre expressed in OF,
and the heat flow coefficient
q=4,27 x 107% is expressed in Btu, per sq, ft, sec,

It eppears, from Table IV, that the calculated near-surface
temperatures correspond within narrew limits, with the near-surface
temperatures observed in the [ield (see also Fig, 3), .It may be concluded,
therefore, that the vegative anomaly over the reef could be caused by the
presence of the reef and not by an accidental configuration of strata,

The question that remeins. to be snswered is, whether the favorable result
for Big Valley has eny general meaning, The‘answer lies in an analysis

of the sources of near-surface tempereture varistions based on obser-

vations, A quantitative evalustion of these varistions is presented in
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the following section,

Quantitative Analvsis of near-surface Temperature Patterns

Three t&pes of variations can be distinguished, which wili
affect the neer-surface temperature, Estimates of the quantitative
effect of each of these types are valﬁable in deciding whether or nof the
near—éurface temperature’ surveys wi]l have any pradticalvvalue iﬁvthe
search for oil,

1. - The first tvpe of veriations are the local variations in
thickness of individual formations, The term 'locel' will define
' i
a spacing between points of the oyder of one miié or less,

For the Big Valley-Fenn field, the variations in formation
thickness are shown in Table Iv; and ffom it the total thermal
conductivity of the strata overlying the reference level was”
calculatéd, assuming constant thermal conductivity for each
individual formation, The estimates, ranging from 3,40 x 10“4 to
'3.45 X 1me4 Btu, per ft. sec, an therefore;lrefleqt solely the |
elTect of variation in formetion thickness, .

The standard deviatioﬁ‘derived from this:range is (Table IV):

_ s£_= 0,018 x 10"4, Using Fourier's formula, it is found thét:

The combined effect of locel variations in thickﬁess of individual

rock formrtions on the nesr-surface tempcrature is of the order of

0,6°F,

P ———)

2, The second type of variability contributing'to‘the near-

ok v -
surface temperature pattern is the local variability of thermel
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conductivity in each individual rock formation, In contrast to
the variation from one formetion to the next, this will be termed
the lateral variability of the thermal conductivity (K), Direct
observations are presently not available; The only field data at
hand are the interval velocities, Irom these, and from the known
relationshib between acoustic velocity and thermal conductivity,
an estimete of the lateral variability of (K) was found, A
resume of this calculation is given in the Addendum, The estimate
is based on one series of 10 velocity-logs in the Big Valley-Fenn
field and a series of 8 vélocity—logs from an area in the North
Pembina field,

The lateral standard deviation in (¥), for a single formation,
anpeers to be sg = 0,6 x 10"4 Btu, per ft, sec, OF. This is a very
high figure, The composite effect of all formations on the near-
surface temperature however, depends on their number, TFor Big

Valley-Fenn, where approximately 25 different formations cover the

reference level, the standard deviation averages out to

-4 o
sy = 0,12 x 10  Btu,/ft, sec, F,

Conclusion: the combined effect of laterél variationé in

thermal conductivity of individuél formations produce local

variations in the near-surface temperature. of the order of 3°F,

.These varialions are 6hief1y responsible for the 'patchiness' of

the temperature pattern at the near-gsurface,

The third category of variations is of a regional character,

These variations are pronounced in area rather than in temperature,
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It is perheps for this reason thet these regional snomzlies have
not been regarded ss important amongst the more violent, locél
veriations, |

Regional veriations occur es a result of oﬁe overriding
factor which preduces a usually 1ow; but consistent, anomaly
superimposed on the local variations, It stems‘frém a single
oocurrence‘rather then from the random interplay of a large
number. of common occurrences. such as the ones mentioned above,
The regional variation is commonly localised in one formation
where a geological 'accidenf’ happened (such as faulting and
folding); or where exceptionally fa?orable conditions for the
development of a deposit océurredlduring a relatively short time
(2s in the Fformative period of coral reéfs). |

Regional variztions in thermai conductivity can generally
be‘detected only from z relatively large number of obseryations
(in the order éf 100 or more), as illustrated ip thé“Bakérsf{eld'
and Kern River Frout surveys,

Tn the case of Big Velley, the Leduc formation rises 159 ft,
over a distance of 6,600 féet'across the reef, ‘The temperature

, . , |
drops 0,95 F, (between stations 2 and 7), Trom geological data. .

a

it was possible to prove the relationship between the two, A
grid survey of the type used in the other survey would bring out
this anomaly over pfactically the whole lengfh of thig reef which
meagures 17 miles, The observed temperature anomdly may be

relatively small, It is the regional extent of the témperature




anomalyv which sets it apsrt from the other temperature anomelies,

In sddition, for reef structures, the temperature anomaly hecomes

more pronounced in the - presence of oil and, especially, gas,

Addendum

For the calculation of the lateral variability of (K), the

following course was chosen,

(a)

(b)

Divide velocity-logs in a number of stratigraphically
identical sub-sections, Determine variances 6f interval
velocities for each sub-section, The standard deviation
appears to.be 3% to 5% of the velocity, or 400 ft,/sec, for
an average velocity of 10,000 ft,/sec.

Find the experimental formula Tor the relationship

 between acoustic velocity (V) end porosity (P), from Fig, 8,

Scatter is caused by lithology (L). Therefore,

P = 2 ~bV + £(L) = = o o ¢ = === e mm -

Similarly, find the relationship between porosity (P) and
thermal conductivity (K) from ref, (8); see Fig, 4,
Considerable scatter caused by permeability (R) (convect-

ion in large pores increasing thermal conductivity), etc,

K = ¢cmdP #+ f(R) == - cmomommo e m =
Trom (1) and (2), eliminate (P), find (¥) and differ-

entiate,

2 2.2 .2

SK=dbSv+d232L+SZR ----- . m

Estimates for constants (d,b) and for variances




are Tound from sameé graphs which leads to,
2 -8 -8 -8
s = 0,09 x 10 + 0,05 x 10 +'0,25 x 10
Scatter produced by permeability sppears to be largest -
contributor to variance, This variance is possibly inflated

because TIig, 4 is based on data obtained from strata in

different parts of the world,

-4 : '
s = 0,6 %107 Btu,/ft, sec, °F,

Dr, G, Garlend (University of Alberta) expressed the same
view by commenting thet this variance was perhaps overweighed by the

occurrence of exireme velues in the observations used,

Edmonton, Alberta
April 27, 1957,
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