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Abstract o

' o . &

: , \
The heat flows and temperatures ét'the base of tne sedimepnts

.

L 4 N . ' .
are calculated at twenty-four well locatidns in Alberta. The

average of the heat fl&ws calculated is 71:mW/mf, with a

~

Standérd deviation of 12 ﬁw/m’. The'averége uncertainty 1n
the twenty-four heat flow ealculations 1s 18 m&/m’, and the
avefaée uncertainty in ‘the temperaturee at'the base of the
sediments is 11 °C;_ ) : /~‘

The Eﬁenty—four wells are chosen in a region of Alberta

\ ,
where 1t 1s reasonable to assume that vertical groundwater

motzod‘?ﬁ~negllglble. In this region the heat flows are
interpreted to be the heat flows at’ the surface of the
PreCambrian basement. No deflnlte relatlonshlp is found

between heat flow and heat genera*1on at the surface of the

Precambrian basement. - T
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! CHAPTER 1

, | Introduction
e L | .
It is well known that temperature increases from the
- surface of the earth toward its center. A conseQUence'of
‘this temperafure gradient4is'an outward flow of heat th;ougn
the surface of the earth. Thisbgeotnermal heat' flow is a
basic property of the'earth and is related tosprocesses

within the earth, such as radioactive .decay and convection.

In the crust of the earfh groundwater motion influences the

~

surface heat flow This" study is concerned w1th the flow of -

h S

“heat through the crust of the earth in Alberta which

o

consists, of about 35 to 40 Km of crystall ne basement rock,
and O to;6 Km of overlying sedlments. The ‘steady state heat
£1ow dens;tles at twenty—fcﬁ} well locations in Alberta are
vcalculated, as well as the temperatures at\the“caSe of the
~sediments at these we;l‘locations.blﬁ 3ddition,'the
contribution of heat_generation in the sediments -to surfece
" heat fiow'iS‘eStimated at the well locatidns; and a
rélationShip'is’sought betweencheat flcw through the

'Sedlments and heat generatlon at the surface of the

crystalllne basement in the AQ=0 region of Alberta. ™



Geothermal Heat Flow: Basic Formulae

*
» .

The'basic equations of geothermal heat ‘flow are found
‘ “
in Lachenbruch and Sass (1977). The vertical component of

heat flow through a rock is definé€d by 
3T : (1.1)

where k is the thermal cOnductivity\of the rock, and 2T/9dz
y N ‘

is the temperature gradient. The quantity g 1s ‘actually hEat‘
flow density, but it will be referred tp throughoqtbas
simply heat flow. In equétion (1.1), 2z 1s taken as positive
downdard,uso that a positive heat flow is an upwérd'heat
flow. If the heat flow is constant in each layer-of a
”éedimentary sequence and the-average gradient for the c6lumn
is known, then the héat flow in terms of the average

gradieﬁt <VT> is

) bz
S |
eff /AZ. .3)
T 1
L k.j
Ay
where 1 :epte%ents:the depth intervals.
The genéral one-dimensional heat flow equat 1s
é.g_z —_ '_ ~ 1 -l ?_T_ aT P (i.4)
3z A - olclugg + pezp Lo

where A is the heat generation in the rock due to



-

\

~radioactive decay, p'c' 1s the. volumetrlc heat capacity of
the flu1d in the rock, ;v JS the upward volume flux of flu1d
and pc is the volumetrlc heat capaczty of-the SOlld rock
\\:he first term on the right represents the increase in heat
"low toward the surface due to heat deneration in' the rockl
The second term {epresents the changevin heat flowbwith
depth due to fluid motion in the rock. If the fluid motion
is upward, heat flow will increase toward the surface, and
if the fluidfmotioo is downward, heat flow will decrease
toward theﬂsurface. The lastJtErm in equation (1.4)
reoresenté the change in heat flow with depth due to a
non-steady—state conditloo. A steady-state condition is
assumed here, so that the last term ln‘equation (1.4) is

zero,.

S

Heat 'Flow from the Crystalline Basement

In this study the'geothermal heat flow is calculated
from temperature data taken from theqsediments. If the heat
flow 1is assumed to be constant ‘rom the surface to. the base
of the sediments, then the heat flow values calculated here
represent the heat flux through the surface of the
crystalline basement.

| The,sedimentary‘rock in Alberta’may be separated into
two'maindsectionsr‘The top section consists of the Cenozolc
and Mesoaoic strata, and the bottom section consists of the

-Paleozoic strata. The boundary betweeh the two intervals is

~known as the Paleozoic erosional surface. Majorowicz et al,



‘(1985a,b)'célculated the heat flow above and below the
Paleozoic erosional surface throughout the Alberta Basin.

The differences

AQi = Qi(top) - Qi(bot..) . (1.5)

= v B

were also &alculated; where the index i=1,...,379 =
corresponds to the 3 X 3 township-range area for which AQ
was calculated;-The resulting AQ map. is reproduced in Figure
BRI

From the hapj it is seen that.ghé Q vaiues lncrease
regionally from about -40 mW/m?® in thé :luthwest part of
Alberta to foughly 60 mw/m2 in the north central part Bf the
province. This regional ﬁariation was explained in terms of
the effect of groundwatea motion, and the model is shown in
Figure 1.2. The foothillg area of Alberta is a regional
recﬁarge area,.with‘a downward component of groundwater
motion. Nortﬁ central Alberta, on the other hand, is a
 regional Qischarge area, with an: upward component of

» o

grQundwéter motion. The inte;medﬁgte area 1s a region of
lateral flow. Tﬁe effect of groundwater motion will be
diséussed iA more detail in Chapter 4. This regional
groundwater motion is a possible expianation for the
regional AQ variation shown in Figqure 1.1.

Majorowicz et al. (1985b) estimated the uncertainty in .
their AQ‘véLueS to be'abouL 20 mW/m?. Hence, the unshaded
vfegion in Fiéﬁfe 1.1.be£ween;the -20 mW/m? and éOAmw/m’

contours will be called the '4Q=0' region. For this study,



“Flgure 1.1: Heat flow above the Paleoczoic erosional surface
minus heat flow below the Paleozoic erosional surface (from
Majozowi;z et al., '1985b). )
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Figure 1.2: Groundwater motion in the Alberta basin and its
effect on temperature and heat flow as a function of depth

(from Majorowicz et al, 1985b)., The hydrodynamic model is
from Hitchon (1982). .
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,t&enty—f‘*w locations distributed throughout the AQ=0 region
were selected for detailed heat flow calculations. These
locations are shown in:'Fiqure 1.3. The chations of the
wells in ‘the township-kange—me:idian'sySt%m'are given 1n
Appendix I. At each of these locations, ; net rock analysis

was available for the whole section from the earth's surface

'to the base of the sediments.

' - .
On the basis of the work of Majorowicz et al. (1985b),
it will be assumed that "o o in the AQ=0C region. In
other words, each of the terms in eqguation (1.4) are assumed

to be zero within the sediments. Under this assumption, the
heat flow results will represent ﬁhe heat flux at the
surface of the érecambrian,basement. This is important
because a relationship will be sought betweén heat flow ‘and
heat gengration at the surface of the Precambrian basement.
Also, for some locations where the temperature data are only
available down to some intermediate depth, 1t Qill be
assumed that heat flow 1s constant from tﬁe surface tc the
base of‘fhe/sediments when the temperature at the base of
the sediments is calculated. Outside the AQ%O region, this
latter calculation could not be done without taking into
accour the groundwater motion.

To calculate AQ values for the Alberta basin,
Majorowicz et al. (1985a) estimated effective thermal
conductivities above and below the Paleozoic erosional
surface at eighty equally spaced net rock analysis well

locations. The results were then contoured to enable



Figure 1.3: Well locations of the twenty four net rock
analysls wells. The areas labelled I, II, and III were

selected for regional temperature gradient corrections (s
Chapter 3).
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o

interpolation between the data points. The same net rock
analysis data are used in this study for the wells in the
Q=0 region.

The objective of this study is to calculate, as
accuratgly as possible with_the temperature and thermal
conductivity data available, the heat flows and temperatures
at the base of the sediments at the twenty-four well
locations in the AQ=0 reglion, This thesis uses the same
temperaturé data that were available to Majorowicz et al.
(1985a,b).’However, different thermal conductivities are
assigned to the sedimentary rock types and a proper .
uncertainty analysis is given. Another difference is that a
temperature dependence function is assumed’for the thermal
conductivities of some rock types; Finally, the heat
generation at the surface of the Precambrian basement is
calculated for 182 samples from'weste;n Canada, and a
relationship is sought between heat flow through the
sediments aﬁd heat generation at the'sufface of the

Precambrian basement in the AQ=0 region,



CHAPTER 2

Thermal Conductivity of Sedimentary Rocks in Alberta.

Introduction

Thermal conductivity was not measured as a function of
depth for the‘twenty*four well locations of this study.
However, the rock type seguences were known ‘rom the surface
to the base of the sediments for each well location.
Therefore, it.was necessary to calculate the effective
conductivi;y Sf the sediments on the basis of rock types.

The'coméggition of the sedimentary strata is known in
terms of tﬁfhteen basic rock types. The total number of
kilomete%% o? each rock type for all twenty four wells is

. T P N
shown 1n the bar graph of Figqure 2.1. From the graph, shale
1s by far the most abundant sedimentary rock, accounting for
45% of the total number of kilometers of rock. It is also
noteworthy that shale, limestone, sandstone, dolomite, and
siltstone account for 91% of the toﬁal ﬁumber‘of kilometers
of’rock. The remaining rock types, nambly anhydrite,
marlstone, chert, coal, conglomerate, salt, glacial till,
and skipped intérvalé account for less than 10% of the total

volume of rock. Skipped intervals are intervals in the net’

N v
rock analyses that have not been assigned rock types.



el

Figure 2.!: Number of kilometers of the thirteen sedimen:ary
rock types for all twenty-four wells.
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Net Rock Analysis Data File

’ , /

A net rock analy51s of the sedlmentary sequence for
each of the twenty- four wells was done under contract from
Energy, Mines and Resources Ottawa by Sproule Assoc1ates
'Ltd of Calgary in 1981 and the results were prov1ded for
use in this work by the Earth Physics Branch, EMR/ The data
Vflle gives the compositions of consecutive depth 1ntervals
for each of the wells, and the number of depth intervals‘for
‘a given well is roughly twenty~-five., The thicfneSSes of the
depth intervalsuare highly variable, and range from tens of
meters‘tb hundreds of meters. | |

" Factors Affecting the Thermal

Conductivity of Sedimentary Rocks

*

@ T -

There are many factors which.affect the thermal
conductivities of sedimentary rocks, .such as rock type,
- porosity, temperature, and pressure. Measured values also

.depend on the sample locationwand direction in which the

4

thermal conductivity measurement is made.

A brief discussion of the pressure dependence of the
thermal conductivityfof‘rocks can be found in Kappelmeyer
. . I

‘and Haenel (1974). The eftect’of pressure on the thermal
conductivity of rocks is generally smail, and for this work
is assumed to be negiigible for all types of, rocks. |

| Howe&er temperature depené%nce of thermal conduct1v1ty
is taken into account in this study In general, the thermal

conduct1v1ty of a rock decreases with increasing
. o ) 5 W
SRS



- temperature. Various temperature functions\héve*beenrused Lo

describe the thermal conductivityfof éedimentéryffddk'prés.
Moss and Haseman (1981) investigated the'therma1 f‘
conductivity of polyhalite and anhydrite as a function of
temperatﬁre..Other studies were conductéd by>Skvarla giugl;
(19815, ahd Birch and Clark (}940); In theip study of heat .wﬁ
flow in the Uinté Basin of northeastern Utah, Chapman et al.
f1984) aséuméd that the solid rock conductkvity was
invefsely proportional to the absolute temperature of thé
rock. an inverse temperature dependence of thermal
.COnduEtivity 1s also assumed i; ghis study (formula 2.7).

| Porosity is also am important consideration in ﬁhé
thermal cénductivity of a rock (Ch%fman et-al.,1984). The

thermal conductivity kp of a saturated porous r5é$ can be
AN

expressed as

(2.1)

‘wheré&q?is the porosity, k“,is the thermal conductivity of
the fluid which is assumed to be whter, and kg is the
thermal conducti?ity of the solid rock.,

FinS?ﬂy, it must be mentioned that'sedimentarx_rocks
are‘anisotropic}-The thermal conductiQﬁty measufed in the
lateral directibn is generally differént frbm'tpe thermal’
conductivity measured in the vertical direction. This is not

'surprising if one remembers how sedimentary rocks are

formed. The anisotropy in thermal conductivity of a rock is

defined by S | ‘
_ A= ¢ R | (2.2)



where k" is the thermal conductivity parallel to the bedding

plane, and k; is the conductivity perpendicular to the

bedding plane.

Experimental Results from Alberta:
Limestone, Dolomite, Shale, Siltstone,
and Sandstone

- The experimental defermination of the thermal
éonductivity of rocks is not the subject of tHis~study.
However;‘the results of measurements made at the geothermal
laboratory of the Departmenf‘of Physics, University of
:Alberta, are analysed to estimate the thermal conductivities
of limestone, dolomite, shale, sandstone, énd siltstone. The
méasurements were méde.under-contract from Energy, Mines and

Resources, Ottawa.

The samples for these measurements were discs 38 mm in
diameter and about one centimeter in ﬁHi;kness. They were
from core plugs cut laterally across core sections obtaineé
from the wells for petroleum exploration purposés{ The water
saturated samples were measured in a divided—ﬁar apparatus
at room temperature and under a confining pressure
sufficient to maintain gdoa thermal contact. Some of these ¥

. . r~
thermal conductivity results were reported by Jones et al.
(1985). The samples originate from 84 Qells in the province
of Alberta, and the iocations’of these wells are shown in
Figure 2.2. Figure 2.3 shows tHermal coaductivity histograms

for the five rock types, and gives the mean conductivities

and standard deviations from the means. The corresponding



porosity histograms are shown in Figure 2.4.

‘A simple calculation shows that variétions in porosity
aloné are not enoﬁgh to explain the spread in the thermal
conductivity values. For instance, consider limestone which
has a measured lateral conductivity equal to 3.22 % 1;16
W/m°K and a mean porosity of 3.22° %. The thermal
conductivity of water at 22°C is 0.599 W/m°K. Substituting
into eQuation 2.1 gives the so0lid conductivity of limestone
in the lateral direction equal to 3.40 W/m°K. A decrease in
the lateral thermal conductivity of ;imestone gy éne
standard devration,. from 3.22 to 2.05 W/m°K corresponds to
an increase in porosity from 3% to 29%. But Figure 2.4 shows
that there are no samples of limestone with a porosity of
29%. Consequently, the spread in the lateral thermal
conductivity values must be due to othér factors besides
porosity variations, such as vari:ztions in chemical |
“compdsition. .

The thermal conductlvities < ven in Figure 2.3 are
lategal.tﬁermal conductivity values and ére not uséd'in the
heat flow calculations unless the rock is isotropié. This is
the case for siltstone. Table 2.1 lists the anisofropy
,facﬁors used for the five éock typeé as well as the vertical
conductivities calculated with these anisotropy factors. The
anisotropy factors given 1in Table 2.H are based on Tablé 6.6

of Kappelmeyer and Haenel (1974).



Fligure 2.2: Locations of the wells from which measurements
of thermal conductivities were made.,
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Figure 2.3: Lateral thermal conductivity histograms for
limestone, dolomite, shale, sandstone, and siltstone.
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Figure 2.4: Porosity histograms corresponding to the thermai
conduct:vity histograms in fiqure 2.3
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Table 2.!': Anisotropy and Vertical Conductivity of
Limestone, Dolom:ite, Shale, Sandstone, and Siltstone

k(par.) / kiperp.)

Rock Type (W m°K) Anlsotropy (W m°K)
Limestone 3.2 £ 1.2 1.33 2.42 » (.88
Dolomite 3.2 ¢+ 1.4 1.02 3.0+ 1.4
Shale 2.7 + 0.83 1,96 .38 + 0.42
Sandstone 3.4 + 1.4 1,12 3.0+ 1.3
Siltstone 3.2 £ 1.3 1.00 3.2 2 1.3
According to Table 2.1, shale is the MOST anisotropic rock

type, with an anisotropy of 1.96. The vertical thermal

conductivity of shale, equal to 1.38

t+

0.42 W'm"K, is in
agreement with the value of 1.05 to 1.25 W.m°K reported by
Blackwel} et al. (1981) for the thermal conductivity of
shaie.in midcontinental regions of North America.

Temperature Dependence: The Thermal
Conductivity of Shale

In order to determine the thermal conductivity of

-

water-saturated shale as a function of temperature, it 1is

necessary to know the thermal conductivity of water as a

function of temperature. The following functions were used:

oy
&0

$.563 + 0.00166T 0-T<50°C (2.3)

o
I

0.417 + 0.0575 :nT 50-’I‘<10‘O°C (2.4)

These functions are best fit curves to the data given 1in

Table 6.8.2 of Kappelmeyer and Haenel (1974).



Figure 2.0 shows three thermal conductivity curves for
shale. The three functions are

295

k (1) - LkSLzJ)J <,“_,,H> (2.9)

S

o . C295 4 .
k(1) = [k[,<2.2>]\ ) (2. 7)

‘ )~
27

where T is the temperature in degrees Celsius. Each forﬁula
‘
assumes that the thermal :onduc:iviﬁf k of water-saturated
shale with porosity 4.5%.is 1.38 ¥ 0.42 W/m°K at 22°C (Table
2.1). Curve 2.5 represents the solid rock conductivity as a
function of temperature. k,(22) is the solid conductivity at
22°C, calculated from equation 2.1 to be 1.43 W:/m°K. Curve
2.6 inrﬁjgure 2.5 1s the thermal conductivity of water
saturated porous shale. The egpression for ¢(T) was obtained
by calculating the best fit exponential decay for all of the
porosity measurements cbnsiaered as a function of depth. In
total there were 1588 porosity measurements for rocks from
various depths. The porosity-depth function and the data are
shown in Figure 2.6. Porosity as a function of temperature
-was then calculated assumihg é temperature gradient of
30°C/Km. Curve 2.7 in Figure 2.5 is a simplified version of

curve 2.6. It exhibits an inverse temperature dependence of

the thermal conductivity of the water-saturated porous rock.



Figure 2.5: Three thermal
The mathematical formulae
the text. Formula°(2.7)

conductivity functions for shale.
for the three curves are given in

1s the temperature dependence

function used in this study for some sedimentary rock types
(see table 2.2)
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l Figure 2.6: a) The 1588 porosity-depth measurements. b) The
best fit exponential decay function for the data in a).
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Figure 2.5 shows that over a temperature range of'
110°C, corresponding to a depth‘of about four kilometers,
the thermal conduétivity of shale decreases by about one
errépﬁbar. Although the majority of the heat flow
calculations are for wells less than 2.5 Km deep, a number
lie in the range 3.0-4.0 Km, so the temperature dépgndence
of thermal conauctivity is considered hefe. Consiaering the
large uncertainty in the thermal condué@@vity,ﬂthefé 1s
effectively no diffe}énce between fofmula 2.6 and formula
2.7 for expressing the temperature dependence. Formula 2,7 
fs used in this study because it is simpler and in some
cases only the thermal conductivity of a rock type is known,
while the‘corresponding porosity is not known. All of the 13
sééimentary rpck types are,assuﬁed to have a temperature
dependence of the form (2.7) except chert, coal, and glacial
ti1ll, thch are assumed to have a constant thermal
conductivity over the temperature range pertinent to this

study. , ‘ L

Thermal Conductivities of Remaining Rock

Types

For the cases where experimental thermal conductivity
data from Alberta samples were not available, published data
" were used to estimafe the thermal conductivities of rock
types. The uncertéintieé in the thermal conductivities of
the remaining rock types are reasonable estimates by the

author.



Anhydrite and Marlstone.»Publ}éhed values for the
thermal conductivities of anhydrité and maristone at 50°C
are given in Table 6.3.3 of Kappelmeyer and Haenel (1974),
The temperature dependence formula 2.7 gives thermal"
conductivities at 22°C to be 5.8 + 1.1 W/m°K for anhydrite
and 3.0 + 1.1 W/m°K for marlstone.

This value of the thermal conductivity of anhydrite is
In agreement with the value of 4.8 * (.2 W/m°K calculated
from a formula due to.MosS.and Hasemar (1981), who studied
the temperature dependence of anhydrite for a nuclear waste

repository site near Carlsbad, New Mexico.

ng£ Salt. The estimate for the thermal conductivity of

rock salt given here is baéed on the work of alm and
Béc&;trbm (1975). From their work, the thérmallconductivity
of NaCl at 25°C and one atmos&hére pressure is 6.0 W/m°K. On
this basis the thermal conductivity of rock salt was
estimated to be B.Q + 1.0 W/m°K. This is the solid rock
conductivity, '

| To arrive at a value for the thermal conductivity of
porbﬁs'rock salt, the porosity-depth curve of Figure 2.6b
was 1ntegrated between 0 and 4 Km to give a mean porosity of
3.1%. Substltutlng this porosity into equatlon ‘2.1, the

thermal conductivity of porous rock salt was calculated to

be 5.7 # 1.0 W/m°K at 22°C.



‘Chert, The rock type.§5ert consists mostly of silica.
Skvarla gghgi; (1981) inve;tigated the temperature
dependence oﬁ the thermal conductivity of silica. According
to their results, the thé:mal conductivity of silica at 22°C
1s 1.4 W/m°K., Also, the thermal condué:ivity of silica is
nearly constant over the\temperature range 0-120°C. As in
the case of rock sal;, the thermal CSBductivipy of porous
chert Q@S calculated assuming a porosity of 3.1%. The resul®
1s 1.4 + 0.5 W/m°K for the thermal conductivity of porous

chert,

Coal. The thermal conductivity of coal is taken to be

0.2 £ 0.2 W/m°K. This estimate is based on the work of Tye

o

£ als (¢981)-whq examined the thermal conductivity of

Pfttsburgh:%eam coal over the temperature rghge 0-900°C. Of
coqrse, their measurements are more precise than the
‘ uncertainty here suggests; but this is an estimate of the
thermal conauctivity of- any coal sample found in Alberta.

. L

The thermal conductivity of coal will also be taken‘as~ab

constant over the temperature range Q-120°C.

Glacial Till. The thermal conductivity of glacial till
1s taken to be Fo5-2 0.5 W/m°K (Andersland and Anderson
1978, pp.114-120). It is assumed that’the glacial till is
" not frozen.vThe thermal conductivity of glacial till is

assumed to be a constant with temperature variation.



- Conglomerate. The thermal conductivity of conglomerate

pocsed a problem because its cambosition 1s highly variable.
It was decided that the thermal conductivity of conglomerate
would be estimated by calculating the arithmetic mean 5f all
the conductivities, exéluding the skipped interval, The
result for the thermal Eonductivity of conglomerate at 22°C

*

is 3.2 ¢ 1.8 W/m°K. The uncertainty here is estimated from

the spread in thermal conductivity values of conglomerate

given in Figure 1 of Kappelmever (1979). In any cpise, the
4
. . ‘ B . \Y
" thermal conductivity of conglomerate 1is not 1mpof ant

because it only constitutes 0.08% of the total number of -

kilometers c¢f rock for all the wells.
E |

Skipped Interval. The thermal conductivity of a skipped

’

interval was taken to be the weighted average .of the

conductivities of all the  rock types. The result is 2.3 =z

2.0 W/m°K.

Summary of Thermal Conductivity Results

Table 2.2 gives the thermal conductivity results of

this chapter.
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Effective Conductivity of Sediments

As mentioned in Chapter 1, the effective conductivity

of a stratagraphic sequence is defined by:

i

N

1

S SN : !
¢ i \ (1. 4)
. K

1 1
where k, 1s the thermal conductivity of the layer of
thickness Az,. In this'study, the sediments are treated as
effectively one layer, or two.layers if there is a'split .
depth (see Chapter 3). For a given sedimentary layer, keff
was calculated according to formula (1.3), with Az, taken as
one depth interval in the net rock analysis for the well,
and k, taken as the thermal conductivity of the depth
interval. Temperature dependence was taken into account in
the effective conductivity calculation in accordance with
the results of Table 2.2. The .average conductivity for a
given depth interval was calculated at the temperature of
the midpoint of the interval, assuming a temperature
gradient of 30 °C/Km and a mean surface temperature of zero

degrees Celsius.

Uncertainty in Effective

Conductivity’

Formula (1.3) could not be used to calculate the
uncertainty in the effective conductivity of a layer because
the thermal COnauctiQYEies ofmthehdepth intervals Az, are

not independent; they are all weighted averages of the



thermal conductivities of the thirteen basic rock types. The |
tollowing formula was used to calculate the uncertainty in '

the effective conductivity of a sedimentary layer:

This is the same as formula (1.3), except the symbols have
different meanings. In formula 2.8, az,, is‘the total
thickness of rock type i in the layer, and k,, is the
thermal conductivity of rock type 1 at 22 °C. The number of
terms in the sums in forﬁula (2.8) is now fixed and equal to
thirteen; and the thermal conductivities appearing in the
formula are all indepeqdent. Taking the thermal conductivity
of rock type i to be k,, * &§,, (see Table 2.2), a standard
error analysis cf formula (2.8) gives the following
expression for the uncertainty in the effecrive conductivity

of a layer:

Table 2.3 below gives the effective thermal conductivities
of the top and bottom layers of each well. In some cases the
effective thermal conductivity of the bottom layer is not
given because there is no split depth. Note that the

uncertainties in the effective conductivities are very



e

nearly the same for al] layers, and equal te 0.4 W m°K,



Table 2.4: Sedimentary Thicknesses and Effect ve
Conductivities of Sedimentary Layers

Sedimentary Split

well Thickness Depth keff (W m°K) keff (W m°K)
Index (Km) (Km) Top Layer Bottom Laver
‘ 2.5381 1.7 .80 = 0.39 2.36 + 0.42
2 1,662 0.58 1.74 + 0.44 2.58 + 0.39
3 1.8209 0.04 .81 + 0,37 12,30 + 0.4
4 2.4058 1.24 .96 + (.38 2.05 + 0.39
5 2.8990 1.86 2.04 =+ (.38 .91 = 0.4
b 2.6228 .18 .81 = (0,39 1.893 = 0.40
" 1.8980 0.69 1.85 + 0.40 2,72 = 0,4"
8 11,7020 0.64 .70 = (0,38 2.99 + C.4
9 2.0656 0.80 t.84 + (0,39 2.34 + (.44
e 2.72829 .81 =z 0,37

o 2.0962 1.90 = 0.37

i2 3.2309 1.70 1.80 = 0,39 2.'9 = (0.42
13 3.8262 1.92 + 0,38

P4 3.6314 2.01 = 0.38

'5 2.7968 1.96 + 0,37

16 1.9885 2.00 + 0.39

17 1.7608 0.64 1.89 + 0.37 2.70 = 0.45
'8 2.16'0 1.08 2.18 = 0.40 2.20 = 0.42
'3 2.4140 2.17 = 0.37

20 3.0687 .33 1.87 = 0.40 1.84 =+ 0.4°
2" 2.6408 0.60 1.73 £ 0.4 2.6 =z C.40
22 2.275¢9 0.60 1.65 = 0.4 2.03 = C.4"
23 1.8885 0.56 - 1.94 + 0.36 2.22 = 0.42
24 1.8870 2.09 + 0.38



CHAPTER 3

Temperature Gradients

As stated In the introduction, in order -c calcu.ate
the vertical heat flow in a sedimentary s:iratza the average
temperature gradient and the effective conducrivisy musec be
known. Various me:zhods were used here *o calculate the bes:
lemperature gradien:t possible With the temperature da:a
ava.lable. The effec: of pertﬁrba:fons in the surface
temperature will alsc be considered:

Bottom-hole temperature data were available for +hne

area ccnsidered, and are the same data as used by Majorowicz

e: a:. (1985a). For each of the wells, local gradients were
calculated using all of “he bottom-hole temperature (BHT)

measurements 1n the 3 X 3 township-range area centered abou-

the well location. Initially, corrected temperatures were

0

aiculated for each well using the Horner extrapclation
technigue (see Fertl and Wichmann, 1977). Corrected
temperature gradients were then calculated f  each wel.
using a fixed mean surface temperature. The mean surface

. n - -
temperatures at the well locatidns were estimatec f{rom a mag

by McKay'(1950) . In some cases there were not enough

'"The temperatures used in this study are the mean surface
temperatures of the air above the ground. In Alberta, the
mean annual ground temperature is about 2°C higher than the
mean annual surface temperature (Judge, 1973),



corrected temperature data points to calrulate a reasonar.e

ot

Sorrected temperarture gradient, SC regiona. Correct:ans were
applied to tne uncorrected local gradients .o ~pta.n
correctec local gradients. Reglonal corrections wi.,l ne
dyscussed in more detall later on jn this chapter.

The uncertalnties in the individual BHT measyremen:s

¢
the data must be used

3

are not known, sc¢ the spread |

(T
@]

estimate the uncertainties in the tempera-ure cradien-s,
it was found that there were five cases -¢ be
considered when calculating the mes: accurate temperacure

11
o
8}
e

gracients pcssible at the twenty-four wel)l locations.

of these cases will ‘Be described below.

leo

Cases !, 2, and

Case '. In this case, the bulk of the correc-ed

temperature data 1s centered about some intermedia:ce deptn
which 1s not close to the base of the sediments. An examp.e
éf this case 1s well number 1, shown in Figure 3.1, In :zhis
Case a .least sQuares straight line gradient is calculéted

with a fixed mean surface temperature. The average dePth of

2 ) -
the temperature data is also calculated, and is referre

.

spilt depth'. It is assumed that this least sguares

[oF

as the '
temperature gradient is a reasonable approximation tc the

average gradient down to the split depth:




Figure 3.71: An example of case J: temperature as a' function
of depth for well index 1. The "dashed lines represent the
probable uncertainty in the temperature. The solid }
horizontal line represents the base of the sediments. The

- calculation of the heat flow and temperature at the base of
the sediments will be described in Chapter 4, . ‘

S

&
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where'h is the split depth. The calculation of the gradient

4!

ifor‘%hevlower~intenval shown in Figure 3.! will be discussed
in’Chapter 4. The dashed lines sgown in Figure 3.1 represen:
‘the probable anertaintynin the temperature as a function of
déptﬁ. |

" The uncertainty in the mean surface témperature ls
taken to‘be negligible. The uncertainty in tﬁe temperature
at the split deépth is the probable.uﬁcertaiigy, base@ on thé
, spread in the temperatur® data. Irigbpm cases the
uncértéﬁnty in the temperature at the Spfit depth coulid be
estimated by plotting the iﬁformapion density on the
temperature axis and calculat@gg the standard deviation.

i
ggéglg; In the secondicasehéthere are enough corrected

‘ﬁemperatUre data so.ﬁhat the temperature distribution is
"known from the surface to the base of the sédime&ﬂs.'Agaih,'

the gradient Is calculated with a fixed mean surface

< :)\ ’ ’
temperature. An example is well number 19, shown in Figure
. ‘ . . ) ',\4\%
"3.2. Some of the BHT measurements appear to be below the
base of the sediments is because thejsedimentary rocks dip

in this 3 X 3 township-range area.

Case 3. In this case there is a split depth, and the
corrected gradient for the lower inﬁervalyis calculated.by a
straight line least squares fit without a fixed mean surface
ﬁempefature.‘An‘example is well number. 9, shown in Figure

3.3. The gradient in the upper 1interval as shown in the



Figure 3.2: An example of  case 2: temperature as a function
cf depth for wéll index 19. The explanation of this figure
1s the same as for Figure 3.1,
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Figure 3.3: An example of case' 3: temperature as a function
of depth for well index 9. The explanation of this figure is
the same as for Figure 3.1.

.
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figure 1s simply a stralght line between the mean surtace

temperature and the temperature at the split depth.

Cases 4 and 5: Regional Corrections

For these two cases, there were insufficient corrected
temperature values in the local 3.X 3 township-range areas
to calcﬁlate a reasonable temperature gradient. This was th
case for well numbers 10,15,21 ang 24. or these locations
corrected gradienfs were calculated by applying regiona.
corrections\tg\the localfuncorrected-gradients.

Three regigﬁs were selected in the AQ=0 zone. These
regiohs arétiabeled I, I1, and 11 on the map in Figure .3,
For each region, corfected and uncorrected temperature

: )
gradients were calcﬁlatqd without fixed mean surface
températures. They‘are shown in Appendix I1I.

The corrected‘regidnal.gradiénté'are greater than the
uncorrected gradients bécause the effect of drilling and
circulation is to reduce the temperature gradient
(Kappelmeye? aﬁd Haenel, 1974, pp. 183;188). The percentagé
increases that must be applied to the uncorrected reglonal
gradlents so that they equal the corrected regional
gradJents are llsted in the tabfé*bglow'for-the three

regions.



<

Table 3, Regional Percentage Corrections to Temperature

]
Gradients

Uncorrected Corrected

Gradient Gradient Percentage
Region (°C/Km) (°C/KRm) Correction
I 26.5 29.4 10.9.
11 23.1 25.4 10.0
111 28.0 31,1 P

The percéntage corrections in Table 3.1 are applied =c¢ the
local uncorrected gradients tc obtain corrected local
grgdients. It should be pointed out :ha; the percentage
corfection is nearly constant for the three regions, and

equal to about 11%. Cases 4 and 5 will now be described.

Case 4. In this case the uncorrected :temperature

gradient.is plotted with a fixed mean surface temperature,
and the regional percentage correction is applied to obtain
the corrected gradient. Also, in this case, the gradient is
knéwn from the surface to the base of the sediments, An
example is well number 10, and the local uncorrécted
tempefature gradient is shown 1in Figure 3.4. The dashed
lines 1in the figufe are the 95% copfidence limits. The
uncertainty in the“corrected local temperature gradient 1is
assumed to be the same as for the uncorrected local

gradient.



Figure 3.4: An example of case 4: the uncorrected local
temperature gradient for well index 10. The least
gradient is

calculated with a fixed mean sur‘ace
temperature,
limits.

The dashed lines represent the 95% confidence

sguares

|
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Case 5. In this case the uncorrected gradient s

piotred without a fixed mean surface temperature. An example

1S well number ', and its uncorrectecd temperal - gradient
'S shown in Figure 3.5. Case 5 is similar to case 3, except
that the percentage regional correction must be applied to .

determine the corrected gradient for the lower interval. The
gradient in the upper interval is calculated from -he

ine between the mean surface temperature and ‘he

[

“&tra.ght
COorrected temperature at cthe split ¥epth. As in case 4. the

uncer

ot

ainty In the uncorrected Jradient is carried over o
the corrected gradient.

Table 3.2 below list; the local uncorrected gradients
and the local corrected gradients after the percentage
corrections have been applied, for the case 4 and case 5
wells, The locai uncorrected gradients fqr the case 4 and
case 5 wells are given Iin Appendix IIr.

Table 3.2: Regional Corrections to Local Gradients

>

Uncorrected Corrected
Well B Gradient Percentage Gradient
Index Case (*C/Km) Correction (°C,Km)
10 4 31,1 10.9 34.5
15 4 24.9 10.0 27 .4
21 5 34.5 J1.01 38.3
24 4 32.9 11,1 36.6



4t ) ot

v example ¢of case 5: the uncorrected loca.

radient for well index 21. The
alculated without a fixed mean
e dashed lines represent the

1east sguares
surface
95% confidence



FEGHETER

"

I'N

. bEPTH

WELL INDEX: 21
UNCORRECTED LOCAL GRADIENT

STANCARD E£RROR JF 2 3TIMGTE
"

.. GE

W P REHET TN R -
TEMEOIN [F
! ioe
. . " l Fu— I i . {
i
4
! N - N
- \ 00 ! -
‘ AN
:
-
. . ‘i%)\ J
T
— NN AN
N ~
Ay
~
‘ i
L___J
|
4
1
.
al
—
4
4
|
]
4
|
4
)
1
4
j
i
|
I
—
1

e Ty Ty

[

O



~J

e

Periodic Perturbations of the Surface

Temperature
. C (S

As mentioned in Chapter 1, this study assumes a steady
state temperature\gradienti Strlctly speaklng, however, this
1s not correctbbecause there are daily and_SEaeonal
Variations of the surtace temperature, as well as longer
periOd variations.in the:surface temperature dué to the
‘advance and retreat of glac1ers in geologlc time, Aéﬂmight
be expected, ‘the depth of penetration of periodic.
disturbances of the surface temperature 1s greatest‘for long
period perturbations;

~Seasonal varlatlons in the méan surface temperatyape
hase perlod of one year_and a depth‘of penetratlon 5f'
about 20 meters (Judgef\1973). Most of,¢he temperature
measulements in thls work are at a depth greater than one
kllom ter, so the effect of thls perturbatlon on the

calculdted temperature gradlents 1s negliglble.

_\yong period perturbations in.the surface temperature

" are dugéto the advance and retreat of glaciers. The

-

o9
amplltude of the perturbatlon 1n this case is about four

degrees ce151us, and the depth of penetratlon is perhaps tzo

kkiiometers‘ fhe maxlmum perturbatlon at a depth of one
kllometer would orly be about two degrees celc1us and the
uncertalnty in the temperature at this depth l1s greater than
“two degrees celciushbso a glacial correction is not

' applicable to this work. A discussion of the glacial
corregtion to temperature data is. found in Kappelmeyer and

At

»
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Haenel (1974), Jessop (1971), and Cermak and Jessop (1971,



CHAPTER 4
Heat Flow, Temperature at the Base of the Sediment sy and

Heat Generation

o

¥
t -
Heat Flow and Temperaturs
the Sediment

at 'the
s

2 e

oo gl

o

Recall om.ahﬁﬁﬁﬁtrodu ion that for a sedimentary
seguence with effe&tﬁwe conduc*1v1*y keff and average

gradient <9YT> the vertical heat flow 1s given by

The effective conductivities used in the heat flow
calculations were given in Table 2.3. The calculation of the

average gradients was discussed in Chapter 3. The

s at tﬁe base
J&ch of the cases
described in Chapter 3. ’

Case 1. In this case the average- corrected gradlent is
known down to some 1ntermed1ate spllt depthawrhe heat flow
is calculated from formula (1.2) far the ﬁop layer and
%ssumed to be the same  in the bottom layer. Undex this

assumption the temperature at the base of the sediments is

diven by the followinglformula:




| qh
f\ keff (4. 1)
where TB 1s the temperature at the baée of the éedlments,
ﬁsp\is‘the temperature at the split depth, q‘iS'tHeihéat
flow calculated qu‘the top layer, h is theAthickness of the
bottom;layer, and keff is the effective conducfivity of the.
bdt:om'layer from Table 2.3.

A standard uncertainty analysis épplied to formula
(4.1) gives.the following expression for®the uncertainty 1in

the temperature at the base of the sediments:
' {

\

T = ((*T )24 lr g + /kGE_f\ﬂ; AU CE N E Y
. 1 P \q. ( keff) J (.keff/' |
| \ ]

An example of til's calculation is Figure 3.1 of Chapter 3.
The uncertainty &g in formula (4.2) was found by applying a

standard uncertainty analysis to eguation (1.2):

R v _
EE S S PR 2 s 4.3
g {E[keffo(a«:%)] + [eveesk ] }2 (4.3)

Cases 2 and 4. In these ﬁwo’cases either the corrected
gradient is known down to the base of the sediments'kcase
2), or it may be calculated by apptying a regional
correction (case 4). Therefore, the temperature at the base:
of the Sediments is.known, and the heét flow calculation;is
straightforward. An‘example of case 2 1is Figure}%.Z of

Chapter 3.



o

I
it i

Caggs 3 and 5. In case 3 dnd case 5 the corrected

bottom gradient is eifhe: known (cage 3) or can be
calculated by applying a regional correction (gg;e 5). In
these two'éasés the true heat klow 1s taken to be the heat
flow in the bottom iayer. An example of case 3 is Figure 3.3
of Chapter 3. The top average gradient’is tﬁe slope of the’
straigh£ line‘drawn through the mean surface temperature and
tﬂe temperéture at the split depth. For comparison purposes,
f%e heat flow ih the top layer was also calculated for the
wells of case 3 and case 5. The results are shqwn in Table
4.1, |
Tablev4.1 gives the split depths for wells 9, 21, and
22 as welllas the depths to the Paleoéoic erosional éurface.
The split depth is‘approximately equal to the Paleozoic
erosional surface depth in each case. The AQ valﬁes have
also been caiculated for the wells.,The uncertainties in the
\;AQ values ﬁre not the‘square roots of the sums of the
*wé@pares of the uncertainties in the top and bottom heat
'i f}dws because these two uncertainties are not independent.
o Siﬂ%ﬁ the split depth is about egual to the P?leozoic

o Aab

e{osiopgiwsurfaCe depth,the AQ values calculated in the

*

~ table may be compared Qith tb% AQ values eXpected from the
_AQ map in %igure 1.1. From Fiéure 1.1, well number 9 i;
close to the AQ=0 ling, S0 AQ would be expected to bevzefo.
Théfﬁeat floQ for well number 9 is 18 * 20 mW/m? and zero is

witH@n the' probable uncertainty. Well numbers 21 and 22 are

on aﬁAQ;—2O mW/m? coﬁtoUr.'From the table, the calculated AQ

%

N
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values are 6 * 25 mW/m? and 8 + 30 mW/m?, respectively. The
s ' .
value of -20 mW/m? is within the probable uncertainty in

'}
each of these¢ results. '

) It is interesting to note that all three AQ‘Values
calculated here are higher than would be expected from tHé
map in Figure 1.1. However, the number of cases are too few
to suggest a discrepancy between thic¢ dbrk ana fhe work of
Majorowicz ggigl; (1985b). Finally, nc:e that the AQ values
for each case in Table 4.1 are equal = “ero within
expériméntal uncertainty. This gives s T té the
Unterpretation that the heat flow yaiues’a’e equal to the
heat flux at the surface of the Precambrian basement. It 1is
also a check on the assumption tﬁat AQ is qquai to zero far

the calculations of temperatures at the base of the

sediments for case 1.

Summary

A summary of the caicu;ations of thi§ section for all
twenty-four wells is éiven in Table 4;2‘and the map of
F?gure 4.1, Thevtemperature—depth distribution plots for all
the wells are given in Appendix IV. From the table, the
average heat flow for all twenty-four wells is 71 mW/m?,
with a stand;rd deviation of 12 mW/m?. This.is in good
-agfeeﬁent with the work of Majorowicz et al. (1985b), who
Lconcluded that the heat flow in the AQ=0 region is 60-80

mW/m?. From the.map in Figure 4.2, the heat flow values

calculated for well numbers 4 and 5 in the vicinity of
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re 4¢.1: Heat flows a® the twenty-four well locations of
study. The contour lines are the +20,-20, and 0 mW/m:?
ours which define the AQ=0 region (see Figure 1'.1),.
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Edmonton are 68 * 18 mW/m* and 61 *+ 15 mW/m?. These heat
flow values are 1n good agreement with the measured resuits
of Garland and Lennox (1962). They found the heat flow in
the Leduc area 32 Km southwest of Edmonton to be 67 mw/m?,

and the heat flow in the Redwater area 56 Km Northeast of

Edmonton to be 61 mW/m?,

Heat Generation in Sediments

Heat 1s generated in sedimentary rocgs due to the decay
of radioactive isotopes. The most important radioactive
1sotopes for heat generation are *°°*U, ?°°*U, ?7Th, and *°K.
In general, heat generation in sedimentary rocks is less
than the heat generation in igneous and metamorphié rocks
(Rybach, 1981). -

The effect of heat generation in the sediments is to
change heat flow with depth. If only‘the heat generation

term in the genegal one dimensional heat flow equation (1.4)

1s considered, we have:

-a(z) (4.4

1f A is taken to be constant with depth, heat flow increases

linearly toward the surface:

q(z) = qO-Aé (4.5)

where g, is the heat flow at the base of the sediments. If
there are several rock types present, each with its own heat

generation value x}, the change in heat flow at the. surface



will be:

where the sum 1s taken over the depth intervals Az,. Formula
(4.6) was applied to the sedihentary sequence of each well
1n this study to estimate the increase in heat flow from the
base of the sediments to the surface due to heat generation
in ﬁhe sediments,

The heat generation values used in thé calculations
were from Table 1.4 of Rybach (1981). This table is

reproduced below,

Table 4.3: Heat Production of Sedimentary Rocks

A ot Ag

Rock Type (uW/m?) (Kg/m?*) (mW/m?)
Carbonates 2600 .
Limestone ‘ 0.62 0.6
Dolomite 0.36 0.4
.Sandstones 2400
Quartzite 0.33 0.3
Arkose 0.85 0.8
Graywacke 1.0 1.0
Shales 1.8 2400 1.8

T Broad average since p depends strongly on porosity.

‘In the last column of the table, the Ag values are the
contributions to the surface heat flow per kilometer of
rock. The heat generations in limestone, dolomite, shale,
and sandstone were ﬁaken into account in the_;alchiations.
In the case of sandstone, the averagé heat genera;ion value

of quartzite, arkose, and graywacke (0.7 uW/m®) was used.



) Ty St

Note that shale has the largest heat generation value ﬂn.

e

uW/m ), which 1s more than twice as large as the other rOck’

types listed in the table. The results of the heat Vﬂ

generation calculations are given in Table 4.4, Ty \levf
From Table 4.4, the AQ values for a given well r

from 1.4 to 3.7 mW/m?, with a mean of 2.5 mW/m*. Thi.;

Ty N .
given in Table 4.2, where the mean uncertainty 1is 18ﬁm&%mﬁ. s

. . . - ‘ .

variations 1in the uranium and thorium concentrations

given sedlmentary rock type (see Table 6.7.3 of Kapbe
Uy

and Haenel 1974},

"Ry Heat Generation
o Precamb

basement were calculated for 182 samples in Western Canadaiy

£

follow1ng the work of Burwash and Cumming (1976), who 7*“_'.?'ﬂ
determined the uranium and thorium concentrations of .the . *

N

samples. The results of the heat generation calculations are

listed in the table in Appendix V. The following fdrmula\:airL

used for-the calculations (Rybach, 1976) V f
(W/m>) = . 1’0"5-(9 52c + 2.56c.. + 3.48c.) (4.7)
“ m = e ‘. U . T . K .

where CU and cT are the concentrations of natural uranium

and thorium in the cQre sample in weight ppm, cK.is the

percentage weight of natural potassium, and p is the density



' “w
- Table 4.4: Contribution of Hea: Generation in Sediments +co
Jface Heat Flow

5 R
Well
1ndex AL (mW m- )
! 2.406
2 .41
3 1.90
4 2.59
5 3.16
, 6 3.04
7 1.7
8 .49
g 2.0
10 3.27
t1 3.38
T2 3.36.
13 4.00
] 3,74
15 2181 ,
16 2.]5\
] 17 1.59
. 18 1.99
gk ) 2.29
! 20 3.5C
21 2.67
22 2.47
23 1.92 .
24 .84




' . .
\ '71
. » ' * ' v

: ooy
of the rock in Kg/m’. The po¢a531um concentrations were from

Burwash (1984). In formula 4. 7, p is assumed to be' 2700
“Kg/m?.~ o

£

Heat Flow vs. Heat

Generat1on

1f heat generation in the Precambrian basement
contributes significantly to heat flow‘through the
sediments, then there should be a relationship'between these
tno_quantities. In this section it will be assumed that heat
EIQW'from the mantle'is}uniform in the AQ=0 region; and that
alfUnction'exiets describing the variat;on‘ofvheat
Lgeneration‘with depth from‘the surface of the Precambrian
ebasement to the base of the crust of the earth The aim- of
this sectlon 1s to examine a possible relatlonshly between
uheat flow through the sedlments in the- AQ=0 reglon of .
Albepta‘and heat generation at the<surface of the

,VPrecambrlan basement

-]orow1cz and Jessop (1981) calculated the heat

~generatuon at the surface of the Precambrian basement and

thelr result 1s the map shown in Flgure 4. 2. From. the map,
I

;1t is ev1dent that the amount of heat generatlon can vary
‘abruptly over short lateral dlstances Nevertheless,‘Burwash
v‘and Cummlng (1976)/found that a reglonal varlatlon in the
_ concentratlon of Uranlum and Thorlum exists at the surface
of the Precambrian basement ‘m

| The. follow1ng method was used to arrlve at heat

2 ~
.
generatlon values at the locations of ‘the net rock analy51s
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Figure 4.2: Heat generation at the surface of the’

Precambrian basement as calculated by Majorqw‘dE énu Jessoo ‘
(1981). | S,
o N . 'E'V-V ,‘

, : ' .
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_ heat generation results i§ the 3 X 3'township~range

the graph shown in Figure 4.3. The unceftainty in heat

& R S :

wells. The data’file in’Appendix V was searched for all the

Ne—

ne;ghborhoods of the twenty-four wells considered in this

" study. It was found that at most dne heat generationg,result
" exists in the file for each township-range area. Heat flow

was then plotted versus heat generation.and the result is

dgeneration is negligible compared to the,uncertaintieSw&n
v

heat flow. The open c1rcles represent gaees where the heat

@

generatlon value 1s from the same weﬁg a§ the net rock

analysis. The least-squares stralghtwllne was calculated

from the circles only, and not the square data. p01nts

The sguare data p01nts in Fiqure 4 3 ﬁ@é?Churchlll

.province data from -Drury (1985), who clalmed there is a

linear relationship between heat flow and heat generation .

for the Churchill province. The heat generation data pointl

greater than 3 uW/m‘ was rejected on the basis that ‘it

occurs, apparently, in an areavqf anomalously high //—“<L\\’

radioactivity.

There are two interpretations of the data shown,ln
Figure 4.3. One interpretation is the straight line graph
shown in the figure. It deeslnot_show a notable jncrease in
heat flow with an increase in heat’ generation. Physncally,
this means that heat flow is 1ndependent of heat generatlon
and consequently heat generation in the Precambrlan basement
does not contrlbute 51gn;f1cantly.to heat flow through the

sediments.

*
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Figure ¢.3: Heat flow vs. heat generation in the AQ=0 r
£

egion
of Alberta. The circles are the heat flow results from this
study. The numbers beside the data points are the well index

numbers as given 1in Figure 1.2. The open circles represent
the cases where the heat generation measurement is from the
same well as the net rock analysis. The squares are values
from the Churchill Province from Drury (1985)
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Another interpretation exists‘which leads fo'a very
different result. If the data in Figure 4.3 corresponding to.
heae deneration-values greaﬁer %han 3uW/m* are regarded as
anomalously high and not repfesentative of\ﬁhe)B X 3
township-range area a;ound ;he net rock analysis %ell

location, then the remaining five data points combined with
! . 1

K

the Drury data less than 3uW/m® does suggest an increase in -
heat flow with an 1ncrease in heat generatlon. The SIOpe of
a least- squares séralght llne through ‘these data is 15 3 Km,

and the intercept is 37.8»mw/m%’VPhysleally,rth;s second
straight‘fine means that heatibe:erationfin the‘Preeambrian
‘basenent contributes significamyy to peat low through the |
sediments. - i>5¥-3;a¢]¢,', S N ‘.;”1f1v¥;{

; ey ; Lty R ‘& R s w(

~To estlmate this contr;butldn,acon51der thedégxmentlal

‘4_1

W

model (Lachenbruch and Sass, 1977) «!1 Qf
. v, :\&

%

-Substituting this relation~in§% eQuation (4. 4) yellds a

11near relatlonshlp between heat flow at }he surface and

:

. ‘.‘.“,3».

heat flow at depth z: o o T
q(z :~C +‘ZO‘A(Z ~ 9
where . )
C=q(0) - 4. 2 O aaey
1(0) - A, o | (4.1

ol ’

1f different heat}deneration values are thoughewte be the

result of erosion then equation (4.9) may be interpreted as

! . 9
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‘a lateral relationship between heat flow and heat

generation:

B

QU Yy = 0+ 0 A,y PR

Taking A, to be 2.5 uW/m* and z, to be 15.3 Km and

integrating the function (4.8) over a 35 Km basement

.thickness.gives the contribution of heat éeneration in the

basement to surface heat flow to be 34 mW/m?, almost half

the average heat flow through the sediments in the AQ=0

~ reglon

These'two interﬁretations of the data in Figure 4.3

‘lead to guite different conclusions. The author believes

" that to make a reasonable estimate. of the comtribution of

heat generation in the Precambrian basement to heat flow
through the sediments heat generatlon values must be used

%hlch ‘are more certalnly representatlve of the region

o

'““surq%Undlng the well. - S ‘

-Groundwater Motion

As explalnedaln the introduction, the twenty four wells

'-;chosen for this study are located in the AQ= 0 regiom. Here.

Tthe regional groundwater motaon is generally lateral, and 1t

may be assumed that there ls negllglble vertigal - water
motlon In other words, it is reasonable to. assume that any"
vertical components of water. motlon are- negllglble of

course, this is only an assumptlon and it is 1nteresting to

calculate the vertical component of ‘water - motlon requlred to,



-

account for, say, a AQ value of 20 mW/m?®. This would be on
‘the boundary of the AQ=0 region.

It only the water motion term in the general
one-dimensional heat flow equation (1.4) is considered, we

have the following differential equation;

)9 . -9 L
V2 S \" o
S
where ol o
, iy
15 &
k Ty ¢
g =l Sz o« L
Cv &
. v
. -‘ % .

Here k is the thermal conduct1v1ty of the porous rpck C is
the heat capac1ty of water per unlt volume, and v 1s the

upward volume flux of vertical water motion. Integration of
equatlon_(4 8) g1ves the- followlng expression for the ratlo

of the heat flow at depth z to the heat flow at the surface:

which ié given in Lachenbruch and'Sass (1977) . Taking the
thermél conductivity to be 2.0 W/m“K, and the heat capacity
of water to be 4.2 x 10° J/°Km?®, the verfical‘component of
water mqtéon fe@uired to accounﬁ forfa change in heat>fiow
from 60 mw/m‘\at the surface to 80 mW/m’Jat a depth of three
;kilometers is only 1 mm per yeaf, which is very low. Of
course, this calculation is oversimplified,.ahd in general,
tﬂeygfoundwater mo¢goﬁ profile is quite complicated (see

" Hitchon, 1984).;
: L
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Figure 1.3 of Ehapter 1 illustrates the effects of
local topography on groundwater motion at the top of the
sedihents. In general, local topographic highs arevlocal
recharge areas, and local topographic lows are local
discharge areas. On a iarger scale, the regional groundwater
movement is 1nfluenced by reglonal topography. Flgure\1a3
shows a regional flow from the foothills area of high

elevation to the region of lower elévation in northeastern

Alberta. ) A

»

Conclusions

The numerical results in table 4.2 constitﬁte the chief.
result of this thesis. Ianummary, the average Qf the heat
flows caltulated for the twenty-four wells in the AQ=0

.région;&& Albefta 1s 71 mW/m?, with‘a standard deviation of
12 mw/%;. The contribution of heat generation in the
sediments to surface heat-flow was found to be about 2.5
mW/m? .,

No aefinité relationship was found between heat flow
and heat geﬁeration at the ‘surface of the Precambrian

~basement. Heat generation values which are more
representative of the region surrouﬁding the well were
required for a reasonable estimate of the contribution ofp
heat generation in the basement to heat flow through the
sediments. One approach to thlS problem would be to use the

eX1st1ngﬂknm-set and calculate a radlus welighted: average

heat generation for the closest data p01nts to ebch well,

o



omitting the individual result from the graph if the heat
generation values were not within some specified radius of

the well,
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el . Appendix I

,‘Location of the nqp”rock.analysis wells in the

- \FQynship~range—mer(ﬂian system. >
L . . .. L, d s\\“.
S Well *. "y 3 ) . %\
Index Lsd. / Sec. . - Twp. Rge. - Mer.
1 1 ‘ 6 38 15 « 4
2 4 . 29 52 2 4
3 11 .19+, 50 6 4
4 16 17 . 48 " 20 4
.5 G5 2 48 ! 27 4
6 10 18 61 6. 5
7 - R 26 : 60 : 16 ooa
8 £ 6 28~ 56 8 4
9. 12 14 67 - 2- -
10 .+ 8 : 11 " 68 - 10 5
11 S0 09 . 68 17 5
12, S G 27 67 22 5
13 10 16 69 5 6
14 . 7 6 76 9 6
\ 15 6 < 32 75 25 5
1 o412 74 ‘\'\- 10 5
1 s 16 . . 74 24 e
18 16 13« .83 24 . 5
19 11 17 83 - S 6
. 20 10 27 - 90 11 6 ~
211 6 8 S99 7 6
2, 15 14 105 8 6
23 « 10 15 . 106 . 1 6
24 6 27 99 (22 5



Appendix 11

Regional Temperature Gradients

-

This appendix COntains>the cofrected and uncorrected
temperature gradiqnt ploté for regions»1> 11, and 111 in
figure 1.3. Each of the gradients are éaiculatedZwithout a
fixedvméan'éhrface témperatuég. fﬁe‘locations of these
regions in the towhship-range—meridian system are as
follows:

‘Region I: TSP: 64-72  RGE: 10-16 MER: 5

/ER:‘ -

/

\ . /
Region I1I1: TSP: 92-99 -  RGE: 1-7 ;// MER: 6 --

(2]

“Region I1: TSP: 71-79. RGE: 18-26
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Appendix I11

Local Uncorrected Gradients for Case 4
and Case 5 Wells

This appendix gives the local uncorfected temperature
gradient plots for the case 4 and case 5 wells. The case 4§
wells are well numbers 10, 15, and 24. Well number 21 1s a
case 5 well. The case 4 gradients are leas‘ sguares
gradients with fixed mean surface temperatures. The case 5

aradient is without a fixed mean surface temperature,
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/ Appehdix‘IV

Final Temperature Gradient: Plots for Net
Rock Analysls Wells

@
M

Th15 appendlx g1ves “the .final temperature gradient
plots for the twenty four Set rock analysis wells chosen'for
this study. The déshed lines represent the'probfble
uncerta*ntv 1n temperature as a functlon of ceptn. The
,4temperatqre data are also plotted @or the case 1, 2, and 3
wells{.Theitemperatu:e date were‘not plotted for the case 4
~and case 5 wells,because the final gradients gﬁven here are
the results of reg ional percentage correctlons being applied

to the uncorrected local: gradlents The horizontal line in

the plots represents the base of the sedlments

N
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Appendix V

Heat Generation at tue Surfacse ©ocne
Drecambrian Basement 1 Wedstern Canada

The fc¢llowing table gives the resulvs of the heat

generation calculations descr:bed in Chapter 4 (equation

4.7,
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