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Relationship among Terrestrial Heat Flow,
Thermal Conductivity, and Geothermal Gradient

Ki-1r1 Horar AND AMos NUR

Department of Earth and Planetary Sciences
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Correlation and regression analyses of terrestrial heat flow Q and thermal conductivity K
show that Q and K are not independent in many of the continental areas. The refraction of
heat flux due to inhomogeneous conductivity, and the proportionality between radioactive
heat generation and thermal conductivity are possible explanations.

INTrRODUCTION

Terrestrial heat flow @ is determined experi-
mentally from thermal conductivity K and geo-
thermal gradient G as

Q=K@

where @ = AT/Az is the rate of increase of
the earth’s temperature vertically downward.
The average values of @ in the continental
and the oceanic areas are almost equal [Lee and
Uyeda, 1965; Horai and Simmons, 1969]. How-
ever, the individual values of @ vary by more
than an order of magnitude, from nearly null
to more than 8ucal/em® sec. The origin of the
variation of @ can be attributed to the differ-
ences in thermal activities in the crust and the
upper mantle, hence the measurement of @ is
regarded as an important tool to investigate the
thermal processes of the earth’s interior.
Perhaps the simplest interpretation of the
spatial variation of @ is that @ varies propor-
tionally to the amount of heat sources buried
underneath. In fact, Q appears to be closely re-
lated to the distribution of radioactive elements
i the earth’s crust in continental arveas [Roy el
al., 1968]. Since Q is measured near the surface
of the earth’s crust, it can also be influenced by
various near-surface conditions. Factors such as
topography and its evolution, past climatic
changes, and inhomogencous distribution of K
can significantly affect the observed Q. It may
be important to evaluate, and correet if possible,
near surface disturbances of @ in order to use
heat-flow data to study the interior of the earth,

Copyright © 1970 by the American Geophysical Union.

To gain insight into the problem of heat-
flow interpretation, we have run regression anal-
yses on @, K, and G. Based on this analysis we
consider several possible hypothetical models
that have some bearing on the nature of the
spatial variation of Q.

Dara AND ANALYSIS

The data used in this study were compiled
by Lee and Uyeda [1965] and Simmons and
Hora [1968]. Since the validity of individual
values of @, K, and ( are required in the pres- .
ent analysis, those sets of data in which @ is
determined from estimated (not directly meas-
ured) K were excluded. Oceanic data were

- also excluded from the present investigation,

Because most measurements of heat flow in
oceanic areas have been made m the sediments
with more or less uniform K, it was anticipated
that the @ in oceanic areas is essentially con-
trolled by G.

The analysis was made for various regional
provinces in which the crustal thermal condi-
tion is assumed to be more or less similar. We
followed the division of provineces given essen-
tially by Lee and Uyeda [1965]. ¥or each of
these provinces, we caleulated the correlation
coeflicient p between the variables X and ¥ and
the coeflicients A and B in the linear equation
Y = A + BX, where X and Y are either Q, K,
@, or their reciproeals. For comparison with the
theoretical models that will be discussed in the
next seetion, the analysis was made for several
combinations of the variables.

The results are summarized in Table 1 and
shown in Figures 1 to 9. It is rather perplexing
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(1073 °C/em)

TABLE 1. Correlation 5(X, Y) and Regression (¥ = 4 .+ BX) Analyses of Heat Flow @ (107¢ cal/cm? sec), Thei'mal Conductivity K (1072 cal/cm ses °C), and Thermal Gradient G

X =1/K,Y =1/Q X =K,Y =1/G X =K, Y=0Q X=1K7Y =G
A1 B Az B2 As B3 44 By
Size of
data, 106 cm? 108 ¢cm? _ 107 10
Provinee n p1 sec/cal 10% em/°C p2 10% cm /°C sec/cal P cal/em?gec 1073 °C/em Pt 107 °C/em  cal/cm? sec?
North America
Canadian shield 18 0.34 ~1.12:40.54 , 3.2:£3.1 0.70 —~1.1£1.6 1.294:0.24 0.41 0.63:£0.16 0.050.03 0.76 0.02::0.02 0.76=0.14
Interior lowland 28 0.25 —2.07:0.58 17.34:3.3 028 —3.7:419 1.23:0.27 0.51 0.690.27 0.124-0.04 0.77 001003 145=x0.19
Appalachian system 30 0.42 —0.68:£0.27 9.54-1.6 049 —0.8%1.3 0.89:£0.18 0.45 0.6540.25 0.10:0.04 0.57 —0.014:0.04 1.3620.23
Cordilleran system 17 0.28 —~1.16£0.49 11.4::2.8 0.32 2.5:£1.2 0.22::0.13 0.69 0.91:£0.30 0.12::0.03 0.79 ~0.02::0.05 1.95£0.31
Area of Cenozoic .
orogeny 80 0.08 —9.30-1.16 71.148.0 0.33 -3.6£1.0 0.98+0.13 0.31 0.1140.53 0.27:£0.07 0.50 —0.65-0.10 6.884:0.67
Europe
Ukrainian shield 4 0.99 —0.15=:0.17 10.5::1.2 —0.83 11.440.7 -0.2640.09 0.89 —0.09::0.08 0.12:40.01 —0.89 0.133:0.01 ~0.16::0.06
Russian platform 5 0.39 ~—0.89::0.85 11.64:6.2 0.09 42432 0.09:£0.36 0.73 —0.43:=x1.28 0.27:0.14 041 —0.16::0.22 2.954:1.58
Area of Caledonian -
orogeny 8 0.43 ~—1.524-0.93 11.5:4:4.3 0.66 —0.7+£1.9 1.014:0.34 0.17 1.03::0.49 0.04:0.09 0.36 —0.28:0.22 2.52+0.99
Ares of Variscan
orogeny 53 0.63 =—0.19240.09 4.24-0.5 0.41 2.340.3 0.18::0.05 0.68 0.45::0.22 0.2340.03 . 029 —0.14+%0.08 2.34-20.31
Ares of Alpine '
orogeny 10 —0.43 1.09:£0.20 ~-3.7=1.2 0.90 —1.0=0.7 0.65::0.10 —047 2.7340.41 ~—0.09+0.06 093 -0.16::0.07 3.110.42
Japan .
Area of Paleozoic~
Mesozoic orogenies 28 0.55 —1.32::0.38 11719 0.21 |, ~12.4+3.5 2.95:-0.58 0.47 0.36 %:0.34 0.174:0.06 0.18 —0.33:0.12 3.07-£0.61
Area of Cenozoic ‘ .
orogeny 9 0.49 —0.13::0.22 3.61.2 0.48 0713 0.36 4-0.19 0.57 0.7420.73 0.22::0.11 0.69 0.08:::0.08 1.70+0.48
Australia
Australian Pre- , ’ o
cambrian shield 9 0.63 —1.13:40.65 18.85.5 020 | —2.845.2 1.37:0.59 0.70 0.12:£0 32 0.10=:0.04 0.27 —0.03:0.06 1.20::0.52
Ausiralian interior ; :
lowland 13 0.96 0.08::0.05 4.0304 0.58 ' 3.8::0.4 0.113-0.05 0.95 0.30::0.16 0.18-:0.02 0.60 0.17:0.01 0.30:£0.11
Area of Paleozoic~ -
Mesozoic orogenies 5 0.96 0.134-0.09 3.0:20.5 0.79 3.0£0.3 0.13::0.06 0.98 0.31+£0.13 0.21-0.02 0.88 0.20+0.03 0.40£0.13
Area of Cenozoic
orogeny 3 0.99 0.23=0.08 1.430.1 0.99 1.340.2 0.23::0.02 0.99 1.34:0.20 0.133-0.02 0.99 0.14:£0.02 1.32:£0.11
Africa ) )
South African Pre-
cambrian shield 5 0.95 0.43=-0.10 5.0=£0.9 0.96 4.74-0.8 0.47£0.08 0.87 0.51::0.07 0.05:0.01 0.95 0.05:+0.01 0.53:£0.10
South Africaun stable
basin 7 0.37 0.04:4+0.30 45419 0.88 0.6+1.0 0.66:0.15 042 1.1040.26 0.04 0,04 0.90 0.00:40.04 1.32:4:0.26
Indis :
Peninsular shield 7 0.89 —2.75::0.76  26.0:£5.4 0.80  262%54 -—2.76::0.74 093 —2.21+062 0494009 —084  0.610.11 —3.060.75
All data 339 0.26 —2.,04=:0.15 17.1:0.9 0.32 1.0:=£0.4 0.814:0.06 0.40 . 0.53::0.14 0.17 +0.02 0.45 ~0.33£0.03 3.69:40.18
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3 3 2 z 3 g £3 l " that the higher correlations are observed in the 4
2;{ ;3' 3 X H A jj?j - areas where the data are scarce. However, a defi-
= 38 s 3 & 2 23 nite tenency for @ to increase with K is ob-
2 o2 oa e ' served in most of the areas. This obs_ervation im- L .
s 338 &g = g plies that the amount of heat flowing through X
g Joad oA a4 the crust is not independent of the property of /“"
3 S & 2 € & 23| & the medium through which it flows. Possible . X
"{ | models that will be pertinent to our observation . L . y
5 8 8 8§ 2 g g=| i wilbe considered in the next section. e : *. — 3
> o o < S < ?- o ; . '.
= 8 8 & v w e : Drscussion » 0 .2 -
39 % % % % %% | Conductivity inhomogeneity. A region of Dk / Tt .
S 8 § 8 8 2 gor/| . higher K may be associated with higher Q be- . ...
® © e S o S So] ! cause the flux in a continuous medium tends to
382 2 8 noa aw { converge where the qonductivity is higher. A
39 3 S § % 22| | simple model calculation illustrates the nature. ol Jz i é ; ‘; "2 12 -
2 88 3 7 s ;;{:13 of the problem. Let the shape of the condue- _ K
s 3 & ~ S e tivity anomaly near the surface of the earth be 9. Heat f (in 10 cal/om? sec) ver
5 % e e . - a semi-elliptic cylinder with its plain surface thglf{al ) congszti%‘:yQKuéin 100-1{'i c;il}c;ecse: e"%u)S
s 3 8 g 3 3 EZ a‘t the upper bound’ary. The ste_ady—st.ate solu- North America 2: (3) Appalachian system;
tion of heat flow in this medium under the (4) A Cordilleran system.
2’ § § § g @ r3g boundary conditions that (1) the heat flow is
3 g ¢ g3 ti he boundary of the anomalous
3 § ;3{ g g g g; g‘;fcliy?ll((;l;s tz;;eratu?”e isaczhstalﬁt on the sur- outside the anomalous body be K and XK. The
- e ° S S aa , ; .. surface heat flow inside the anomalous body @
i face, and (3) heat flow at great fiepth: Qw ¥ s siven by Lachenbruch and Marshall [1966]
2 %‘ % % 2 9 = 5 umforr}n ami Yertlcal, lls a\;axlil}ll)le ;;1 tglefhtera- s :
- H o oH# §3 . ture. To restrict ourseives to the efiect of near-
43033 v & g'f surface geometry, the crustal radioactivity was Q= (K/ K")Q"[(s + D/(8 + K/K)] (1)
. neglected. Let the conductivities inside and where S is a parameter related to the geometry
Z 8 E & g 8 gz : of the anomaly (S = m/n; m and n are, re-
° e ° sl . spectively, the major and minor axes of the
“« v - o o = ! semi—e‘llipsoid). Although '(1) i§ derived for a
5 S bt S 5 ?{é two-dimensional case, it is easily shown [see,
>3 g2 = g 2 2= for example, Carslaw and Jaeger, 1959, p. 426]
B &= sk that (1) is applicable to more general cases.
2 83 g g o g o= For ‘example, S = 2 implies a t‘lu'eei(.limensionf}l’
=5 955 S % 2;;3 hemisphere as well as a two-dimensional verti-
= 8 75 8 2 3 =3 - cally elongated ellipsoid. For other cases, S =
- 6 8 o s g 9 0 2 0 (a half-space of conductivity K, is 9verlaid by
S a thin sheet ?f anomalous COndL.lCtiVIfy K) apd
s & 2 g 2 § i = ¢ (a thin vertical needle with conductivity
K is surrounded with a half-space of conductiv-
Ul o ity K,). For each of these cases, the relation be-
CEE wo~ g tween thermal gradient ¢ and thermal conduc-
° - tivity K is given by
8
Y P T T Y i G = G(S + D/(S+ K/K) ()
«;:’ §3§ ad® 2 o 2 4 6 8 0’ 416 .G = X
cewg8, Ja8 s K where o .—.Qo/ o o '
2§ : g% § 4k g q 3 Fig. 1. Heat flow Q (in 10° cal/em® sec) versus I'{elatlonslup 1) was hpeanzed by taking the
‘;§§ g5 g8 3 e g'gg § E] thermal conductivity K (in 107 eal/em sec °C). reciprocals of both sides, i.e.,
= 5 < E(S R ?&: North America 1: (1) @ Canadian shield; (2) A :
g < Interior lowland. 1/Q = 1/(8 + 1)Q + S/(S + 1)G.EK (3)




are generally high and 4, ~ B; and 4, ~ B,
Values of S, estimated from these coeflicients,
might be related to the regional structures of
the carth’s crust such as the shapes of batho.
liths, dykes, or sedimentary layerings. However,
detailed analysis of the erude model considered
here should not be extended further. For ex-
ample, due to the deflection of heat flux around
the conductivity anomaly, @ is disturbed out-
side the anomalous body where X is normal
(Sce, for example, Figure 12 (insert) in Lachen-
bruch and Marshall, [1966] for illustration.),
This fact makes a rigorous application of our
model to the data impossible. The negative
coefficients in Table 1 are difficult to explain by
this model, because, according to (4) and (5,

1988 ' HORAI AND NUR
\ )
Q
3 e
2 -
y
o 1 1 I L 1 1 1
o 2 4 6 8 10 12 14 s

Fig. 3. Heat flow Q (in 10~ cal/cm? sec) versus
thermal conductivity K (in 10 cal/em sec °C).
North America 3: (5) O Area of Cenozoic oro-
geny. Values of @ more than 4 X 10" cal/em?®
sec are omitted from the diagram.

which shows that @, measured inside the con-
ductivity anomaly, certainly increases with K.
The data to be compared with (3) are given in
the first column of Table 1. The comparison
shows that the coefficients given in Table 1
can be interpreted as

S/(S + 16, 4

Il

A,

and

Bi = 1/(8 + 1@ (5)

Another pair of estimates of the coefficients ean
be obtained if (2) is converted to

/@ = S/(S + DG, + K/(S + 1)@, (6)

and compared with the data given in the sec-
ond column of Table 1,

1/(S 4+ 1)Q, (7)
B, = S/(8 + 1)G, (8

Some discrepancies noted between the estimates
may imply that the data are inadequate to yield
rcliable coeflicients. The comparison is favorable
in such areas as the Australian interior lowland,
arcas of Paleozoic-Mesozoic and Cenozoic oro-
genies in Australia, and South African Precam-
brian shield, where the correlation coefficients

I

fl

11 2

or (7) and (8), the coefficients must be positive
for G, > 0 and Q, > 0.

Correlation between thermal conductivity
and heat production. In continental areas, a
large part of the total radioactive clements, the
ultimate cause of terrestrial heat flow, are prob-
ably concentrated in the upper layers of the
earth’s crust. The observed correlation between

"Q and K ean be readily explained if K is posi-

tively correlated with the radioactive heat pro-

duction 4.
Let the anomalies of @, K, G, and 4 be

4
s b
0 2}
1 =

o I I 1 1 ! 1 ] |

[o] 2 4 6 8 10 2 149 16

K
TFig. 4. Heat flow @ (in 10~ cal/em? sec) versus

thermal conductivity K (in 10 cal/em sec °C).
Europe 1: (1) @ Ukrainian shield; (3) B Area
of Caledonian orogeny; (5) O Area of Alpine
orogeny.
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AQ = Q — @

AK = K - K,

AG =G - G,

AA = A — A,
respeetively. Then, the assumptic—

AQ = h-AA
and

Ad = k- AK

where % is the depth to which -
heat sources are distributed, ana
stant of proportionality.

Roy et al. [1968] found that
lected provinces in the United St-
of surface rocks are related lineari—

Q =a+ 4
This relation is compatible with ¢~
(see Table 1) that Q is related to .
of

Q@ = 4; + B,K

if X and A are mutually relate-
and (11), By/f yields an estimarz

4
a
3}
Q
2
I+
o i 1 I 1 i)
0 2 4 6 8 10 -
K

Tig. 5. Heat flow Q (in 107 cal/ =
thermal conduetivity K (in 10 co_.
Furope 2: (2) A Russian platform: .
ran orogeny; Values of @ more -
cal/em? see are omitted from the di-_.
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AQ = Q ~ @

AK = K — K,

AG =G - @G,

Ad = A — A4,
repectively. Then, the assumption requires

AQ = h-AA

wnd

AA = k-AK 9

where A is the depth to which the anomalous
heat sources are distributed, and % is the con-
sant of proportionality.

Roy et al. [1968] found that in several se-
fected provinees in the United States, @ and 4
of surface rocks are related linearly

Q=a+fp4 (10)

This relation is compatible with our observation

{sce Table 1) that @ is related to K in the form
of CR

Q = A5+ BK @

if X and A are mutually related. From (10)
and (11), Bs/fB yields an estimate of k. For B,

4
3
Q
2
i
0 i 1 1 1 1 | I |
0 2 4 € 8 10 2 14 186
K

Fig. 5. Heat flow @ (in 107 cal/em® sec) versus
thermal conductivity X (in 10 cal/em see °C).
Fwrope 2: (2) A Russian platform; (4) A Varis-
van orogeny; Yalues of @ more than 4 x 107°
cal/em?® see are omitted from the diagram,
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4

Tig, 6. Heat flow @ (in 10~ cal/cm? sec) versus
thermal conductivity K (in 10~ cal/em sec °C).
Japan: (1) @ Area of Paleozoic-Mesozoic oro-
genies; (2) A Arvea of Cenozoic orogeny. :

= 0.1 X 10 °C/em (see Table 1) and B = 8
X10° em [see Roy et al, 1968], b = 0.12 X
107 °C/em? is obtained. The experimental data
on thermal conduetivity and heat production
are not yet adequate to assess independently the
reliability of this relationship. However, K and
A of igneous rocks are known to vary system-
atically with chemical and mineralogical com-
position [see, for example, Clark, 1966; Bullard,
1961]. Typical values for basalt are X = 5 X
107 cal/em see °C and A = 0.1 x 107 cal/
em® sec; typical values for granite are K =
8 X 107 cal/em sec °C and 4 = 0.5 x 107
cal/em?® sec. If we assume that K of igneous rock
increases in proportion to A as the composition
varies from basic (basaltic) ta acidic (granitic), =
then & = 0.1 X 10 °C/em?, S
The agreement of these two independent esti-

mates of & suggests that assumption (9), cru-
cial to this model, is not unreasonable for igneous
rocks. On this condition, the relationships among
@, K, and G are

Q@ = Ko(Gy — kh) + khK (12)
and

G = kb + Ko(G, — kB)/K (13)

The empirieal coeflicients given in the third and
fourth columns of Table 1 are to be interpreted
by (12) and (13) as ‘
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Aa = B4 = I(o(Go —_ kh) (14)
and

B3 = A4 = kh (15)

The definition of % and A shows that B, and 4,
must be positive. Although the model cannot
give a universal explanation of the observed
Q-K correlation because of the several negative
values of B, and A, it does provide an expla-
nation of some of the observations in Table 1.
In such provinces as the Canadian shield, the
Australian interior lowland, areas of Paleozoic-
Mesozoic and Cenozoic orogenies in Australia,
Precambrian shield and the stable basin of
South Africa, the values of 4, and B, are posi-
tive and approximately equal. By (14), this
implies Gy > kh, which imposes a condition on.
h, the depth of anomalous heat sources. For
G, = 03 x 10° °C/em and k = 0.1 X 107
°C/em?, k is less than 30 km. Even smaller
depth seems to be more plausible if we compare
the value of &k with the observed values of B,
and 4,. The estimate of A is in good agreement
with the interpretation of Roy et al. [1968]
that the depth of anomalous heat source distri-
bution, which is given by 8 in (10), is 7 to 10
km. Negative values of 4, and B, in the Ukrain-

Q2

Tig. 7. Heat flow Q (in 10~* cal/cm® sec) versus
thermal conduectivity K (in 107 cal/cm sec °C).
Australia: (1) ® Australian Precambrian shield;
(2) A Australian interior lowland; (3) Arca
of Paleozoic-Mesozoic orogenies; (4) A Area of
Cenozoic orogeny. .

4
3 -
-
¢ 21
s
T m
| I .
o 1 1 1 ] i i i
0 2 4 6 8 10 12 14 16

Fig. 8. Heat flow @ (in 107 cal/cm® sec) versus
thermal conductivity K (in 107 cal/em sec °C).
Africa: (1) @ South African Precambrian shield;
(2) A South African stable basin.

4

Fig. 9. Heat flow @ (in 107 cal/em® sec) versus
thermal conductivity K (in 10~ cal/em sec °C).
India: (1) © Peninsular shield,

jan and the Indian Peninsular Precambrian
shields may imply that G, is generally small in
these areas. It seems desirable to us that the
relation of K to 4 be established experimentally
before analyzing in greater detail the heat flow
data. Data on K and A of metamorphic and
sedimentary rocks are necessary to test the
validity of the model in the areas where these
rocks predominate,

HEAT FLOW, C

Sunatary axp ConcLr

Correlation and regression ar.
restrial heat flow @, thermal cc
and thermal gradient G show tha
1/Q and 1/K) are correlated pos:
of the major tectonic provinces -

Higher @ will be associated w1~
the inhomogeneous -earth’s erust
flow converges where the crust 1=
tive. Closely spaced heat-flow stz
with the knowledge of the det:
face crustal structure, will be:
evaluate the magnitude and exter

The proportionality of therm:
to heat production seems to be
explanation of Q-K correlation ic
it is compatible with the powerfu:
of Roy et al. [1968] and Lache
that @ is related linearly to heat
The validity of this model must b
mentally by determining the r
tween K and A in various rocks
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SumMaRY AND CONCLUSION

Correlation and regression analyses of ter-
restrial heat flow @, thermal conductivity X,
and thermal gradient @ show that @ and K (or,
1/Q and 1/K) are correlated positively in many
of the major tectonic provinces on land.

Higher Q will be associated with higher K in
the inhomogeneous earth’s crust because heat
flow converges where the crust is more conduc-
tive. Closely spaced heat-flow stations, together
with the knowledge of the detailed near-sur-
face crustal structure, will be necessary to
evaluate the magnitude and extent of the effect.

The proportionality of thermal conductivity
to heat production seems to be the promising
explanation of @Q-K correlation in the sense that
it is compatible with the powerful demonstration
of Roy et al. [1968] and Lachenbruch [1968]
that Q is related linearly to heat production A.
The validity of this model must be tested experi-
mentally by determining the relationship be-
tween K and 4 in various rocks.
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