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Residual Heat Flow and Crustal Properties

Uk Han* and David S. Chapman**

ABSTRACT : The seemingly scattered plot of heat flow versus crustal thickness is explained by geodynamic processes and
simple thermal relaxation in two contrasting tectonic elements. Elevated heat flow is characteristic of rift provinces where
the crust is attenuated by stretching but also of orogenic belts where thrust tectonics thickens the crust and significantly
enhances crustal heat production. With the progression of time, isostatic processes thin the thickened crust through uplift
and erosion and thicken the rifted crust through subsidence and sedimentation. Heat flow relaxes to a value in equilibrium

with background mantle heat flow.

INTRODUCTION

With the rapid increase of heat flow data during the
last decade, attempts have been made to refine relatio-
nships between heat flow and other geophysical para-
meters such as crustal thickness and P wave velocity in
the uppermost mantle, and to establish relations for the
continents. From an earlier analysis, Herrin (1972) sug-
gested that there is a relation between crustal structure
and heat flow in the Canadian Shield and the Basin and
Range provinces. Roy et al. (1972) also concluded that
heat flow seems to be related to crustal thickness. Gil-
luly (1972), Negi and Pandey' (1976), and Cermak
(1977b) have arrived at the similar conclusion. Veliciu
and Demetrescu (1979), Bodri and Bodri (1985), Wdo-
winski and Bock (1994) have presented results indicating
that heat flow shows a tendency to increase in areas with
thin crust and to decrease with thick crust. Several au-
thors have demonstrated that there is positive correlation
between geologic and Moho depth. This trend holds in
Ausralia (Finlayson, 1993), in the European region
(Meissner, 1970), in India (Negi and Pandey, 1976), and
in North America (Woollard, 1972; Clowes, 1993; Ka-
nasewich et al., 1994).

The work that has preceded our consideration of Ve
and heat flow began with Pakiser (1963), who first noted
the relationship between Ve. and crustal thickness. Horai
and Simmons (1968) then found a correlation between
heat flow and travel time anomalies in the upper mantle.
The next addition to our understanding was the work by
Warren and Healy (1973) and Chung (1977) which re-
lated Vea to density variations. An alternative interpre-
tation was offered by Wu et al. (1993) who attributed
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variations in Ve, to compositional differences.
The most recent study of seismic velocity and the ther-
mal state of the continents was reported by Black and

Braile (1982) and Clowes (1993) who employed North
America data to show an inverse relationship between

heat flow and Ve.. They also developed a temperatue/
pressure derivatives correction and began sophisticated
statistical analysis of heat flow and V. data.

In this study, an analysis of continental heat flow for
36 geological provinces on a global basis is presented.
In particular, We explore the relationships between sur-
face heat flow (qu), geological age, heat flow originating
from crustal radioactivity (qcr), crustal thickness (M),
and Pn velocity. Because of the large number of seismic
profiles and locations of seismic observations, the data
and analyses have been sorted into two groups : (1) oro-
genic fold belts and uplift regions; and (2) rifted and
stable regions. Pn velocities and Moho depths are tabu-
lated from seismic profiles of 36 locations on the globe.
The locations are selected according to physiographic
provinces (Fenneman,1946) for the United States and
geologic provinces for other locations. Mean Pn velocity
is calculated for each geologic province. In Table 1,
geological age and surface heat flow are listed. Pn ve-
locity (Vrs), Moho depth, and heat flow by crustal ra-
dioactivity are listed in Table 2. References for each
geologic province are presented in the bibliography. This
interpretation and analysis will discuss residual heat
flow, radiogenic heat flow, crustal thickness, and analy-
sis of Pn velocity.

RESIDUAL HEAT FLOW

In order to emphasize local heat flow anomalies, re-
sidual heat flow which is left after regional heat flow
has been removed can be defined as the difference be-
tween observed heat flow and heat flow calculated from



398 Uk Han and David S. Chapman

a base curve for the age of the tectonic provinces. Re-
sidual surface heat flow (qo ~sio) is the difference betw-
een observed surface heat flow and heat flow calcula-
ted by the best fitting curve. Surface heat flow residu-
als vary between —32 and +32mWm™, with a root
mean square of 15 mWm . Residual reduced heat flow
{qrresis) can be defined as the difference between reduced
heat flow and heat flow calculated by the base curve.
With the exeption of the Sierra Nevada, reduced heat
flow residuals vary only from —6 to +13mWm™

Further explanations for residual heat flow variations
may be sought by examining their correlations with other
physical crustal properties including geologic age, crustal
thickness, Pn velocity, and estimates of the crustal ra-
diogenic heat contribution.

We applied a detailed seismic profile to each of the
36 provinces. In this study we combined geological and
geophysical information in a self-correcting approach
which took into account the complexity of the processes
under study. Table 1 lists surface heat flow values and
geologic ages for the 36 geologic provinces. Fig. 1 indi-
cates the decrease of continental heat flow with age in
geologic provinces. Open circles in Fig. 1 represent geo-
logic provinces which contain orogenic fold belt and
uplift regions. Closed circles indicate stable and rifted
geologic provinces. As shown in Fig. 1, heat flow values
for geologic provinces decay more or less with the inc-
rease in geological ages over 35 of the 36 provinces(Sierra
Nevada being excluded). This seems to be in agreement
with earlier observations.

Shield provinces (age>600My) are characterized by
low mean heat flow, and the, scatter of mean heat flow
is not broad. This kind of scatter of heat flow values in
shield or stable provinces can be explained by shallow
thermal processes and local geologic considerations.
Heat flow values in younger provinces show generally
high mean heat flow, and the scatter of mean heat flow
is large. However, heat flow ranges from low to high
values.

RADIOGENIC HEAT FLOW

Vitorello and Pollack (1980) have proposed a threefold
partition of surface heat flow into (1) a background su
blithospheric contribution from the mantle; (2) an oro-
genic contribution from cooling of the lithosphere fol-
lowing orogeny; and (3) an amount that arises from ra-
diogenic heat prodution in the crust. This latter contri-
bution in their model is simply considered to be equal
to Adb, the product of the surface heat production and
the characteristic depth b found from the linear heat
flow-heat production-relationship. The quantity Adb pro-
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Fig. 1. Decrease of continental heat flow with age. Open ci-
reles represent origenic fold and uplift regions, closed circles
indicate stable or rifted geologic provinces.

perly represents the radiogenic heat from the entiched
upper crust. An equally fundamental parameter would
be the radiogenic heat from the entire crust qee Which
can be estimated from seismic velocity crustal profiles
and a relationship between seismic velocity and heat
production.

Values for crustal radiogenic heat flow qcr are esti-
mated as follows :

M
qer= j 0 A(z) dz (1)

where M is Moho depth, A(z) is the heat production
value of each layer, and dz is the thickness of each layer.
The calculation of A (z) uses the experimental results
reported by Rybach and Buntebarth(1982), based upon
the relationship between heat production (A) and P wave
velocity (Ve). The relationships are as follows :

In A=16.5—2.74 V¢* at P=50 MPa 2
In A=13.7-2.17 V¢* at P=100 MPa (3
In A=124—1.93 Ve* at P=200 MPa @)

where A is given in pWm ™ and V¢* in km/s.

It is difficult to judge the better values to use because
the velocity data reported by Kern and Richter (1981)
and Rybach and Buntebarth (1982) show significant ve-
locity anisotropy and the dependence of elastic parame-
ters on constituent minerals,

The use of higher velocity at 200 MPa will produce
heat production distributions A(z) on the high side,
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Table 1. Age and Heat Flow (q) for Geologic Provinces.
Gegl!g&l:ce Age(My) N ¢ (mWm?’) Reference Gel‘,’,lg?,,fce Age (My) N ¢ (mWm™)  Reference
1. Ukraine 2500-1100 (1800) 12 21-50 (38) 13, 21, 30 217, 236, 238
2. Carpathians  60-11 (30) 15 3994 (66) 67,9, 19, Coastal  350-135 (175) 17 21-67 (50) 206, 210, 229,
(outer) 10, 11, 13, 21, Plain 240, 242, 243
25, 29, 38, 40 (eastern)
3. Pannonian  20-1 (10) 5 70-135(90) 4,56, 20. Columbia  25-11 (15) 4 5971 (65) 201, 210, 217,
Basin 13, 18, 32, 39 Plateau 222, 505
4, Baltic Shield 3000-1000 (2000) 4  20-51 (40) 13, 15, 16 21. Maritime,  395-345 (370) 10 41-82 (62) 212, 225, 238,
5. Norwegian  415-345 (380) 5 20-54 (41) 20, 30, 36 Canada 245
Caledonide 22. Pilbara 2000- (2500) 5 46-50 (45) 310, 312, 316,
6. Thuringian ~ 350-280 315) 26 77-86 (74) 6,7, 8,9, Craton 320, 321, 322
10, 11, 12, 13, 23. Yilgarn 3000-2500 (2800) 19 29-56 (39) 301, 302, 304,
28, 29 Craton 305, 309, 311,
7. Moldanubian 1570-280 (350) 5 50-54 (52) 6,7,8,9, 312, 316, 320,
10, i1, 12, 321, 322, 323
13, 28, 29 24. Central 1400-900 (1150) 29 42-136 (74) 303, 312, 316,
8. Alps 40-11(25) 12 70-110 85) 1,2, 13, Australia 319, 321, 322
19, 24, 26, 25. Georgina (1700) 11 44-102 (56) 307, 319, 321
33, 34,35 Basin
9. Tuscany 10-0.4 (8) 6 83107 (95 3, 14,17, 26. Adelaide  900-260 (340) 9 49-126 (90) 307, 308, 319
27,37 Fold Belt
10. Apennine  135-11 (40) 5 3143 (38%) 22,3 27. Bowen 400-350 (375) 5 32-60 (49) 303, 307, 312,
11. England 1100-270 (600) 10 37-129 (59) 31 Basin 313, 314, 315,
and Wales 321, 325
12. Canadian  3550-1460 (2500) 14  20-54 (36) 204, 215, 223, 28. Murray 400-350 (375) 4 61-102 (82) 303, 307, 312,
Shield 224, 227, 231, Basin 314, 315, 316,
239, 502 321, 325
13, Coastal 180-40 (70) 23 31-67 (54) 210, 214, 217, 29. Lachlan 440-135 (225) 5 42-102 (69) - 303, 306, 307,
California 221, 222, 237, Fold Belt 312, 313, 314,
243 315, 316, 317,
14. Sierra 135-1 (65) 25 1958 (40) 210, 214, 216, 318, 321, 322,
Nevada 217, 219, 220, 324, 325, 326,
236, 241, 243 503
15. Basin and  65-1 (25) 292 42-130 (91) 202, 203, 205, 30, Sydney 400-135 (225) 5 50-102 (82) 303, 307, 308,
Range 207, 209, 210, Basin 312, 314, 315,
214, 222, 233, 316, 321, 325
505 31. Andes 70-3 (25) 13 54-183 (100) 413, 426, 427,
16. Colorado  135-11 (30) 33 54-126 (89) 203, 209, 210, Altiplano 506
Plateau 216, 218, 222, 32. Brazilian  2600-1800 (2200) 13 23-77 (42) 408, 414, 423,
(exterior) 226, 232, 233, Shield 424, 427
234, 235 33.Kalahari  2500-600 (2200) 18 36-57 (48) 403, 404, 405,
Colorado  225-11 (45) 57 43-116 (61) 203, 209, 210, Craton 406, 410, 419,
Plateau 216, 218, 222, 501, 504
(interior) 226, 232, 233, 34.Southern  3200-900 (2600) 15 26-75 (42) 401, 402, 407,
234, 235 Indian Shield 409, 411, 412,
17. Southern ~ 270-11 (135) 23 67-120 (92) 208, 209, 210, 418, 419, 420,
Rocky 211, 216, 217, 421
Mountains 230, 232, 236, 35, Eastern 1200-600 (900) 32 2971 (42) 415, 416, 417,
244 Siberia Platform 422
18. Great Plains 1200-700 (900) 38 33-62 (50) 205, 207, 209, 36. Hopei 1100-500 (800) 10 30-77 (59) 425
210, 213, 216, Shantung

N is number of heat flow sites, g is surface heat flow, values in parentheses are mean geologic age and surface heat flow values.

while using lower velocity at 50 MPa may produce an
A(z) profile on the low side. Kern and Richter (1981)
claim that 100 MPa is required for each 100C because

this will close grain boundary cracks. The physical co-
nditions which exist in the natural environment must be
transferred to the V»* measured at 100 MPa and 20T. The
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Table 1. continued.
SOURCES: See References
(Numbers before authors are identical with quotations in “Reference” column of table.)

Uk Han and David S. Chapman

L

Berckhemer, 1969

37. Taylor et al., 1979

2. Bickle et al., 1975 38. Veliciu and Demetrescu, 1979
3. Boccealetti er al., 1977 39. Veliciu et al., 1977

4, Bodri, 1981 40. Vyskocil, 1979

5. Boldizsar, 1975 201. Blackwell, 1974

6. Cermak, 1975a 202, Blackwell, 1978

7. Cermak, 1975b 203. Bodell and Chapman, 1982
8. Cermak, 1976 204. Cermak and Jessop, 1971
9, Cermak, 1977a 205. Cook et al., 1978

10. Cermak, 1977b 206. Costain and Singha, 1978
11. Cermak, 1977¢ 207. Decker and Smithson, 1976
12. Cermak, 1979 208. Decker et al., 1980

13. Cermak, 1979 209. Edwards et al., 1978

14. Fanelli et al., 1974 210. Fenneman, 1946

15. Field and Raheim, 1981 211. Goldstein, 1981

16. Hamza, 1973 212. Halliday et al, 1981

17. Hawkesworth and Vollmer, 1979

213.

Hamza, 1973

18. Horvath et al., 1977 214. Henyey and Lee, 1976

19. Hsu and Schlanger, 1971 215. Jessop and Lewis, 1978

20. Killeen and Heier, 1975 216. King, 1969

21. Kutas, 1977 217. King, 1977

22. Loddo and Mongelli, 1975 218. Kluth and Coney, 1981

23. Loddo et al., 1973 219. Lachenbruch, 1968

24, Lubimova, 1975 220. Lachenbruch and Sass, 1977
25. Majorowicz and Plewa, 1979 221. Lachenbruch and Sass, 1980
26. Mehnert, 1975 222. Leeman, 1982

27. Mongelli ef al., 1982 223. Longstaffe and Birch, 1981
28. Ostrihansky, 1980 224, Longstaffe and Gower, 1982
29. Rakowska et al., 1977 225. Longstaffe ef al., 1980

30. Rao and Jessop, 1975 226. McGetchin and Silver, 1972
31. Richardson and Oxburgh, 1978 227, Mirtsching and Slack, 1976
32. Royden ef al., 1983 228. Mueche and Clark, 1981
33. Rybach, 1976 229. Neugebauer and Spohn, 1978
34. Rybach and Finckh, 1976 230. Prodehl and Pakiser, 1980
35. Rybach et al., 1977 231. Rao and Jessop, 1975

36. Swanberg et al., 1974 232. Reiter and Clarkson, 1983

233. Reiter et al., 1975 324. Wellman, 1979
234. Reiter et al., 1979 325. Weliman and McDougall, 1974
235. Reiter and Mansure, 1983 326. Wronski, 1977

236.
237.
238.
239.

Roy et al., 1968

Roy et al., 1972

Sclater and Francheteau, 1970
Shieh and schwarcz, 1978

401.
402.
403.
. Button, 1976

Beckinsale, 1980
Bhat, 1982
Bullard, 1939

240. Sleep, 1971 405. Cahen and Snelling, 1966
241, Smith, 1974 406. Carte, 1954

242. Smith et al., 1981 407. Condie et al., 1982

243. Spencer, 1969 408. Cordani and Iyer, 1979
244. Tweto, 1975 409. Drury, 1982

245. Wright et al., 1980 410. Gough, 1963

301. Archibald er al., 1978 411. Gupta, 1981

302. Arriens, 1971 412. Gupta, 1982

303. Bunker et al., 1975 413. Henry and Pollack, 1981
304. Compston and Arriens, 1968  414. Iyer er al., 1984

305. Cooper ef al., 1978 415. Lubimova, 1968

306. Ewart, 1981 416. Lysak, 1967

307. Finlayson, 1982 417. Moiseenko et al., 1973

308. Garland, 1975 418. Negi and Pandey, 1976
309. Hollberg ez al., 1976 419. Rao and Jessop, 1975
310. Horwitz and Smith, 1978 420. Rao and Rao, 1983
311. Hyndman er al., 1968 421. Rao et al., 1976

312
3.
314
315.

Jaeger, 1970

Jaeger and Sass, 1976
Lilley er al., 1977
Middleton, 1982

422.
423.
424,
425.

Sergiyenko ef al., 1972
Uyeda and Watanabe, 1980
Vitorello et al., 1980

Wang et al., 1981

316. Munroe et al., 1975 426. Watanabe and Uyeda, 1980
317. O'Neil and Chappell, 1977 427. Zeil, 1979

318. Oversby, 1971 501. Ballard and Pollack, 1987
319. Plumb, 1979 502. Clowes, 1993

320. Rao and Jessop, 1975 503. Finlayson, 1993

321. Sass and Lachenbruch, 1979 504. Jones, 1988

322. Sass et al., 1976 505. Kanasewich ef al.,, 1994

3.

Turek and Compston, 1971

506.

Wdowinski and Bock, 1994

correction dVe from measured Ve is dVe=(gVe/gP)dP
+(dVP/oT) dT.

The gVe/dP values reported in the literature are as
follows (Black and Braile, 1982; Clowes, 1993) : 2X10™*
(gabbro), 2.9X10™* (amphibolite), 3.0X10™* (granulite),
3.5X10* (gneiss), and 4.0X 10" km s~* MPa™' (granite).
The pressure gradient (dP=pgdz) is about 30 MPa km ™',
However, equation (2) is inappropriate to apply in co-
ntinental geologic provinces because at the pressure 50
MPa, the rate of increase of Ve is too large. However,
although equation (4) is appropriate to apply to such
provinces, this retationship between heat production and
P wave velocity is not firmly established because of in-
sufficient rock samples.

For acidic rocks, the rate of change of Ve at 100 MPa
is quite small while for basic rocks at 100 MPa, the

change becomes minimal. These results, obtained pri-
marily on samples of igneous rock, can be applied to
metamorphic rock as well. To obtain qcr, a mapping
from equation (3) can be used to calculate heat produ-
ction values in continental layers using weil-known sei-
smic velocity studies. The experimental works and rock
samples for equation (3) are sufficient. Table 2 lists qcw,
Moho depth (M), and Pn velocity for the 36 geologic
provinces.

A generalized relationship between seismic velocity
and heat production, incorporating the continuum of
pressure and temperature effects for normal conditions
in the crust is tabulated in Table 3. This table has been
used to compute qcr in this study. For the calculation
of heat production values, Prodehl’s Table 2.1 (Prodehl,
1984) of seismic velocities has been employed. Heat
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Table 2. P-Wave Velocity (Va), Moho Depth (M), and g Summaries for Geologic Provinces.

401

Geologic Province N qex (MWm™?) M (km) Ve (km/s) . Reference
1. Ukraine 3 30-37 33) 35-50 (38) 8.1-83 (8.2) 73P1, 7383, 7781, 80Z1
2. Carpathians (outer) 2 1) 3257 (49) 8.0-8.1 (8.05) 80Z1
3. Pannonian Basin 3 17-40 (30) 22-30 (26) 8.0-8.5 (8.16) 72B2, 72B3, 77P1, 80Z1
4. Baltic Shield 10 20-40 (30) 34-52 (41) 8.0-8.3 (8.2) 71A1, T1P2, 71V1, T9L1
5. Norwegian Caledonide 3 29-53 (34) 25-43 (36) 8.1-8.2 (8.12) 71K2, 7182, 71V2
6. Thuringian 3 29 27-32 (29) 8.0-8.1 (8.02) 71K3, 78M3
7. Moldanubian ] 25-44 (38) 24-42 (36) 8.0-8.2 (8.07) 72B2, 72B3, T1E], 75E1
8. Alps 14 38-64 (47) 3557 (54) 8.18.2 (8.16) 78M2, 79A1, 80MS6
9. Tuscany 2 2643 (35) 21-35 (30) 7.5-8.1 (1.8) 7TM6, 81G2
10. Apennine 2 28-48 (38) 33-47 (45) 8.0-8.1 (8.03) 69C1, 73C1, 73G1, 78S1
11. England and Wales 3 39) 27-37 (35) 8.0-8.1 (8.05) 71H1, 78B1
12. Canadian Shield 2 36-36 (36) 36-50 (44) 8.0-85 8.2) 71M1, 73B2, 73B3
13. Coastal California 4 24-35 31) 24-36 (30) 8.0-8.2 (8.03) 79P1, 83B1
14, Sierra Nevada 3 36-43 (40) 49-51 (45) 1.8-7.9 (7.87) 79P1, 80P1, 8152
15. Basin and Range 3 2746 (37) 20-36 (30) 7.6-8.1 (1.8) 79P1
16. Colorado Plateau (exterior) 1 (40) 43) (1,6) 79P1
Colorado Plateau (interior) 1 (32) (40) (1.8 69W1
17. Southern Rocky Mountains 1 (40) 37-52 (48) (1.9) 80P2
18. Great Plains 5 30-45 (37) 38-51 (44) 8.0-8.2 (8.13) 66M1, 68S1, 70M1, 77P1,
79K1
19. Coastal Plains (eastern) 2 (40) (35) 3.1 69H1
20. Columbia Plateau 1 (35) 20-34 (28) 79 T2H1
21. Maritime, Canada 2 34-40 37) 18-43 (30) 7985 8.2) 66D1, 81K1
22, Pilbara Craton 1 38-42 (40) 28-52 (40) " 83) 79D2, 81D1
23. Yilgarn Craton 3 17-51 (35) 34-52 (44) 8.1-8.25 (8.2) 74M1, 79D2, 81D1
24. Central Australia 4 25-44 (35) 34-60 (42) 8.2-8.3 (8.23) 74F1, 78H1
25. Georgina Basin 1 (36) 34-52 (43) 8.1 T9F1
26. Adelaide Fold Belt 1 (46) (34) 8.0) 79F2
27. Bowen Basin 1 (36) 32-36 (34) 7.9-8.1 (8.0) 78C1
28. Murray Basin 1 (38) 3137 39) 8.0) 76B1, 77M2, T9F2
29, Lachlan Fold Belt 1 ) 41-60 (47) @.0) 79F2, 81F1
30. Sydney Basin 1 (36) “@2) 8.0-8.01 (8.05)  8IFI
31. Andes Altiplano 1 (48) 71-76 (73) 8.0 7101, 7201
32. Brazilian Shield 1 38) 42) 8.2) 80GS
33. Kalahari Craton 1 (38) (38) 8.2) 52W1
34. Southern Indian Shield 1 32) (40) 3.1 79K1, 79K2
35. Eastern Siberia Platform 2 32-34 (33) 3242 (38) 8.2-84 (8.3) 80Z1
36. Hopei Shantung 1 25) 35-40 (38) 8.0-8.5 (8.25) 79Z1
M

(1984), values in parentheses are mean gcx and M values.

production (A) is assumed to be 1.0 yWm* for nearsu-
rface (sedimentary) layers. In case where Ve is larger than
5.7 km/s, heat production values (A) are calculated by
using the relationship between A and Ve (equation 3).
Once again Prodehl’s Table 2.1 (1984) was used to ca-
Iculate heat production in the crustal layer for each
geologic province.

Because there is a degree of uncertainty about the
cause of seismic velocity distribution with depth in such
regions, we used a constant or gradual incrase of the
seismic velocity through low velocity zones. If equations

N is number of location, qcz= OA (2) dz, M indicates Moho depth, 52 W1 to 8152 indicate reference numbers of seismic data by Prodehl

(2) through (4) are used for crustal low velocity zone,
unreasonable heat production values. are predicted. An
example of applying Table 3 to a given province is shown
in Fig. 2. This seismic velocity profile Vi(z) appears in
(I) of Fig. 2 while the heat generation profile A(z) appears
in (II).

The relationships between surface heat flow (qo), re-
sidual heat flow (qo wsa), residual reduced heat flow
(qr ), and radiogenic heat flow (qcr) are shown in Fig.
3. In the upper diagram, some geologic provinces, inc-
luding orogenic fold belt and uplifi regions, show a hi-
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Fig. 2. Profiles for the crustal structure. (I); seismic velocity
model Vi(z), (I); heat generation model A(z).

Table 3. Table for Making Corrections for Radioactivity from Sei-
smic Velocity.

v, (km/s) A (Wm™) V, (kmfs) A (Wm)
57 378 73 0.2
58 3.04 73 0.095
59 245 15 0.076
6.0 197 76 0.061
6.1 159 77 0.049
62 128 78 0.040
63 103 79 0.032
64 0.83 8.0 0.026
65 0.67 8.1 0.021
6.6 0.54 8.2 0.017
67 043 83 0.013
68 0.35 8.4 0.010
69 0.28 8.5 0.009
7.0 0.22
7.1 0.18
72 0.15

ghly variable and scattered distribution. The middle
diagram in Fig. 3 shows that qo i for orogenic fold belts
are scattered variably and clustered in high qcx and
o wsid sides. However, qo «sia for stable regions are clus-
tered around 0 qo s With a qcx range of 30~40 mWm ™,
The rifted regions show a variation of qo resi.

A factor that can cause abnormal distribution of qcr
and qo s is the large dispersal of an observed heat flow
due to both the hydrothermal/magmatic and the crustal
thinning/thickening processes in younger provinces. The
bottom diagram shows a cluster of qr «sis around 0 qr resis
except in the Southern Indian Shield. The middle dia-
gram gives the most important relationship. Fig. 4 con-
firms that no clear relationship exists between qo and qcr.

CRUSTAL THICKNESS

In order to achieve a global perspective on heat flow
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Fig. 3. Relationship between surface heat flow (qu), residual
heat flow (qo i), residual reduced heat flow (g: i), and ra-
diogenic heat flow. Open circles represent uplife or fold belt
regions, closed circles indicate rifted or stable regions.
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Fig. 4. Plot of heat flow (qs) versus qcr for geologic provinces.
Vertical bars indicate mean values and range. Geologic pro-
vinces are coded as follows : open circle; qer in uplift or fold
belt, closed circle; qcr in rifted or stable province.

and seismic data, we selected crustal thickness data from
Table 2.1 of Prodehl’s worldwide seismic refraction co-
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Fig. 5. Crustal thickness versus geologic age for geologic pro-
vinces. Horizontal bars indicate geologic age range. Vertical
bars represent Moho depth range. Geologic provinces are
coded as follows : open circles; uplift or orogenic fold belt,
closed circles; rifted or stable provinces.

mpilation (Prodehl, 1984). Crustal thicknesses were
chosen from 36 geologic provinces and represent a range
of thickness from 18 km to 76 km.

Crustal thickness is plotted against the age of geologic
province in Fig. 5. Horizontal bars indicate the age range
while the vertical bars represent the Moho depth range.
Open circles show folded mountain belts while the clo-
sed circles indicate rifted or stable regions.

The large crustal thickness variability in provinces of
young age results from two distinct populations: folded
mountain belts and rifted regions. This large variability
in crustal thickness decreases with increasing age of
geologic province. In folded mountain belts, the thicke-
ned crust thins as time progresses through uplift and
erosion, while in thin rifted crust, thickening can occur
through subsequent subsidence with sedimentation, and
with magmatic underplating. Provinces older than 500
My show a crustal thickness range of 35~40km indi-
cating an equilibrium envelope with increasing age.

The relationship between surface heat flow and crustal
thickness is shown in Fig. 6. Surface heat flow is variable
in the case of fold belts and uplift regions, reflecting the
important role that tectonic activity can play. In rifted
or stable provinces, high surface heat flow tends to be
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Fig. 6. Heat flow (qq) versus crustal thickness (M) for geologic
provinces. Horizonal bars show the range of crustal thick-
ness.

found in provinces of thin crust while low surface heat
flow usually indicat¢s a province with a thick crust.

In contrast to Cermak’s (1982) analysis which has
proposed a simple and causal relationship between heat
flow and crustal thickness, this analysis (Fig. 6) provides
an explanation for observed correlations where both
crustal thickness and heat flow respond to dynamic
geologic processes accompanying and following rifting
and orogeny. One can demonstrate that the maximum
variability in crustal thickness coincides with the you-
ngest geological provinces such as the Alps and Andes
Altiplano. Crustal thickening occurs during collision
orogeny or in Andean type arc complexes; crustal thin-
ning occurs predominantly by rifting.

The thermal state of all these types of young provinces
is generally characterized by high heat flow, up to about
90 mWm 2% With the progression of time, isostatic pro-
cesses operate to thin the thickened crust through uplift
and eresion and thicken the rifted crust through subsi-
dence and sedimentation. This crustal thickness for old
geologic terrains varies only between 35 and 45 km.
Thermal processes accompanying the dynamic crustal
processes return the perturbed thermal state to an equi-
librium thermal staté (characterized by heat flow of 35
~50 mWm™?) along characteristic paths which provide
one explanation for the pattern of heat flow-crustal thi-
ckness data.

Pn VELOCITY

A second measurable parameter used to characterize
continental crust and upper mantle is the uppermost
mantle compression wave velocity Ve. For this analysis,
we have used the Ve, and crustal thickness data tabulated
by Prodehl (1984), and added our compilation of heat
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bars show mean heat flow and heat flow range. Geologic
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closed circle; rifted or stable province.

flow and age for selected geologic provinces.

Upper mantle Pn velocities are plotted against crustal
age in Fig. 7. Pn velocities depends on crustal thickness
and vary from 7.6km s™' to 8.3km s™'. The average
crustal thickness for the geologic province is calculated
from the seismic data. Minimum values of Pn velocity,
about 7.6 km s, occur in young rift provinces. Velocity
increases steadily with increasing age back to Early Pa-
leozoic provinces (Fig. 7) consistent with the time scale
of heat flow variations noted earlier.

The relation of surface heat flow to Pn velocity is
shown in Fig. 8. The data points from orogenic fold belts
or uplift regions are scattered because of tectonic activity.
The relationship of surface heat flow (qo) to Pn velocity
is evaluated by the least-squares linear regression. When
we exclude the orogenic fold belt or uplift regions and
Sierra Nevada, the relationship of surface heat flow (qo)
to Pn velocity for 23 locations is as follows :

Vr=8.39—-0.0052 qo ()

with a correlation coefficient of y=—0.70.

This study confirms and extends the results of Black
and Braile (1982), showing that Pn velocities are nega-
tively correlated with surface heat flow. If this relation-
ship is caused by thermal effects alone, then the Pn ve-
locity variations can be used to evaluate thermal evolu-
tion of the continental lithosphere, there few or no heat
flow measurements exist.

The inverse relationship between Pn velocity and su-
rface heat flow shown in Fig, 8 is consistent with labo-
ratory results whereby seismic velocities are decreased
by increasing the temperature of the sample. A field test
under in situ Moho conditions is possible with an ex-
tension of Ve, heat flow, and crustal thickness data. By
using geotherms constrained primarily by surface heat
flow values (Pollack and Chapman, 1977) to estimate
Moho temperature, and adjusting Ve, to compensate for
pressure effects of variable thickness crusts, Ve. can be
compared directly with temperature. Such a comparison
made by Black and Braile (1982) yield a velocity deri-
vative with temperature of :

aVPn
oT
The similarity between this result and laboratory expe-

riments confirms that the trends seen in Figs.7 and 8
have a thermal origin.

=(—44~-8.1)X10 " km s K (©)

DISCUSSION

There is bound to be a certain amount of subjectiv-
ity involved in the process both of age assignment and
of calculation of mean heat flow due to the decisions
by the investigators about how many samples will be
studied or how broad an age range should be assigned
to given provinces. This study has been hampered by li-
mited and geographically uneven data, gathered in only
several tectonic provinces.

Extension regions such as the Basin and Range, Tu-
scany, and the Pannonian Basin show crustal extension
due to lithospheric thinning above asthenospheric dia-
pirism (Morgan and Baker, 1983). In general, an elevated
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temperature can be expected to result from crustal thin-
ning in the extension region. As shown in Tables 2 and
3, high heat flow occurs usually in thin crust.

Continental collisions indicate generally high heat
flow and a gradational trend of seismic P-wave velocity
due to both the complex dips of layers and a weli-de-
veloped LVZ. Our analysis of Prodehl’s seismic profile
(1984) is the basis of our opinion. Cermak and Hurtig
(1977) and Cermak (1979) conclude that the high héat
flow in the Alps is due to the effects of erosion. However,
this use of erosional effects to explain heat flow and heat
flow provinces should be reconsidered, even though
England and Richardson (1977, 1980) have espoused its
validity. Uplift regions such as the periphery of the Co-
lorado Plateau, the Southern Rocky Mountains, the Alps,
and Hopei-Shantung respond to surface heat flow and
extensional features. A variety of geologic and tectonic
influences are at work. Heat flow in any uplift region or
orogenic fold belt is both geologic/tectonic process de-
pendent and time dependent.
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