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Abstract—Heat generation due to decay of long-lived radioactive isotopes is considered in the Earth’s crust
of the Archean—Proterozoic and Paleozoic provinces of Eurasia and North America. The heat flow that
forms in the mantle is calculated as the difference between the heat flow observed at the boundary of the solid
Earth and radiogenic heat flow produced in the crust. The heat regime in regions with anomalously high
radiogenic heat generation is discussed. The relationship between various heat flow components in the Pre-
cambrian and Phanerozoic provinces has been comparatively analyzed, and the role of erosion of the surface-

heat-generating layer has been estimated.
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INTRODUCTION

The nature of heat flow (HF) from the Earth’s inte-
rior is the main object of geothermics. Before the phe-
nomenon of radioactivity was discovered, its nature was
related to cooling of the once molten planet. After this
discovery, the role of radiogenic heat generation has
been regarded as crucial. Nowadays it is thought that
various sources participate in the production of intra-
terrestrial heat and their role is time-dependent.

Radiogenic heat generation (RHG) in the interior
continuously slackened with the exhaustion of radio-
active elements. Short-lived isotopes (?°Al, 3°Cl, ®Fe,
etc.) almost completely decayed during the first tens
Ma of the Earth’s life. The heat released thereby was
added to the energetic effect of accretion. Giant bodies
that reached the size of Mars participated in the accre-
tion at its last stages. According to current concepts
[80], the energy realized during accretion was suffi-
cient to form an ocean of magma, i.e., an almost com-
pletely fused silicate shell, and to separate the Fe—Ni
metallic core, which formed almost completely over a
relatively short time span (~70 Ma) [80].

After formation of the Moon, the kinetic energy of
the Earth’s rotation, slowed down by tidal friction, was
transformed into heat; however, this heat release
yielded to other sources and diminished by an order of
magnitude already over the first billion years of the
Earth’s life. The contemporary dissipation of tidal
friction energy in different geospheres, i.e., internal
friction within the solid Earth, can undoubtedly be
neglected [77].

The observed “surface” HF (measured at a drilled
depth interval, i.e., nearly at the boundary of solid
Earth), whose density is ¢q,, = —kgrad 7, differs from
the deep HF because of effect of many distorting near-
surface factors: morphology and contrast of thermal
conductivity (k) of geological bodies, circulation of
underground water, climatic temperature variation at
the bottom of the heliothermozone, topography, tec-
tonic movements, etc. Nevertheless, even for the small
number of HF measurements available in the mid-
20th century, it became evident that HF variations are
related to regional physical and chemical processes
[35]. When density of the surface HF is averaged over
large regions, the opposite in sense effects of distorting
factors are mutually compensated to a certain extent,
so that average regional g, values are closer to deep
HF than particular measurements.

Comparison of these values with the age (¢) of tec-
tonic and magmatic activity in large domains of the
continental crust corresponding to fold regions differ-
ing in age reveals a significant correlation between
these parameters, i.e., the HF—age dependence [21,
22,37, 38, 45, 74, 82] (Fig. 1).

The g—t trend in the continental crust is especially
striking in Phanerozoic blocks, where the HF struc-
ture consists of three components: (I) radiogenic heat
produced in the crust; (II) time-dependent thermal
perturbation related to tectonogenesis, or orogenic
heat [82]; and (III) heat supply from the mantle. The
latter is a result of decay of the still-retained radioac-
tive 228U, 22Th, and “°K isotopes, the manifestation of
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Fig. 1. Surface HF versus age of tectonomagmatic activity in continental crust: (a) after [22]; (b) circles after [22], diamonds after

[13], triangles after [37]; (c) after [75, 76]; (d) after [82].

high-energy processes that occurred at the very early
stages of the Earth’s evolution, a certain contribution
of gravigenic heat released by subduction of eclogitic
and granulitic slabs into the mantle, and, probably,
deep-seated exothermic geochemical processes.

When the number of measurements is increased,
the dispersion of “synchronous” values of surface HF
and ¢, observed in the same geoblock but at various
spots or depth intervals also increases. This scattering
obscures the general trend, so some skeptics doubt its
existence [65]. These doubts have been dispelled,
however, by four selections clustered by the isotopic
age of rocks in the observation areas: <250, 250—800,
800—1700, and >1700 Ma [75, 76].

The Phanerozoic g—t trend makes it possible to
identify component II by means of the traditional, for
geophysics, solution to the inverse problem, i.e., by cre-
ating calculated thermal physical models, where the
source depth, its shape, size, thickness, and time of exis-
tence are fit to variation of g, (see [14, 27, 30] and oth-
ers). In such an approach, the geological nature of these
temporal and local heat sources remains unknown, so
that they are a priori identified with the upwelling of hot
mantle material (asthenospheric diapirs). The validity
of this postulate can be proved only by direct composi-
tional evidence for invasion of the mantle material into
the crust in zones with elevated HF.

This has been done owing to the study of He iso-
topes in subsurface fluids. As it turned out [15, 23], the
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3He/*He ratio (R) varies from ~1073 in the subsurface
water of Precambrian shields to ~107> in gases of vol-
canoes and hydrotherms of mobile belts and other
objects genetically related to differentiation and degas-
sing of the mantle. At the shields, this ratio corresponds
to radiogenic helium, which appears owing to decay of
U and Th contained therein at their global mean con-
centrations. In gases from active volcanism domains,
the ratio is 1000 times higher because of the occurrence
of primordial helium with R ~ 10~* entrapped by the
Earth during accretion. In Phanerozoic folding zones,
this ratio is intermediate in value and decreases with the
age of tectonomagmatic activity and HF density. Thus,
the latter positively correlates with relative concentra-
tion of *He rather than “He in terrestrial gases.

This implies that the ordered HF variations in the
Phanerozoic tectonic provinces are related to man-
tle-derived heat and mass transfer rather than to
crustal radiogenic heat. This heat and mass transfer
has a silicate nature, as follows from the isotopic
compositions of volatile helium and lithophile stron-
tium in recent volcanic and hydrothermal activity
products [24, 47, 48, 62].

Almost simultaneously with the revealed heat flow-
age dependence, the relationship between surface HF
(gs) and RHG (4,,,) has been found. The latter param-
eter reflects the total effect of decay of radioactive U,
Th, and K isotopes in surficial, i.e., exposed or drilled,
rocks [36, 53, 67]. Already after the first A, determina-
tion, it has become clear that RHG must decrease with
depth. If this parameter remains constant throughout
the crust, then surface HF would be at least by an order
higher than the observed value.

The positive correlation of g, and A, has been
established by comparison of pairs of these parameters
in two of three studied regions of the United States
[54, Figs. 3—9]. This relationship is described by the
linear equation gq,, = DA, + ¢..q> Where D is a coeffi-
cient numerically equal to tana (a is a slope of the
regression line) with the linear dimension, because
Ag/AA=|(W x 1073 m~2)/(W x 10~° m~3)|, and deter-
mines in quantitative terms the thickness of the layer
where heat generation is especially intense, i.e., the
characteristic depth as defined in [73]; g.4 corre-
sponds to point Ay, = 0 (so-called reduced HF sup-
plied to the sole of this layer). Parameter D character-
izes the degree of differentiation of crustal matter by
the content of radioactive elements. The parameter D
is lower, the faster their concentration decreases with
depth [50, 73].

Various models of radioactive element distribution,
e.g., stepwise, linear, or exponential, can correspond to
a decrease in RHG with depth. In the first model, the
RHG value is taken as constant from the surface to
depth D, and deeper jumpwise decreases up to the val-
ues inferred from the geophysical properties of corre-
sponding layers. In the linear model [53], RHG
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decreases with depth according to the law A, = A, [1 —
(z/(2D))]; 0 < z < 2D, where z is depth. In the exponen-
tial model [67], the decrease in RHG is described by the
relationship A, = A,,.exp(—z/D).

The concentration of each heat-producing radioac-
tive element decreases with depth to a different extent.
This differentiation is controlled by the processes occur-
ring at various depths: primary separation into crust and
mantle, magmatism, metamorphism, ascending advec-
tion of fluids, and circulation of meteoric underground
water mainly in the supergene zone [50, 72].

The character of the vertical U, Th, and K distribu-
tion is clearly documented by boreholes in the Canadian
Shield and the southern African Platform, e.g., in the
Vredefort structure [60]. These data, which reflect dif-
ferent parameters D for each heat-generating element,
make it possible to derive the reduced HF from the

equation gy, = qeq + D" Ag, + D' Agy + DA,
[50], as well as the total RHG at different depth levels in
the crust; however, the vertical features of AY, A™, and

AKX have been established only in a few cases.

After [59], the calculated g,.4 became identified as
a mantle HF. The latter, however, is understood as
ascending HF at the M discontinuity rather than at the
D boundary, i.e., at the bottom of the crust (g,),
although ¢4 in principle differs from g,,, first, by the
heat generation value in the middle and lower crust,
second, owing to the lateral heterogeneity of the ther-
mal conductivity existing there [43, 63], and finally,
taking into account effect of “thick lithospheric man-
tle roots” on the HF [72, p. 396].

Setting the exponential model of the decreasing
RHG with depth, we can determine the value of the
crustal (radiogenic) contribution to surface HF (q.,)
by the integral

M

qer = J. AsurD[l - eXp(_M/D)]a
0

where M is the crust thickness (Fig. 2). Thus, g, =
dsur — 4o~ It was proposed to call regional selections
differing in the value of parameter D HF provinces |36,
53, 67, 68] without specification of this flow. How-
ever, the g, and A, values in these provinces are
characterized by a wide dispersion, which predeter-
mines the possibility of its recognition, so that the tra-
ditional term—HF province—does not adequately
express their specificity. The latter is much more evi-
dent in the constancy of the D and g, values, which
differ in particular regional selections. Therefore such
(g — A),, selections should be called by another term,
e.g., D- or g,.4-province, as proposed in [68]. As
emphasized above (see also [59]), the reduced HF
(¢..q) differs little from the mantle HF, so that the D-
or g,.q-provinces could be called mantle HF provinces
with that reservation. In some cases, they incorporate
domains of tectonomagmatic activity differing in age,



182

L
S)

Depth, km
"
S

=30

D
(e
\

Depth, km
&
[w]

—

|
N
S
T

50"

Fig. 2. Decrease of (a) RHG with depth according to expo-
nential model at Ay, = 2.6 uW/m” and M = 50 km and
(b) radiogenic crustal component of HF, g,

where geothermal and He isotopic traces of heat and
mass transfer is not yet relaxed, so that relationships of
these domains and (g — A),,, provinces await further
research.

RADIOGENIC HEAT FLOW IN GEOBLOCKS
DIFFERING IN AGE

Archean— Proterozoic Geoblocks

The aforesaid shows that the HF structure, i.e., the
proportion of its crustal and mantle components,
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remains incompletely clear. The most effective stud-
ies, which focused on the quantitative contributions of
these components to HF, have been carried out on
ancient platforms. Substantial data in this respect have
been obtained from deep drilling in the Canadian
Shield and South Africa [58, 64, 71, 72], as well as in
the Baltic Shield (Kola Superdeep) [12].

The estimates of the crustal and mantle HF compo-
nents in the oldest crustal blocks with known seismic
structure are given in Table 1. It is assumed that in all
indicated Archean and Proterozoic provinces, the crust
thickness is 41 km, on average, and the mean density of
the total surface HF (gy,,) is ~41 and ~55 mW/m? for the
Archean and Proterozoic blocks, respectively.

These calculations are rather approximate, because
in many cases, assumptions must be made from insuf-
ficient analytical data. For example, in Archean com-
plexes 1, 3, and 4, the lower crust below 21 km, judging
by the refractor velocity, is composed of granulites, for
which RHG is estimated at 0.06 uW/m? [71] or
0.4 W/m? [63]. As a result, dispersion of the estima-
tions of HF components reaches 20—25%.

As seen from Table 1, these components have been
estimated more precisely for the Proterozoic blocks of
Norway, owing not only to the data on HF and RHG
in blocks of various middle and upper crustal rocks
exhumed at the surface, but also to detailed gravity
measurements. In northern Norway, where the crust
the thickest (up to 43 km), its middle and lower parts
consist of a 7-km sequence of amphibolites and gran-
ites, which overlie a 28-km-thick granulite sequence.
The mean RHG = 2.2 uW/m? in this section ensures
der = 35 mW/m?. In the Namaqua province of South
Africa, where the mean heat generation is somewhat
higher (2.3 uW/m?), q., is estimated at ~40 mW/m?. As
follows from these data, the g, value varies from 20 to

45 mW/m?, i.e., more than two times. This implies
that this value hardly depends at all on the crust thick-
ness and is controlled by surface heat generation and
the rate of its decrease with depth, i.e., parameter D.

The RHG distribution was studied in the cover of
the ancient East European Platform (EEP). N.S. Bog-
anik carried out a detailed analysis of radiogenic heat
generation in various crustal layers and lithotectonic
zones of the platform [7]. According to these data,
there are platform domains where the observed HF is
completely provided by radiogenic heat generation,
i.e., gy = q.. (Eastern Baltic Shield, Ukrainian Shield,
Voronezh Crystalline Massif, western Pericaspian
Basin). However, in most platform structures, the
proportion of crustal and subcrustal HF has been
determined as 9 : 1, and only at the platform’s margin
near the framing younger tectonic structures of the
Carpathians, the Caucasus, and the Urals, does the
share of heat supplied to the bottom of the crust reach
20% of the observed heat losses [7].
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Table 1. Contributions of crustal and mantle components of HF in Archean and Proterozoic blocks of continental crust

HF, mW/m?
Complex Number 3
No. (region, country) of samples Asur, WW/m D, km crustal, g mantle, Source
e dM = 9sur — Ger
Archean
1 | Vredefort (SAR) 146 1.75 11 22-29 15—18 [60]
2 | Lewisian (Scotland) 9 1.73 8.5 25-30 11-16 [83]
Kapuskasing 23-28 13—18 [34]
(Ontario, Canada) 20 1.33 105
4 | Pikwitonei _ _ _ 20-23 18—21 [42]
(Manitoba, Canada)
5 Klrklar.ld Lake 64 108 14.4 23-26 14—18 [56]
(Superior, Canada)
6 | Dharwar, India 2 1.05 7.5 22-25 12—16 [69]
Proterozoic
7 | Northern Norway 23 2.31 8.4 34-35 18—-20 [63]
Southern Norway 11 1.54 8.5 35 20-21 [78]
9 |Catalina, >26—34 <21-29 [52]
(Arizona, USA) 155 1.13 15.5
10 | Harkquahala, >32—44 <11-23 [52]
(Arizona, USA) 109 1.65 13
11 | Aravalli (India) 4 1.6 14.8 35-38 28—31 [69]
12 |Namaqua (SAR) 10 2.4 7.5? 3943 13—18 [51]

Later, owing to more precise HF measurements in
the EEP and to the improvement of the analytical basis
of 28U, #2Th, and “°K determination in core samples,
the previous estimates were refined [13, 25, 26].
According to [26], 30—40% of the observed HF are sup-
plied from the mantle in the Baltic Shield, Mesen
Basin, Timan Ridge, and Pugachev Inlier and 40—45%
in the Moscow Syneclise (boreholes near the towns of
Danilov and Soligach). These estimates are comparable
with the above data on other ancient geoblocks.

Unfortunately, the vertical variations of heat genera-
tion in the geological section of the EEP were not dis-
cussed. Based on the distribution of radioactive ele-
ments in carbonate and clay facies of the EEP cover
(Fig. 3), it was concluded that this distribution in
Archean, Proterozoic, and Phanerozoic rocks does not
obey an exponential law and is mainly controlled by the
lithology of rocks in large stratigraphic intervals [7].

Two reasons, as a minimum, apparently explain the
lack of regular vertical heat generation distribution in
the sedimentary cover of the EEP. First, this is the dif-
ference in provenances of the sedimentary material
forming the cover. In the Early and Middle Paleozoic,
the mountainous massifs in the territory of the pres-
ent-day Baltic and Ukrainian shields were the main
provenances [20]. Beginning from the Carboniferous,
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clastic material was supplied from the Urals and
Timan, whereas in the Mesozoic, the Caucasus and
Carpathians became provenances. It is hardly possible
to expect any regularity in the vertical RHG distribu-
tion when such different sources of sedimentary mate-
rial exist. This is supported by the diagram shown in
Fig. 3. The second cause is formation of particular
sedimentary complexes during different time spans
and different duration of radiogenic isotope differenti-
ation, if this process proceeded in the cover. No other
matter transfer except for circulation of meteoric water
was operated and is operating now.

Nevertheless RHG in the cover of EEP can be esti-
mated on the basis of 28U, 22Th, and “°K concentra-
tions in the rock complexes [7]. The calculation has
shown that radiogenic heat flow produced in the cover
of EEP ensures only 3.7—5.0 mW/m? in the observed
HF, whereas 20—22 mW/m? are generated in the plate
basement [3, 26]. Thus, the total average RHG in the
EEP is 24—27 mW/m?, or 60% of the mean back-
ground HF, which is estimated at 42 mW/m? for EEP.

At the Siberian Platform, the RHG has been stud-
ied thoroughly in the Chara—Olekma Block of the
Aldan Shield [19]. This shield is the largest inlier of the
crystalline basement, which is overlain by a thin cover
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of Upper Proterozoic and Phanerozoic sedimentary
rocks only in the north and northeast and contacts
with blocks subjected to Baikalian folding in the south
and west.

The oldest basement rocks (infracomplexes) are rep-
resented by gneiss, crystalline schist, and charnockite
dated back to 3 Ga. The U, Th, and K contents and,
correspondingly, RHG in gneiss (1.25—2.14 umW/m?)
and charnockite (0.66—1.28 umW/m?®) vary widely
owing to different structural levels of the Earth’s crust,
initial composition of protoliths, and apparently to the
changeable grade of metamorphism and granitization
within infracomplexes of the Chara—Olekma Block.
The mean surface heat generation (4,.), calculated in
proportion to block areas (infracomplex inliers), is esti-
mated at 1.09 £ 0.07 umW/m? [19].

The younger supracomplexes are composed of
metamorphic volcanic—sedimentary rocks diverse in
composition: crystalline schist, quartzite, calc-sili-
cate, and carbonate. Their relative amounts range
within wide limits. Ay, in this part of geological sec-
tion is 0.83 £ 0.11 umW/m?>.

The upper structural stage of the basement is repre-
sented by thick Paleoproterozoic sequences of subplat-
form terrigenous and volcanic rocks. Large and compo-
sitionally heterogeneous massifs of plutonic rocks
formed at the same time. Their heat generation is very
variable. For example, A4, in leucogranite is estimated

at 0.56 to 3.99 umW/m?, while its mean value in rocks
from the upper stage is 1.9 £ 0.9 umW/m? [19], i.e.,
twice as high as in the underlying sequence.

Figure 4 compares the RHG in the Chara—Olekma
Block with observed HF [4]; ¢, and A, show a signifi-

cant positive correlation (n = 9; »=0.982 > 0.666 = rcor.i(t)s

approximated by the equation gy, = 18. 5 + 13.54,.
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Setting the exponential model of heat generation distri-
bution, the crustal HF has been calculated by integra-
tion within a depth interval from 0 to 40 km (M bound-
ary). Integration yields 20.2 mW/m?.

The surface HF in the Chara—Olekma Block var-
ies from 30 to 48 mW/m?, 38 + 4.5 mW/m?, on aver-
age. Subtracting the estimated value of crustal HF
(20.2 mW/m?), we obtain the value of the mantle
component (~18 mW/m?).

The proportions of crustal (radiogenic) and mantle
components of HF in the Canadian Shield, EEP, and
Aldan Shield show that the mantle HF for all objects
approximately coincides; the ratio of both compo-
nents is estimated at (55—60) : (45—40)% in favor of
the radiogenic. Depth parameter D at the Aldan Shield
is, however, three times greater than at the Canadian
Shield and EEP. This is formal evidence of a less dif-
ferentiated section in terms of concentrations of heat-
generating elements. The complete lack of corre-
sponding data makes it impossible to propose a more
reliable model of their depth distribution.

Paleozoic Foldbelts

The description of the HF structure in the Paleo-
zoides is based on detailed data mainly obtained at ore
deposits of the Central Asian Foldbelt (CAFB), where
the concentrations of radioactive elements have been
determined in core samples with subsequent calcula-
tion of RHG. Typical data on other Paleozoic HF
provinces are given in Table 2.

In these provinces, reduced HF amounts to 28—50%
of surface HF (39.3 £ 10.3%, on average). The absolute
value of the reduced (to a first approximation, mantle)
flow in the Paleozoides is higher than in the Precam-
brian blocks; however, the crustal component of
observed HF remains the same as in Archean and Pro-
terozoic provinces. Two features of the Paleozoic geob-
lock attract attention as compared with older blocks:
(1) higher values of parameter D indicating lower differ-
entiation in younger blocks and (2) anomalously low
G 9red> and D values in the southern Urals. The anom-
alously low values of observed HF in the northern Eur-
asia have also been noted in the northern Salairian
Anticlinorium, the Gorlovsk Trough, the adjacent part
of the Tom—Kolyvan Zone [29], and in the Hercynian
South Mongolian Foldbelt [30, 31]. One of the reasons
for this phenomenon is the decrease in its mantle com-
ponent down to 4—5 mW/m?, as observed in the Urals;
however, it cannot be ruled out that there are several
reasons for the anomalous reduction in both observed
and mantle HFs [25, 29].

To explain this phenomenon, a model of mantle
HF screening by allochthonous lithospheric sheets
during the final stage of crust rearrangement in the
Late Paleozoic Ocean has been proposed [30]. The
mantle HF was consumed almost completely to heat
the lower allochthon at a depth commensurable with
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the thickness of the oceanic lithosphere (70—80 km),
i.e., much lower than M boundary. Calculation has
shown that the time-dependent thermal regime that
arose at those geometric screening parameters may
continue for more than 300 Ma; i.e., it is felt in the
contemporary thermal field.

Another reason for the lower HF in these regions
could have been anomalously low concentrations of
long-lived radioactive isotopes. However, the available
data on the contents of radioactive isotopes in rocks of
the Southern Urals and Salair do not exhibit a
decrease in the 23U, 22Th, and “°K concentrations
[16], so that a smaller value of the mantle component
is a more probable reason for the low observed HF in
these regions.

The first estimates of heat generation (A4) for the
Kazakhstan territory of the CAFB have been obtained
by calculations for separate lithospheric layers based
on the mean content of heat-generating elements in
each layer bounded by seismic surfaces with certain
refractor velocities [6, 26] (Table 3).

The obtained RHG values for the given layered
model of the CAFB can be approximated by an expo-
nential decrease in heat generation with depth. If it is
assumed that A, = 2.31 uW/m?, then at the sole of

GEOTECTONICS Vol.50 No.2 2016

the active heat generation layer 4, = 2.31 : 2.718 =
0.85 uW/m?. In this case, the sole of layer D occurs
approximately in the lower part of the granitic—met-
amorphic crustal layer. Interpolating the heat gener-
ation values for particular layers, we find that A, =
0.85 uW/m?3. As follows from interpretation of the
DSS data for the CAFB, e.g., along the Balkhash—
Temirtau, Temirtau—Petropavlovsk, and Temirtau—
Samara seismic lines, the total thickness of the
granitic—metamorphic crustal layer is estimated at 15—
16 km [Yu.K. Shchukin, personal communication
1992], and its lower part with refractor seismic velocities
of 5.7—6.3 km/s is located within the depth interval of
11—16 km. Thus, based on the layered (stepwise) model
of decreasing surface heat generation, we suggest that
D~ 13.0—13.5 km.

Let us verify whether the depth of the active heat
generation layer (D) is located in this depth interval,
when the exponential model of decreasing heat gener-
ation is used.

Constructing this model for each borehole, where
HF is measured, we calculate A, from formula

A, (W/m?) = 0.132p(0.718U + 0.193Th + 0.262K),

where U, Th are the uranium and thorium concentra-
tions, ppm; K, wt %, and p is the rock density, g/cm?.
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Table 2. Parameters of Paleozoic HF provinces
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. HF, |Radiogenic HF,| Reduced HF, |Parameter D,
Province Age, Ma mW/m? mW/m? mW/m? km Th/U Source
Appalachians
— + + + + +
and New England (USA) 400—100 | 47 =17 24+ 18 23+4 7.5+£0.2 42+ 1.1 [68]
England and Wales 600—300 | 59 £ 23 34+23 25+ 3 16 £ 1.6 1.5 [55, 66]
Norway 450-250 | 50 £ 15 30+ 15 20 8.4 3.3+ 1.5 [78]
Iberian Meseta 350—250 | 46+ 12 34+ 12 13 11.5 3.5 [32]
Altai, Sayan
’ ’ — + + + +
West Siberian Plate 600—250 | 5222 35+23 178 16 £ 1.8 4.6 [29]
Tien Shan 450-250 | 56 £ 16 33+ 17 22-25 12.5 5.1+ 1.3 [18, 30]
South Urals 400—-320 | 32+6 27 +7 5+4 6.6 2.3 6.3 2.5/ [25, 30]

Table 3. Heat generation in lithospheric layers

Lithospheric layer Heat generation (A4), uW/m? Refractor seismic velocity (v;), km/s
Granitic—metamorphic 1.55 5.1-6.3
upper part 2.31 5.1-5.7
lower part 1.26 5.7-6.3
Basaltic 0.46 6.3—8.3
upper part 0.67 6.3-7.3
lower part 0.25 7.3—-8.3
Upper mantle 0.008 8.3—-8.4

The empirical data obtained in Borehole 503 at the
Bestyube deposit show that the RHG distribution along
the depth can be approximated by the exponential
model (Fig. 5). The smoothing exponential curve is
constructed with aid of STATISTICA program. The
obtained RHG distribution is described by the equation
A, = 1.2exp(z/12) at r* = 0.591 (ry s = 0.497) for the
bilateral Pearson criterion. In the above formula, 4, is
1.2 uW/m? for the Bestyube deposit, and value of 12 km
in the denominator of exponent is parameter D for the
same structure. The D estimates for the layered and
exponential models of decreasing RHG for the
Bestyube deposit are close to each other. Now we pass
to subsequent analysis of the heat generation parame-
ters for the entire set of data on the CAFB.

The relationship of HF measured at ore deposits of
Kazakhsatn, the Tien Shan, and Mongolia versus sur-
face heat generation (A4,,) is shown in Fig. 6. As is seen
from this figure, the observed HF varies from 20 mW/m?
at the Tavan-Tolgoit coal field in the South Mongolian
Foldbelt to 94 mW/m? at the Uchkoshkon tin deposit in
the Kokshaal Zone of the South Tien Shan. The interval
of Ay, from 0.44 uW/m? at the same Tavan-Tolgoit to
3.9 uW/m? at the Aktogai porphyry copper deposit in
the Balkhash Basin is no less significant. (Data on radio-
isotope concentrations in the Borly, Karkaralinsk, and

Aktau-Mointy boreholes were kindly placed at our dis-
posal by A.M. Kurchavov from the Institute of Geology
of Ore Deposits, Petrography, Mineralogy, and Geo-
chemistry, Russian Academy of Sciences and are pub-
lished with his permission.) This data set shows a linear
correlation: » = 0.555 (7 9s = 0.323 forn — 2 = 27). The
dependence of HF vs. RHG is approximated by the
equation g, = 24.7 + 13.34,,,.

As is seen from Fig. 6, g,.4 is 24.7 mW/m? and D =
13.3 km. These values almost coincide with estimates
for the Bestyube deposit and for the results of calcula-
tions using stepwise model for the Kazakhstan terri-
tory of CAFB. All they indicate that sole of the active
heat-generating layer occurs in the lower part of the
granitic—metamorphic layer.

Opening the integral approximation for calculation
of the crustal HF (see above), we obtain the formula
qor = DA, | 1— exp(—M/D)].

After substitution of the corresponding parameter
values for the CAFB areas into this formula, we obtain
the calculated value of crustal (radiogenic) HF
(27.2 mW/m?). Taking into account the uncertainties
of our estimates, we see that ratio of crustal (radio-
genic) to mantle HF is 50 : 50%.
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Areas with Anomalous Radiogenic Heat Generation

An anomalously high RHG has been revealed for
Permian magmatic bodies in two areas of the Eurasian
continent. These are the Akchatau biotite granite plu-
ton in the Tokrau Basin of central Kazakhstan [30]
and the tin-bearing Carnmenellis granitic pluton in
the Cornwall Peninsula in southwestern England [84].
Let us consider the HF structure of these areas in
more detail.

Akchatau pluton

The highest HF density in central Kazakhstan
(ger = 77—78 mW/m?) has been measured at two sites
of the Akchatau pluton. This rare-metal deposit is
related to the conjugation zone of the Shetsk Anticli-
norium with the Tokrau and Akzhal—Aksoran syncli-
noriums subjected to complex folding and faulting and
cut through by granitic plutons of the Middle—Late
Carboniferous Topar intrusive complex and Late
Permian—Early Triassic Akchatau complex. The
coarse-grained leucogranite of the Akchatau Com-
plex, which hosts the deposit, forms a massif consist-
ing of three consecutively emplaced intrusions [10].

The total thickness (10 km) of the Akchatau intru-
sive complex was estimated along the Balkhash—Temir-
tau DSS profile. This increases the thickness of the
granitic—metamorphic layer as a whole. Its upper zone
is limited to the refracting surface with v = 5.7 km/s at
a depth of 10 km, while the lower zone limited by the
surface with v = 6.3 km/s at a depth of 20—21 km. The
total crust thickness also increases to 44—47 km,
whereas to the north and south, the crust is thinner
(39—40 km) [1].

The geothermal research at the Akchatau deposit
included thermometric measurements in eight bore-
holes and collection of core samples to determine heat
conductivity and U, Th, K contents. The geothermal
gradient at the Akchatau varies from 21.6 to 26.0 mK/m
(Fig. 7). These are the highest values among all other
determinations made in the Central Kazakhstan mosaic
fold region [30].

Three rock complexes are distinguished by heat
conductivity (k): felsic lava and tuffs with k = 2.57 +
0.08 W/(m K); biotite granite (2.97 £ 0.07 W/(m K)),
and greisen (4.09 + 0.42 W/(m K)).

With allowance for corrections to refraction of the
HF under conditions of contrasting heat conductivity,
its surface density (gy,,) has been determined. At two
sites differing in orebody morphology, g, varies from

68—72 mW/m? (Northern site) to 71—78 mW/m? (Aksai
site) [30]. To explain the nature of such a high conduc-
tive HF, we quantified its crustal and mantle compo-
nents, taking into account the contents of heat-generat-
ing isotopes in the rocks penetrated by boreholes. The
results are given in Table 4.
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Fig. 5. Heat generation versus depth in Borehole 503 at
Bestyube deposit. (/) Empirical heat generation value;
(2) exponential smoothing curve of heat generation distri-
bution.

The rocks in sections of the aforementioned sites of
the deposit are characterized by an extremely high
RHG, which exceeds by four to five times the heat
generation in the granitic—metamorphic layer of the
Late Paleozoic Dzhungar—Balkhash Fold Region
[26]. The especially high RHG values are established
in the upper part of the contact zone of the ore with
host rocks. Such anomalously high heat generation is
an obvious attribute of the Akchatau intrusive complex
being composed of leucogranites. Therefore, the
thickness of the pluton should be taken into consider-
ation when the crustal and mantle components of HF
are calculated. Thus, we have estimated HF compo-
nents, issuing from stepwise and exponential models
of RHG distribution.

Applying the stepwise model of RHG distribution,
its values in the lower part of granitic—metamorphic
and in the basaltic layers have been taken from the lit-
erature [26]. According to this model, the crustal HF
is 40 mW/m?2. The remainder of the measured HF
(30—35 mW/m?) characterizes the heat removal from
the mantle.

The calculation by exponential model requires esti-
mation of parameter D, which has been calculated using
the technique described above and yielded 3.8 km. After
substitution of the obtained D value into equation g, =
DA, 1 — exp(—M/D)], the crustal HF have been

assessed as 37.5 mW/m? in agreement with the above
calculation based on the stepwise model. Accordingly,
in the exponential model, the reduced HF is 32—
37 mW/m?.
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Fig. 6. Heat flow (g) versus surface heat generation (A4,,) at ore deposits of CAFB. Symbols represent deposit names and borehole
numbers: Uch, Uchkoshkon (South Tien Shan); DB, Dund-Bulag; UTs, Ungur-Tsagan; Br, Berkh; Bu, Burinkhan; DSh, Dzan-
Shire; Sh, Shand; TsS, Tsgan-Suburga; TT, Tavan-Tolgoyt; Ou, Ouyut; Ish, Ikh-Shanhai (Mongolia); Bt, Bestyube; So, Saryoy;
Bo, Borly; KT, North Katpar; Ak, Akbokay; Kark, Karkaralinsk; AM, Aktau—Mointy (central Kazakhstan).

In discussing the exponential simulation results, it
should be emphasized once again that the reduced HF
corresponds to the mantle HF incompletely. The
point is that granite of the Akchatau pluton also occurs
beneath the layer of active heat generation, i.e., deeper
than 3.8 km, and it is unreasonable to ignore the
occurrence of radioactive isotopes therein. Though
their concentrations are three times lower than in the
upper 4 km, they nevertheless ensure the heat genera-
tion measured by 2—4 uW/m?>. These values are by an
order of magnitude higher than in the mantle. Extrap-
olating the decrease of heat generation with depth
along the exponent to the M boundary and calculating
radiogenic HF in the lower crust, we obtain
5.5 mW/m?. Thus, the exponential model of heat gen-
eration distribution yields a more reliable value of HF
from the mantle (26.5—31.5 mW/m?). This value is 2—

5 mW/m? higher than estimates of the mantle HF in
other areas of the CAFB.

It is evident that the high radiogenic crustal HF in
the Akchatau pluton is caused by high concentrations
of 28U and 2?Th [5, 50]; however, the nature of HF
from the mantle exceeding its estimates in other Late
Paleozoic structures of CAFB requires further discus-
sion and refinement.

This elevated mantle HF may be evidence that the
zone of fractional melting of the mantle matter (the
astenosphere roof) approaches to the Earth’s surface.
According to our estimates, the thickness of the litho-
sphere beneath the Tokrau Basin is 130—140 km,
whereas beneath the adjacent structures of central
Kazakhstan it is appreciably greater: 370 km in the
Selety Synclinorium, 330 km in the Uspensky Zone,
and 170 km near Lake Balkhash [30]. In turn, the
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decrease in thickness of the lithosphere can be related
to younger tectonic activation of the structure. In
addition to the Akchatau pluton of Early Triassic age
that is younger in comparation with the ambient Late
Paleozoic complexes [2] , the later (Mesozoic?) supply
of mantle matter to the crust is supposed.

Carnmenellis Pluton

This is one of the merging granitic massifs that
made up the large Early Permian (300—275 Ma) Cor-
nubian Batholith that underlies the Cornwall Penin-
sula in southwestern England. The batholith is com-
posed of tin granites that formed as products of partial
melting of the sedimentary protolith. In the 1970s—
1980s, some of its massifs were explored using physical
methods, including thermics, and drilled to a depth of
2300 m [44, 46, 57,79, 84, 85].

As was established by studying the Carnmenellis
pluton, the accessory minerals from granite (monazite,
zircon, xenotime, apatite, uraninite) contain radionu-
clides, which ensure heat generation in an amount of no
less than 4 uW/m? which remains practically
unchanged in the two upper kilometers of section [84].
This RHG is approximately two times more intense
than the average of the granitic—metamorphic layer in
the Earth’s crust. The high RHG could have resulted in
the observed conductive HF. Its density in the Carnme-
nellis pluton varies from 106 to 129 mW/m? [44]. This is
much higher than the mean gy, = 55 mW/m? in Great
Britain [85]. As was pointed out above, the localization
of the HF anomaly agrees closely with the morphology
of the Carnmenellis pluton [55]. This anomaly should
be attributed, however, not only to high local RHG but
also to water circulation in the upper 2—3 km of the geo-
logical section [44] (Table 5).

To quantify the HF components, an exponential
model of RHG diminution with depth has been
adopted. Using the technique described above, the
radiogenic component is estimated at 29 mW/m? and
parameter D is 7.0 km. The thickness of the Cornwall
batholites is ~15 km [85], so that the same situation
develops here as in the Akchatau batholith, i.e.,
reduced HF (g,.q = 110 — 29 = 81 mW/m?), reflecting
heat supply not only from the mantle, but also from
the lower crust about 7 km above M boundary. The
lower crust consists of metasedimentary rocks with
interlayers of volcanogenic material and sporadic
mafic intrusions. The contribution of the lower crust
to the heat budget, if its nature is thought to be only
radiogenic, is ~50 mW/m?. In this case, the mantle
HF is estimated at 81 — 50 = 31 mW/m?. This value is
random but coincides with the estimate of mantle HF
at Akchatau.

Importance should hardly be attached to this coin-
cidence, because vertical fluid filtration, which is
inferred within Cornwall plutons [44], distorts con-
ductive HF by 7—8 mW/m? (Table 5). No evidence for
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Fig. 7. Thermograms of boreholes at Akchatau deposit.

the development of such filtration is known for the
Akchatau pluton. On the contrary, the thermograms
of boreholes (Fig. 7) are linear with small deviations
caused by structural and thermal physical heterogene-
ities of the section.

In the two examples above, the elevated concentra-
tions of radioactive elements are sources of elevated
HF in the crust. The cause of increasing HF below
depth D (the layer of active heat generation) could be
related to approach of mantle zone of fractional melt-
ing as a result of active tectonics, as was noted for
Akchatau, or to intensified convection in the fracture
system, as was proved for the Cornwall batholites.

In comparison with the aforementioned regions
with anomalous RHG, even the contemporary Baikal
Rift Zone (BRZ) with high background HFs (20—
470 mW/m?), 78 and 60 mW/m?, on average for the
lake and coast, respectively) is characterized by rela-
tively modest radiogenic HF (up to 20—30 mW/m?).
The rest of the flow, 50—60 and 30—40 mW/m?, is
thought to be related to additional crustal and mantle
heat sources [8]: mantle intrusions and intense hydro-
thermal heat and mass transfer. The effects of these
sources are the most appreciable in rift basins, which
are the most permeable in this region. Thus, the ratio
of crustal to mantle HF in the BRZ is 30 : 70%.

DISCUSSION

The data considered above demonstrate an increase
in mantle HF with rejuvenation of tectonic structures.
It was assumed that the mantle component of HF varies
in time from its maximum in the regions of contempo-
rary active tectogenesis to the minimum or even almost
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Table 4. Radiogenic heat generation at Akchatau deposit

Content
Hole number Depth, m RHG, pW/m?
U, g/t Th, g/t K, %
Northern site
80 9.5 41.5 4.3 5.8
160 11.0 49.0 4.6 6.8
38 200 69.0 32.9 4.4 20.8
280 15.0 48.6 4.3 7.8
300 28.0 57.4 4.3 11.8
80 50.0 41.0 4.0 16.4
43 120 47.0 49.0 4.2 15.6
214 10.6 27.5 34 5.1
97 60 9.5 52.8 34 6.6
143 9.0 53.5 3.8 6.6
Aksai site
40 5.1 18.3 4.2 2.9
80 3.2 5.5 34 1.6
240 9.6 15.5 3.5 4.2
340 6.7 43.7 4.0 5.3
249
360 34.0 42.5 34 12.2
380 23.4 50.8 4.3 10.1
460 7.5 49.5 4.0 5.9
480 9.4 45.9 4.3 6.1
340 43.0 50.5 4.0 15.2
247 375 14.9 45.2 4.2 7.5
380 30.0 44.2 4.2 9.8

Table 5. Heat flow and heat generation in granitic plutons and basement rocks of Great Britain

. Number of HF G W/, HF correc"ted wi'Fh allowance
Object measurements :\l/rerage *+o for or}e—qlmens'lonal modelz RHG, p,W/m3
of fluid circulation, mW/m
Cornwall plutons
Carnmenellis 10 157 108 4.0+0.5
Bodmin 5 116 £5 109 42109
Lands End 3 125+ 3 118 5.1x0.2
Saint Austell 2 126 £ 0.5 118 42109
Dartmoor 6 113+9 113 53+0.5
Average 26 116.7 £ 5.2 113 +4.7 4.6+0.5
Elr‘l‘gtg:d"fnorthem 4 84.0 £ 14.2 - 41£0.8
Plutons of Scotland 5 67.6 £ 13.5 — 55+25
gisg?:;;n;;i’fé‘;a‘l’;cenual 6 49.3+10.4 - 14406
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Fig. 8. Crustal and mantle HFs versus geological time
under assumption that radiogenic HF is invariant through-
out geological history.

zero in the Precambrian crust [13, 28, 40]. Crustal
radiogenic HF serves as an time-invariant addition, the
percentage of which relative to the mantle HF increases
with time and, correspondingly, with a decrease in the
mantle component (Fig. §).

Another relationship between crustal and mantle
HF has been proposed [82]: a twofold decrease in
crustal (radiogenic) HF over 300—400 Ma due to ero-
sion of the upper crustal layer enriched in radioele-
ments (active generating layer).

But how much does erosion influence the amount
of radiogenic heat released from this layer? This prob-
lem can be considered by the example of the CAFB
and certain other Phanerozoic foldbelts.

According to Dobretsov [17], two parallel near-lat-
itudinal zones of metamorphic rocks conformable to
tectonic structures are recognized in the CAFB. The
northern zone consists mainly of medium—tempera-
ture metamorphic rocks of epidote—amphibolite
facies, whereas the southern zone is represented by
low-temperature greenschist and glaucophane-schist
facies. The latter, as is known, forms under conditions
of low temperature (100—250°C) and relatively high
pressure (6—12 kbar) [81]. The typical areas where this
facies occurs are oceanic plate subduction zones [9].
They are noted in both active (Japan, Sakhalin, Kam-
chatka, California) and older Benioff zones (Pennin-
ian Alps, Sanbagawa Belt in Japan, Tien Shan, the
Urals, eastern Kazakhstan, etc.). These are regions of
low-temperature regime in the lithosphere controlled
by plunging of relatively cold blocks. At the same time,
this process is accompanied by stresses corresponding
to the lithostatic load of the 40- to 45-km layer of the
lithosphere.

Thus, the thermodynamic conditions of the sub-
duction and obduction zones ensure development of
glaucophane-schist and greenschist metamorphic
facies. As was convincingly shown in [11], the South
Mongolian Hercynian Belt, where these facies are
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widespread, formed as a result of subduction of the
Paleotethian oceanic plate.

At the moment of closure of the Paleotethys in
southern Mongolia 320—270 Ma ago, the temperature
of glaucophane schist formation was achieved at a
depth of 6.5—8.0 km [30], whereas at present these
rocks crop out at the surface [17]. This implies that in
the course of geological history, the upper 8 km of the
crust have been eroded. Under the assumption that
erosion developed at a constant rate over the entire
post-Permian history, this rate was 0.03 mm/yr.

The northern Late Paleozoic metamorphic zone of
the CAFB was characterized by the thermodynamic
regime of epidote—amphibolite facies. According to our
simulation, the temperature at a depth of 25—30 km was
450—500°C [31]. Similar reasoning leads to the conclu-
sion that over 200 Ma after the formation of the arch in
the northern Mongolian Megablock, 25 km of the crust
have been eroded; i.e., its erosion rate is 0.12 mm/yr.

The calculated values of the erosion rate are rela-
tively low in both cases. They are not much higher in
other foldbelts; e.g., it is 0.8 mm/yr in the Alps [39]
and 0.6 mm/yr in Scandinavia [70] and Scotland [41].
At such an erosion rate, a 10-km layer of active heat
generation existing in the geological past could have
been eroded over ~20 Ma.

Thus, in all Paleozoic and, moreover, Precambrian
foldbelts, the surface RHG and, correspondingly,
radiogenic crustal HF were much higher during their
formation than the contemporary values. Peneplana-
tion of foldbelts developed relatively fast as compared
with their age. Therefore, it can be assumed that
during the Archean, Proterozoic, and most of the
Phanerozoic, the RHG did not change (Fig. 8). How-
ever, in the Mesozoic, and especially in the Cenozoic,
erosion played a large role in RHG formation and
diminished radiogenic HF (Fig. 9). As seen from this
figure, the temporal trend of HF components is in
principle similar to the dependence of HF on the age
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of tectogeneis [82], but differs in the time scale of the
erosion effect.

CONCLUSIONS

Summing up, it can be stated that two HF compo-
nents are distinguished in the thermal regime of the
lithosphere: the HF formed due to decay of radioactive
elements in the Earth’s crust and the HF supplied to its
bottom from below (commonly called mantle flow).
The origin of the latter is more complex. It is formed
due to the effect of many stationary and time-depen-
dent factors. In addition to radiogenic heat generation
at subcrustal depths, these are transformation of the
potential energy into heat during gravitational differen-
tiation of the Earth’s matter, residual heat of the planet
accretion, the thermal effect of the Earth’s rotation, and
mass and heat transfer related to movement of sub-
crustal masses. The interaction of many factors controls
the evolution of the mantle HF in geological time. The
gradually waning intensity of geodynamic phenomena
is a cause of the observed HF trend.

Due to the heterogeneous origin, it is almost
impossible to calculate regional values of mantle HF
directly. Therefore, these values are found as the dif-
ference between the total observed (measured) HF
and radiogenic crustal HF. The latter is calculated
using analytical data on U, Th, and K contents, which
make the main contribution to the geoenergetic bal-
ance at the recent stage of the Earth’s evolution.

Our estimates of the radiogenic component in
crustal HF of the Archean, Proterozoic, and Paleozoic
structures show that the difference between them is
statistically insignificant; i.e., the crustal radiogenic
HF remains invariant over an enormous time interval
from 2000 to 250 Ma.

Exclusions are related to exotic geological situa-
tions. For example, biotite granites in the Akchatau
and Carnmenellis plutons are enriched in radioactive
isotopes to such a high degree that they produce radio-
genic HF at least two times higher than the ambient
background.

The radiogenic heat generation diminishes with
depth. The maximum values are observed near the
Earth’s surface and become several times lower
already at a depth of 3—5 km. The decrease can be
approximated by various models. The model of expo-
nential decrease in surface heat generation (A,,) most
adequately reflects the real pattern of depletion in
radioactive elements in the Earth’s crust. When sur-
face heat generation and the thickness of the active
heat-generating layer D are known, one can readily
calculate HF in the crust by integrating the exponen-
tial function within the depth interval from the surface
to the bottom of the crust.

The upper active heat-generating layer is destroyed
by erosion, and this inevitably results in a decrease in
surface heat generation and total crustal HF. However,

the erosion rate and duration of peneplanation show
that material is removed from the surface rather rap-
idly, so that the effect of erosion can be neglected
when calculating radiogenic heat generation in the
Paleozoic and, moreover, Precambrian foldbelts,
because their age exceeds the characteristic time of
topography planation by one to two orders of magni-
tude.

The ratio of the crustal and mantle components in
the total observed HF varies depending on the time of
the last tectonomagmatic activation. For Archean and
Proterozoic structural units this ratio varies from 70 : 30
to 60 : 40% in favor of crustal radiogenic HF, whereas in
Paleozoic crustal blocks, it is 50 : 50%. In the Cenozoic
Baikal Rift Zone, this ratio is 30 : 70% with appreciable
predominance of the mantle component.

Thus, the dependence of HF on tectonic age is
caused by a decrease in heat supply from the mantle to
the crust.
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