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Abstract—The distribution of heat flow, deep temperature, and helium isotope ratios in axial spreading zones
of mid-ocean ridges and in scattered spreading zones in backarc basins are considered, as well as in active seg-
ments of transform fracture zones, intra- and pericontinental rift zones, linear and mosaic Paleozoic fold-
belts, and loading and extension sedimentary basins. The heat flow in these structural elements varies widely
from 15 to 1500 mW/m?2, and the thickness of the thermal lithosphere is correspondingly variable. The quan-
titatively estimated radiogenic heat generation in Paleozoic foldbelts provides 40—50% of the background
heat flow. A time-dependent heat flow is characteristic of not only recent but also Late Paleozoic tectonic
belts. The origin of positive and negative geothermal anomalies has been explained. Localization of hydro-
carbon fields in sedimentary basins is linked to these anomalies.
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INTRODUCTION

1
Heat flow density from the Earth’s interior is an
important indicator of current and past geodynamic
activity of lithospheric structural units.

Knowing a thermophysical structure of geological
section, one can calculate the position of geotherms in
the Earth’s crust and upper mantle; compare this sec-
tion with the thermodynamic conditions of metamor-
phism, the phase state of matter, and magnetization of
rocks; and localize zones of sharp lateral temperature
contrasts, as a rule, controlling seismic and magmatic
activity. Therefore, quantitative interpretation of geo-
thermal data (geothermal simulation) is a powerful
tool for understanding the structure of the lithosphere
in various geodynamic settings.

Rift zones, foldbelts, and sedimentary basins are
characterized by specific attributes of volcanism,
metamorphism, and metallogeny, as well as by anom-
alies of potential geophysical fields, including the geo-
thermal field, which are variable in shape, senseg, and
intensity.

This paper is concerned just with geothermal fields.
The distributions of heat flow and deep temperature in
oceanic and continental rift zones, linear and mosaic
foldbelts, and loading and extension sedimentary
basins are considered from literature sources and the
results of our own measurements carried out in various
regions of the World Ocean and northern Eurasia.

! Instead of conductive heat flow density as a vectorial character-
istic of the Earth’s thermal field, the term Aeat flow is used below,
always implying its density.
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RECENT RIFT ZONES

Rifts are formed on continents and in oceans in dif-
ferent geodynamic settings of active or passive rifting
[58]. This terminology attaches much more impor-
tance to similar consequences of the newly formed
crust spreading in oceans and destruction of the
ancient crust on continents rather than to the differ-
ence in the mechanisms of these processes, which is
more important for understanding their origin.

ing) As is
known, anomalously high, as well as zeroth and even
negative, values of conductive heat flow density were
revealed in the rift basins along axes of mid-ocean
ridges (MORs). The MORs are divergent plate bound-
aries, where spreading of the oceanic bottom occurs as
a result of mantle material emplaeement, Therefore,
the observed heat flow is determined not only by con-
ductive but also convective efflux of heat. Rift basins
develop along MOR axes, and their width is inversely
proportional to the spreading rate. The conductive
component of heat flow in these basins reaches values
15—30 times higher than the global mean. When ridge
axes are overlapped, as, like in the California Bay or
Red Sea, by a thick sedimentary cover, which prevents
discharge of magma and thermal waters on the bot-
tom, the measured conductive flow locally exceeding
1500 mW/m? is equivalent to the total heat loss,
because in these cases, the convective component is
close to zero. Under other conditions, when the thick-
ness of sedimentary rocks is small, the measured con-
ductive heat flow can be zero and even negative above
the low-angle fault, along which hydrothermal solu-
tions are being discharged. This, however, does not
imply that heat is not removed from the lithosphere at
this place. It is merely moved away by convection at
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the almost zeroth or not higher than adiabatic value
(0.4 mW/m?) of conductive heat flow inside ascending
convective (more precisely, advective) stream. At the
same time, the average total heat loss calculated as the
sum of the conductive and convective components
remains of the same order of magnitude in various seg-
ments of oceanic ridges and, according to the available
estimates, it ranges from 400 to 700 mW/m? [11, 44].
Approximately the same figures were yielded by calcu-
lation of total heat loss in rift zones of Iceland with
allowance for hydrothermal solution discharge [40].

The amount of heat transferred by convection
related to vertical magma filtration in the asthenos-
phere is-approximately@~ pc,/ T, where j is the vertical
filtration rate (~2x 1071 m/s); p is the magma density
(2800 kg/m?); ¢, is the specific heat capacity of magma
at constant pressure (1050 J/kg K); and T'is its temper-
ature (1300°C). At those parameters, the convective
efflux of heat is estimated at Q ~ 800 mW/m?. If the
total filtration heat flew is concentrated in a narrow
axial zone of a magmatic reservoir ~10 km in width,
where magma pours from a wider 100-km asthenos-
pheric domain owing to the centripetal horizontal
component of filtration, then the total heat flow in the
rift zone approximately fits those anomalous values
measured in the California Bay and Red Sea.

Nearly orthogonal transform fracture zones (TFZs)
with a prevalent shear component are genetically
related to axial spreading zones. The geothermal state
of TFZs remains poorly studied as compared with
axial MOR zones; however, some of them (Atlantis,
Kane, Vema JFEZ) are characterized by sufficiently
complete data [44, 62, 68, 85].

TheVemaTFZ (~11° N) is an alternation of sea-
meunts—(ridge blocks) and depressions (latitudinal
fractures) along which a segment of MAR located to
the north has slipped westward by almost 3° in longi-
tude. The depressions are filled with Pleistocene tur-
bidites up to a kilometer in thickness [65].

The heat flow distribution in depressions and ridge
blocks is quite different. In blocks, the distribution is
typical of MAR and demonstrates a rather wide range
of heat flow from 9 to 100 mW/m?, although the aver-
age values in northern and southern blocks are approx-
imately equal (59 and 51 mW/m?, respectively at 1o ~
31 mW/m?). The latitudinal depressions are distin-
guished by relatively stable and anomalously high heat
flow (112—260 mW/m?) at the mean value and stan-
dard deviation of 152 and 41 mW/m?, respectively.
Taking into account the screening effect of sedimenta-
tion on the thermal field [70], the deep flow in depres-
sions is estimated at 250 mW/m? [44].

The heat flow in this and other TFZs is always
anomalously high in their active parts (135—
360 mW/m?); negative values have not been estab-
lished here. The heat flow in these parts of TFZs is
characterized by stability and low dispersion. This
implies that convective heat loss, which sharply dis-
turbs the heat flow in axial zone of MOR, is not crucial
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Fig. 1. Heat flow distribution along strike of latitudinal
Vema TFZ. Dashed lines indicate position of the MAR axes
to north (N) and south (S) of the TFZ. The zeroth mark on x-
axis corresponds to center of active TFZ segment.

for TFZ. Indeed, most troughs in large TFZs are filled
with thick (up to a kilometer) sedimentary sequences,
and this rules out convection. As expeditions with deep-
water submersibles have shown, even the 30—50-m layer
of pelagic oozes is an impermeable screen for dis-
charge of hydrothermal solutions from under them
[86]. This gives the objective possibility of estimating
the complete removal of energy in axial zones of rifts at
their intersection with TFZs (see above).

Several mechanisms were discussed to explain
anomalously high heat flow values in active parts of
TFZs, for example, release of friction heat in zones of
shearing. Frictional heating of the contacts between
shifting blocks is inevitable. However, calculations for
a number of TFZs, including the most reliable esti-
mate this effect for the San Andreas Fault [74], have
shown that the heat from tectonic friction does not
play an appreciable role in the formation of the
observed heat flow, providing no more than 15% of the
measured value.

The model of superposed thermal anomalies [75] is
currently popular. The heat flow anomaly for the Vema
TFZ has been calculated as a result of superposition of
fields related to the northern and southern walls of
TFZ, which have different ages depending on the
position of rift zone axes. This idea is substantiated in
Fig. 1. The background conductive heat flow at the
center of the active TFZ segment is determined as the
sum of its values in the enveloping curves describing
heat flow distribution across the strike of the southern
and northern MAR segments (dashed lines). At the
intersection point, the heat flow is 110 mW/m?, and thus
the total is 220 mW/m?. This value is consistent with esti-
mates from other models. The anomalously high heat
flow in the active TFZ part (250—270 mW/m?) is appar-
ently caused by heat supply due to its convective dis-
charge on the exposed ridge blocks.

Backarc basins of marginal seas (scattered spread-
ing zones). Spreading of the sea bottom as a result of
mantle material discharge develops not only in oceans
but also in almost all backarc marginal seas. In partic-
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Fig. 2. Map of heat flow in Tyrrhenian Sea. Contour lines are given in mW/mz, modified after [67].

ular, it is strikingly expressed and well-studied in terms
of geothermics in the Tyrrhenian Sea.

As follows from geophysical data and results of
deep sea drilling [60], the Mesozoic Paleotyrrhenian
basin with oceanic crust had been completely sub-
ducted beneath Sardinia by the onset of Tortonian.
The recent Tyrrhenia was formed as a marginal basin
behind the Late Neogene Calabrian arc [64]. Calc-
alkaline volcanism in the Lipari island arc was ascribed
to the subduction zone plunging to the west [60],
whereas the 200-m sequence of MORB-type olivine
tholeiites penetrated by DSDP holes 373 and 373a in
center of the Tyrrhenian Sea was related to scattered
spreading. This reflects the different geodynamic set-
tings in distinct parts of the Tyrrhenian Basin. The
western part was characterized by compressive stresses
from the Tortonian and until now, whereas the eastern
part was affected by tensile stresses over the same 11
Ma. The eastern part of the Tyrrhenian Sea is a region
of high heat flow, large lateral temperature gradients,
and submarine basaltic volcanism (Fig. 2). The highest

values of heat flow (515 and 490 mW/m?) have been
measured in the backarc zone of the Lipari island arc
against a mean background value of 155 mW/m? in
this part of the sea [66]. The thickness of the thermal
lithosphere in the eastern Tyrrhenian Sea is 17—23 km
[54] (Fig. 3).

The high heat flow, basaltic volcanism, and small
thickness of the lithosphere in the Tyrrhenian Sea are
evidence for emplaeement of mantle material, which
wedged—ouf previously existing blocks, The same is
indicated by a high gravity anomaly (> 200 mGal in
Bouguier reduction) above the Vavilov massif in the
eastern Tyrrhenian Sea [81].

Intracontinental rift zones similar in morphology to
axial MOR rifts markedly differ from them in origin
and heat remeval, which is appreciably higher than the
average level in adjacent regions. The thermal field of
these structural units is discussed in many publica-
tions. The most complete characterization was pre-
sented by Lysak [23], whose data are summarized in
Table 1.
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Fig. 3. Thickness of thermal lithosphere in Tyrrhenian Sea. (/) Nodal points: numerator, average heat flow, mW/mZ; denomina-
tor, lithosphere thickness, km; (2) contour line of lithosphere thickness, km.

As seen from this table, the Ethiopian and Afar
zones of the African—Arabian Rift Belt (AAB) are the
most heated and also distinguished by the most vigor-
ous recent volcanism. Its average productivity in the
Ethiopian zone over the Pliocene and Quaternary is
estimated at approximately 16 x 10~ km?/yr [37]. This
value yields to the recent productivity of volcanism in
the Reykjanes Ridge estimated at (40—50)x 10-°
km3/yr [36, p. 141]. In the studied part of the Red Sea
ABB segment, productivity is lower (~23x 107¢
km3/yr) [36, p. 111]. It is apparently close to that in the
Afar Depression, where the total volume of Cenozoic
volcanic rocks is estimated at 345000 km? [79]. To the
south, in the Kenyan ABB segment, the productivity
(11.5 x 10~¢ km3/yr) [37] is somewhat lower than in
Ethiopia; the heat flow is lower too. Its mean value
coincides here with that established in the Baikal Rift
Zone (BRZ), although the intensity of recent volcanic
activity in the BRZ is much lower. The heat flow den-
sity decreases along the strike of the AAB toward its
ends, becoming less than 60 mW/m? in the Suez seg-
ment and still lower (€50 mW/m?) in the Levantine,
Nyassa, and Tanganyika segments. The heat flow in
No. 1
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the BRZ varies in the same way, falling to a minimum
in the Muya—Chara Zone at its northeastern ending
(Table 1).

In general, the heat flow in continental rifts is lower
than in axial MOR valleys; the dispersion of the mea-
sured heat flow values is lower here as well. In contrast
to MOR, the average heat flows in different segments of
rifts are variable. It is noteworthy that this dispersion is
spatially ordered: the average value of conductive heat
flow diminishes along the strike toward end segments.
The same is noted in the AAB and BRZ. In the latter
case, the maximum of average heat flow (87 £ 6 mW/m?)
is reached in the South Baikal Basin as a center of rift-
ing [23, p. 182].

It is especially remarkable that such ordered vari-
ability of heat flow correlated with a decrease in man-
tle component of helium isotopic composition in
hydrothermal solutions in both BRZ and AAB [16,
38]. The variable helium isotopic composition in con-
tinental rifts is their second difference from MOR,
where 3He/*He remains constant on average (1.15 +
0.1) x 107 over the entire extent of the ridge in both
bottom basalts and discharging hydrothermal solu-
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Table 1. Heat flow in continental epiplatform rift zones and within-rift structural elements, mW/m?, after [23]

Measured or inferred (in parentheses) heat flow
Rift zone average average in major within-rift structural elements*
throughout on shoulders . . on within- in fault
the zone of rift basins in rift basin basin uplift |and volcanic zones

Ethiopian and Afar (>100) (<75) (75-150) - (>200)
Rhona (Liman grabens) 100 £ 8 845 110 = 27 — >125—-150
Upper Rhine Graben 83+ 16 74+ 8 115+ 31 124 £ 31 >100—180
Kenyan (Gregory Graben) 74 39-57 84—105 — >200
Baikal (L. Baikal) 74+ 7 56 +8 76 +7 69+ 7 140 + 18
Hovsgol (Khubsugul)—Tunka 69 +7 48+ 9 84—90 — >100
North Sea 68 +4 60+ 6 79+ 8 - >80—100
Suez <60 42-47 60—80 — >80—175
Tanganyika (~50) (<30—40) 48 £20 104 >75—150
Nyassa (~50) <20-30 42+ 16 97 +22 >75—120
Levantine 48 7 33+13 517 — 70+ 9
Muya—Chara 45+ 10 52+ 10 51+15 — >60—90
Cameroon ~40 38+2 42 +4 — >60—80

* Accuracy of average estimate is shown as +1.965/ \n, where S is dispersion and » is number of measurements.

tions [78], thus characterizing the depleted MORB
reservoif. In continental hydrothermal solutions, the
3He/*He ratio in gases does not reach the MORB level
except for the Afar plume, which removes helium from
the undepleted mantle. The maximum values of this
ratio mark centers of rifting similar to the South Baikal
Basin in both the Afar segment of the AAB and in
Rhine grabens [69].

The distribution of average heat flow and *He/*He
ratio in subsurface fluids sharply distinguishes conti-
nental rifts from MOR despite the morphological sim-
ilarity of rift basins and axial MOR valleys. Thus, the
concept assuming different mechanisms of active rift-
ing or spreading induced by invasion of mantle mass
into the crust, on the one hand, and of passive rifting
under the action of stresses external to the rift itself in
continents [21, p. 13], on the other hand, is attested to
by additional geophysical and geothermal argumenta-
tion. The passive rifting on continents results in the
formation of pull-apart basins, the appearance of pre-
requisites for decompression melting of mantle matter
beneath them, and emplacement of mantle-derived
melt into the crust.

The constant He isotopic composition along the
strike of MOR is considered evidence for a similar
source of discharging mantle melts over the entire
extent of MOR, On the contrary, the coherent vari-
ability of the He/*Heratio and heat flow in continen-
tal rifts indicates contamination of these melts with
4He-enriched crustal matter. Such contamination is
variable in degree depending on the extent of the rift
opening along the strike or on the intensity of mantle
diapirism [13]. Thus, the geophysical (geothermal)
and geochemical (He isotopes) empirical approaches
taken together support alternative models of rifting

proposed in [21, 38, 58, 83]; they allow us to state that
mantle activity during continental rifting is a conse-
quence of deformation in the overlying lithosphere
rather than a cause of this process. The deformation
can be increased by wedging—aetiony of the mantle
plumes ascending from the undepleted mantle if pro-
jection of plumes on the Earth’s surface coincides with
the rift zone, since the productivity of volcanism and
intrusive magmatism at those sites is much higher than
elsewhere [37, 38]. Judging by the He isotopic compo-
sition of fluids in the AAB, this took place in the Afar
area and induced opening of the Red Sea.

Pericontinental rift zomes. Specific geothermal
anomalies occur at certain sites of passive continental
margins, in particular, at the Svalbard margin, This
follows from heat flow measurements in the Oslg,
(Storoya) Trench, which extends from the Kong Karls
Archipelago in the south to the continental slope of
the Nansen Basin in the north (Fig. 4). In this trench
and at its extension on the continental slope, 28 heat
flow measurements were carried out on board the R/V
Akademik Nikolay Strakhov and yielded surprising
results: 300—520 mW/m? [56]. This range is almost ten
times higher than the background heat flow through
the bottom of the Barents Sea and comparable with
heat flow measurements in axial MOR zones.

The extrapolation of the temperatures derived from
these data to the lower half-space shows that the
supersolidus temperature can be encountered at a
depth of 6.5—7.0 km under the trench bottom (Fig. 5).
Such geothermal specificity of the trench in combina-
tion with its morphology shows that this structural ele-
ment has a tectonic nature. It seems that this is a rift
that crosscuts the Earth’s crust for its total thickness
and currently remains in active phase of development.

GEOTECTONICS Vol. 48 No.1 2014
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The O+lg Trough is one in a system of troughs
expressed in the bottom topography at the northern
margin of the Barents shelf (Voronin, Svyataya Anna,
Franz—Victoria troughs, etc.), which have been called
grabens or rifts in recent years [4, 22, 27]. All of them
are nearly parallel to the submarine Knipovich Ridge
genetically related to the opening of the Atlantic
Ocean. This suggests geodynamic kindred, of oceanic
and pericontinental rift zones, which explain similar
heat flow in the O#lg Trench, on the one hand, and in
MOR,and TFZ, on the other.

The high geothermal activity at certain sites of the
Svalbard Plate is corroborated by Neogene—Quater-
nary volcanism in the Spitsbergen Archipelago [18]
and by lotun and Troll gas—ewtsprings heated to 26°C.
The released gas phase contains up to 96%, nitrogen
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Depth, km

Fig. 5. 3D geotemperature model of Earth’s crust in Bar-
ents Sea (view from north).

[18]. The *He/*He = (39—64) x 10~ ofaccompanying
helium (oral communication by E.M. Prasolov) indi-
cates an admixture of mantle component. In He isoto-
pic composition, this gas is similar to that from springs
in the Kolyuchino—Mechigmen rift in the eastern
Chukchi Peninsula [42]. This similarity assumes to a
certain degree identical geodynamic settings in these
distant-areas of the Russian Arctic Regieny,

The localization of volcanic and hydrothermal
activity of Spitsbergen along near-meridional faults
and westward, enrichment of volcanic rocks in alkali
metalg are considered as a consequence of breadex,
opening of the Norwegian—Greenland Basin and Arc-
tic Ocean [18]. Indications of submarine volcanoes are
known to the north of Spitsbergen and high values of
heat flow (110—125 mW/m?) have been measured at
the Yermak Plateau. All these data are consonant with
hydrothermal activity along near-meridional disloca-
tions at the margin of the Svalbard Plate.

PALEOZOIC FOLDBELTS

Beyond the zones of recent rifting, the geothermal
fields are quite distinct. The deep temperature and
density of conductive heat flow are much lower; the
intensity of heat efflux by means of magmatic and
hydrothermal activity and corresponding general loss
of heat drop sharply. Thousands of heat flow measure-
ments in foldbelts on land make it possible to charac-
terize the geothermal regime of any lithotectonic
zones of the continental crust irrespective of their age.

In this section we focus our attention on thermat
fields in zones of Paleozoic folding exemplified in the
Central Asian Foldbelt characterized by numerous
heat flow measurements, which are the basis for the
complete and representative pattern of the geothermal
field.
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The vast Central Asian Foldbelt extends from the
Pai-Khoi in the north to the Tien Shan in the south
and from the Mugodzhary Mountains in the west to
the Khingan in the east. This foldbelt is a combination
of linear and mosaic fold zones. Having outlined them
for the first time, Peive et al. [33] noted not only a dif-
ference in their geometry but also a number of distin-
gushing geological and geophysical attributes, for
example, distinct types of folding: holomorphic in lin-
ear zones and idiomorphic in mosaic zones; HF—E-R
metamorphism in former zones and HT metamor-
phism in the latter zones; metallogenic specificity with
the predominance of chalco- and siderophile elements
in linear zones and litho- and chalcophile elements in
mosaic zones; different shapes of gravity anomalies
corresponding to the geometry of fold zones. The
main difference is expressed in the geodynamic mech-
anisms of continental crust formation. The allochtho-
nous mechanism of crust transformation dominant in
linear zones is expressed in lithotectonic rearrange-
ments with the formation of subduction and collision
zones as analogs of recent island-arc systems. The
autochthonous mechanism of crust transformation is
predominant in mosaic zones. Thrust—nappe struc-
tural elements are formed as well, but they have a
smaller thickness, are not persistent along the strike,
and, as a rule, have various ages in contrast to the lin-
ear zones, where the coeval nappes extend for a great
distance [35, 46]. The autochthonous mechanism of
transformation is primarily caused by compositional
rearrangement of the crust by means of mantle mate-
rial differentiation in the course of vertical heat and
mass transfer. The Central Asian Foldbelt comprises
tectonotypes of linear and mosaic zones. These are the
Ural Foldbelt, including the Mugodzhary Mountains
and the Central Kazakhstan Fold Region, respectively.
The basically different heat flow distributions in these
zones represent the main feature of the geothermal
field in the Central Asian Foldbelt. Let us compare
their thermal regimes.

The main geothermal feature of ghe-UralFeldbekt
is the anomalously low heat flow density (20—
35 mW/m?), which is much lower than the global aver-
age for structural units of the same age (48—
55 mW/m?) [47, 50]. The anomalously low heat flow
in Paleozoic linear fold zones is a global feature. The
same as in the Urals, low heat flews-arg characteristic
of the Appalachians [82], Salair [17], and South Mon-
golia [51]. The decrease in heat flow of linear foldbelts
is related to their aforementioned geodynamic ferma-
tien setting and evolution of the Earth’s crust, which
caused widespread thrust—nappe structure.

The quantitative models of the heat field evolution
in allochthonous sheets (thrust models) were first con-
sidered in [50]. The situation when the geothermal
gradient is negative naturally is not stationary, because
the Earth’s interior is heated to a higher temperature
than the surface. A situation with a negative geother-
mal gradient can arise when thrusting develops. This

situation gradually relaxes until the thermal structure
reach a quasistationary state. Calculation has shown
that the thermal regime disturbed by tectonic dis-
placements in the over- and underlying sheets is recov-
ered very slowly. When the thickness of an allochtho-
nous scheet is 1 km, the heat flow reaches the station-
ary state in 5 Ma with an accuracy of 5%. If the whole
lithosphere participates in thrusting, e.g., by the trans-
formation of oceanic crust into continental, then the
relaxation time stretches for hundreds of millions of
years (Fig. 6).

The model in this figure is an alternation of the lay-
ers, and each layer has a specified thermal conductiv-
ity and radiogenic heat generation. The values of these
parameters have been chosen from average statistical
data characterizing the properties of the continental
and transitional crust. The onset of solution (¢ = 0)
corresponds to the moment when the bedding-plane
thrust structure has arisen. It is suggested that the
entire paleooceanic lithosphere 60 km in thickness
participated in the formation of this structure.

At the moment 7 = 0, the temperature gradient at
that depth was negative because of fast thrusting of the
lithospheric sheet heated up to a temperature of
1200°C at its base over another sheet with a tempera-
ture of 0°C at its roof (Fig. 6). It has been accepted that
the thickness of the layer with the negative tempera-
ture gradient is 10 km.

At the base of the lower sheet, the heat flow is
assumed to be constant: 20 mW/m? at a depth of 60 +
60 +10 = 130 km. Such a mantle heat flow is estab-
lished in recent convergent zones of western Pacific.
The temperature of 150°C rather than 0°C was set at
the roof of the lower sheet (point H) due to release of
friction heat.

The sole of the upper block cools down with time,
whereas the roof of the lower block heats up. Approx-
imately 25 Ma after thrust formation, the negative
temperature gradient in the fault zone disappeared,
and 75 Ma later, a quasistationary temperature was
established there; in 325 Ma, a quasistationary tem-
perature distribution will be established throughout
the lithosphere. The heat flow through the Earth’s sur-
face will decrease by approximately two times. In
225—275 Ma after thrusting, it will drop to the mini-
mum and in 325 Ma it will increase and become, like
the temperature field, quaistationary but two times
lower than in the prearrangement period.

Thus, the thrust systems are characterized by
decline of heat flow and then growth out to an asymp-
tote that marks the onset of the quasistationary state.
These two moments are distinguishing points of the
thermal thrusting model. The time of arrival depends
on the total thickness of the allochthon. The larger the
thickness, the longer the time interval before a station-
ary point is reached and between the minimum and
the moment of achieving a stationary regime [50].
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The thrusting models also explain the growth of the
geothermal gradient with approaching ef, the autoch-
thonous block gmpirically established, for example, in

3 SG-4 Superdeep drilled in the Tagil Synclinorium of
the Central Urals [72].

The Central Kazakhstan Fold Region differs from
the linear Ural Foldbelt in the mechanism of transfor-
mation of the Earth’s crust and the character of the
thermal field. In the opinion of Peive and his followers
[19, 25, 26, 34], the autochthonous mechanism of
crust transformation dominated in such mosaic (iso-
metric) fold regions. The compositional rearrange-
ment of the crust was related to differentiation of the
ascending mantle material and lasted longer with a
gradual buildup of a granitic—metamorphic layer from
the margin to the center of the belt. An alternative
concept of formation of the Central Kazakhstan Fold
Region denies its mosaic structure and reproduces the
present-day structural pattern as an arcuate turn of the
initial island-arc structure [15]. Geothermal measure-
ments disagree with this tectonic model.

The inward rejuvenation of the elements pertaining
tg the granitic—metamorphic layer correlates with the
increase in the background (deep) heat flow. For
example, the heat flow density in the Kokshetau
(Kokchetau) Anticlinorium is 35 mW/m? (¢ = 8);
39 mW/m? (6 = 4) in the Selety Synclinorum; 40—
44 mW/m? in the east of the Uspensky Zone near its
junction with Caledonides of the Shyngyz (Chingiz)
Anticlinorium; 67—69 mW/m? at boundary of the
Zhaman-Sarysu Anticlinorium and the Tokrau Basin;
and 70 mW/m? (c = 5) in the central part of the
Tokrau Basin at the Agshatau (Akchatau) deposit.
Moving away from the Tokrau Basin to the west toward
the West Balgash (Balkhash) Synclinorium and
Zhezqazghan (Dzhezkazgan) Basin on the Cale-
donian basement, the heat flow somewhat decreases to
55 mW/m? [51]. The heat flow distribution in the Cen-
tral Kazakhstan Fold Region is a regional example of
global heat flow—age dependence in the continental
crust [39].

Heat flow variation versus the age of tectonomag-
matic activity producing volcanic—plutonic rock asso-
ciations in mosaic fold zones can be explained by cool-
ing of a mantle diapir (asthenolith) that intruded into
the continental lithosphere. This process is described
by the following model.

Let us assume that at moment t = 0, the roof of the
asthenolith stopped at a depth of ~20 km, which cor-
responds to the location of the upper asthenosphere
boundary in recent zones of scattered spreading (see
above data on the Tyrrhenian Sea). At a greater depth,
temperature increases downward with an adiabatic
gradient. The calculated change of temperature and
heat flow during the next billion years is shown in
Fig. 7. The problem was solved under boundary condi-
tion of the second type (constant heat flow at the lower
boundary at a depth of 350 km, which is more plausi-
ble in this model than a constant temperature). The
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Fig. 6. Variation of geothermal field under conditions of
thrusting at boundary conditions of type II at lower bound-
ary. Time-dependent variation of temperature after forma-
tion of thrust fault at time 1 is shown above. Time-depen-
dent variation of heat flow is shown below, with (solid line)
and without (dashed line) allowance for release of phase
transition heat.

invariant heat flow from the mantle at that depth dur-
ing ~10% yr is only an arbitrary assumption, since heat
flow actually decreases due to exhaustion of its
sources.

The simulation has shown that the matter crystal-
lized and cooled with time in the upper part of the
lithosphere at a depth of ~200 km. The temperature
grows with depth, but slowly because of a low adiabatic
gradient. In 50 Ma, temperature at a depth of 350 km
rises by 200°C and by 250°C in 100 Ma. The rate of the
temperature increment decreases with time. A zone
with an adiabatic temperature gradient continues to
exist at intermediate depths. At time moment t = 10 Ma,
this zone is located within a depth interval of 80—
240 km; at T = 50 and 80 Ma, those depth intervals are


MERCURY
Вычеркивание

MERCURY
Вставить текст
замениь "of" на 'to"

MERCURY
Вставить текст
вставить "as it was"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "thermal" на "geothermal" 

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "pertaining to " на "of"


76 KHUTORSKOI, POLYAK

Temperature, °C
1200

T=0\

0 400 800 1600

40
80
120
£ 160
5200
o
240
280

320

160

o]
o

Heat flow, mW/m?

[«
—
W
—
S

50100
Time, Ma

5001000

Fig. 7. Thermal field evolution under conditions of cooling
and crystallization of matter under type II boundary con-
ditions at lower boundary. Variation of temperature in
lithosphere shown above; variation of heat flow at surface
of given model (1) and in empirical relationship (2) after
[39] shown below. Dashed line indicates geotherm of basalt
solidus.

160—220 and 180—210 km. These zones probably cor-
respond to asthenolenses, or astenosheets in the ter-
minology used in [32], localized within the more vis-
cous lithosphere.

In 50 Ma after onset of the process, the geothermo-
gram crosses the solidus curve of mantle material at a
depth of ~360 km. Since this time, fractional melting
has proceeded at a higher temperature corresponding
to the thermodynamic setting at the migrating upper
boundary of the asthenosphere. Afterward, the bound-
ary of fractional melting will move upward. Thermal
energy will be absorbed as a result of the phase transi-
tion with a decrease in heat flow. Note, however, that
the equivalent heat flow density of phase transition is
lower than the deep heat flow by approximately an
order of magnitude [14].

The quasi-stationary state of temperature distribution
is achieved in 10° yr, when the depth of frational melting
reaches 250—260 km. The thickness of the lithosphere in
Central Kazakhstan is estimated at the same value on the
basis of magnetotelluric evidence [1].

The variation of heat flow at the Earth’s surface calcu-
lated from this model is akin to the variation of heat flow
in the continental crust depending on the age of the last
stage of tectonomagmatic reactivation (Fig. 7b).

Thus, the model of cooling and crystallization of
the asthenosphere satisfies the observed geothermal
field in mosaic fold zones and explains the relationship
between heat flow and the age of magmatic activity.
Deviations from this relationship are caused by pertur-
bation of the geothermal field by tectonic movements
(see above) or by other factors, including radiogenic
heat generation in rocks.

As is known, radiogenic heat is released during the
decay of 28U, 23U, 22Th, and “K. This effect is
higher in felsic rocks; in basalts and ultramafic rocks,
it is 12—15 times lower. If the average surface heat gen-
eration (2 mWsm3) is ascribed to the upper 30—40 km
of the continental section, then this process would
provide all conductive heat losses established in the
continental block. Nevertheless, the heat flow from
the mantle as the second component of heat flow mea-
sured at the surface cannot be zero or, moreover, neg-
ative. In addition, no universal correlation exists
between the heat flow density and thickness of the
crust. These constraints spurred us to develop thermal
models of the lithosphere, which assume a decrease in
heat generation with depth [61, 73, 82].

Both heat flow components are subdivided on the
basis of linear relationship between their values in the
drilled depth interval and heat generation:

qS = qm + DAS’
where ¢, and g, are heat flows measured at the surface
(s) and supplied from the mantle (m) to the sole of the
heat-generating layer (crust); 4, surface heat genera-
tion; and D, the linear regression factor, which is equal
to the depth of the active heat-generating layer [61].

At least three models of radioactive element distri-
bution fit the heat generation decreasing with depth:
stepwise, linear, and exponential. The stepwise model
is used where the crustal section is well-studied and
makes it possible to impart specific heat generation
value to each layer. The other two models are applica-
ble to provinces, where the crustal section remains
insufficiently studied, although available drill holes
make it possible to establish a correlation between sur-
face heat flow and heat generation.

The first model was applied to scrutinize the heat
flow structure in the southern Urals and central Kaza-
khstan, whereas the second and third models were for
Mongolia, where the structure of the Earth’s crust is
insufficiently clear.

Using the published data, the following A values
(|mWAm3) have been accepted for the southern Urals
and central Kazakhstan: the granite—metamorphic
layer: 1.55 (2.31 in the upper part and 1.26 in the lower
part); the basaltic layer: 0.46 (0.67 in the upper part
and 0.25 in the lower part); and the upper mantle:
0.008 [51].
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Based on the accepted A, and D values, thermo-
metric data on boreholes, and the crustal structure [6],
lateral variations in g, measured atjthe surface, radio-
genic (crustal) heat flow (g,), and mantle heat flow
(¢g.,) have been ascertained. The latter heat flow, which
is often called reduced, was calculated as the differ-
ence g, = g, — DA,. These variations are demonstrated
in Fig. 8. The shown sections are based on the results
of thorough thermal studies at a number of deposits. In
each of them, heat flow was measured in several holes
and its radiogenic (crustal) component was deter-
mined from core samples. In the Central Kazakhstan
Fold Region (from Tobol to Balgash (Fig. 8)), this
component is independent of the age of the tectonic
unit (Fig—8), which correlates with both surface and
mantle heat flows. In central Kazakhstan, the latter
increases with rejuvenation of the Earth’s crust from
15 mW/m? for Late Riphean age to 32 mW/m? for
Middle Carboniferous; the surface heat flow increases
from 35 to 70 mW/m?. Thus, the crustal radiogenic
component amounts to 40—50% of the observed value
for most objects. Only in the Tokrau Basin (Agshetau
site) does the radiogenic heat flow (45 mW/m?) reaeh,
60% of the background value (74 mW/m?) owing to
the high concentration of lithophile chemical ele-
ments in the Agshetau granitic pluton [5], along which
U and Th are removed into the upper crust [71].

Using the exponential model, we processed the
geothermal data on Mongolia [51]. In the total selec-
tion of 45 pairs g, and A values, the surface heat flow
varies from 16 to 75 mW/m?, and surface heat genera-
tion, from 0.55 to 3.16 uW/m?. The mantle heat flow
is estimated at 23 mW/m?. This seetion is, however,
inhomogeneous because the Mongolian territory con-
sists of the North Mongolian Mosaic Megablock and
the linear South Mongolian Hercynian Foldbelt simi-
lar to the Ural Foldbelt [19]. In the South Mongolian
Foldbelt, nine pairs of g, and A, values yield a surface
heat flow varying from 16 to 40 mW/m? and surface
heat generation from 0.55 to 3.16 pyW/m?. The mantle
heat flow is estimated at 14 mW/m?. The low ¢, and A,
values in the South Mongolian Foldbelt, like in the Ural
Foldbelt, are a consequence of the predominantly
allochthonous mechanism of its formation [51].

In summary, the contribution of radiogenic heat to
the average values of the observed heat flow in both the
mosaic North Mongolian geoblock and linear South
Mongolian Foldbelt is estimated at 40—50%.

SEDIMENTARY BASIHN,

In contrast to foldbelts, which make up a craton-
ized portion of the Earth’s crust, sedimentary basins
form its cover. Together with the overall similarity of
these zones accumulating relatively loose materials,
vast platform sedimentary basins are distinguished
from relatively narrow orogenic and taphrogenic
troughs by (a) morphology and size; (b) age of basal
units, i.e., duration of sedimentation; and (c) geody-
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namic settings of their origin and evolution with sub-
division into loading and extension basins according
to helium isotopic composition [80]. These distin-
guishing features are emphasized by contrasting geo-
thermal attributes.

Over the last 20—30 years, the geological and geo-
physical study of sedimentary basins has been the
main focus of geologists [28]. This is due to the impor-
tance of this research for solving general problems of
the formation and evolution of the Earth’s crust and
the significance for forecasting and prospecting min-
eral deposits, especially hydrocarbons. In this connec-
tion, study of the thermal regime in a sedimentary
basin has seen substantial progress [8—10, 12, 20, 29,
52, 55, 57, 63].

The use of 3D geothermal modeling (thermal
tomography technique [55]) has demonstrated the
possibility of revealing temperature and heat-flow
anomalies, which cannot be established froma 1D and
2D distribution of these parameters. The higher infor-
mational capability of 3D geothermal models is espe-
cially evident for isometric basins. Thermal tomogra-
phy makes it possible to specify the position of temper-
ature boundaries, which control the generation or
transformation of materials, e.g., catagenesis of
organic matter, facies of regional metamorphism, and
depth of the Curie isotherm, i.e., a tool to correctly
visualize factual geothermal data and reliably interpret
them.

The thermotomographic modeling technique is
described in [53, 55, 57]. In particular, these publica-
tions show the links of temperature anomalies to sab-
surfaee petroleum resource potential in many land and
shelf provinces and propose the notion of a thermal
dome, emphasizing the localization of hydrocarbon
accumulations in zones of ascending geotherms. The
physical sense of thermal domes is related to the
mutual influence of beds varying in thermal conduc-
tivity and their deviation from a flat parallel attitude in
the sedimentary cover. Therefore, the lateral tempera-
ture distribution reflects the localization of structural
traps.

Let us consider three examples of thermotomo-
graphic modeling of the Pericaspian Basing the West
Arctic shelf loading basiny, and the Pannonian exten-
sion basin, The geology and evolution of these basins
have been described in [29, 30, 76].

In the Pericaspian Basin, the thesmal field has been
represented based on the temperature distribution in
holes reeevered after drilling, measurements of the
thermal conductivity of the penetrated rocks, and seis-
mic reflection CDP profiling results, which ascertain
the crust structure.

The temperature distribution in section of the Per-
icaspian Basin has been established by 3D interpola-
tion of the factual data from irregular network tied up
to the drill hole coordinates and the strike of seismic


MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "at" на "near" 

MERCURY
Вычеркивание
удалить (Fig.8)

MERCURY
Вычеркивание
удалить "does"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "reach" на "reaches"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "section" на "selection" 

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "BASIN" на "BASINS"

MERCURY
Вставить текст
вставить " is"

MERCURY
Вычеркивание
удалить "subsurface"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить 'Basin" на "and"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "basin" на "basins, on the one hand"

MERCURY
Вставить текст
вставить ", on the other hand"

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить "thermal" на "geothermal" 

MERCURY
Вычеркивание

MERCURY
Вставить текст
заменить  "recovered" на "restored" 


78 KHUTORSKOI, POLYAK

(o]
o
T

D
=)
T

PR

/_

- ——

Heat flow, mW/m?
ES
T

20 -
qMaH
oL p—
3 Tanalyk R. Tobol R. E  Kokshetau NW Qaraghandy  Baldash 108,
S d T T T
V,5.1 S T - —
10 F ! Vr5'9 Vr6.4 Vr6'3 .
£ 20 \—\_
Z V,6.9-7.0 V:6.9
‘_:_: 30 | — T
= V,7.3
R 40 r .
M\/\/
50 i =
V.8.4 Vi8.4
s of -~—C,—> < R-€ »= O3 » =« 0O05-5; » Difr Cv-Cb |
e
£200 - . T
Q
5]
mTrr
Ra00 b — _
I -2 [37T73 mm |4 <4 Cp® 5

Fig. 8. South Ural—Balqash geothermal section. (1, 2) Heat flow: (/) through Earth’s surface, (2) through Moho surface; (3) seis-
mic boundary and boundary velocity (km/s) from DSS data; (4) upper boundary of asthenosphere calculated from geothermal
data; (5) time of granite—metamorphic layer formation, after [25].

lines (Fig. 9) used for 2D calculation of deep temper-
atures.

As is shown in Fig 9b, the deep temperature rises in
depth interval 0—5 km from northeast to southwest. In
eastern part of the basin, the temperature at depths of
2 and 3 km are 40—45 and 60—65°C, respectively,
whereas in the South Emba district and Manggyshlaq
(Mangyshlak) Peninsula, the temperatures at the same
depths are 55—60 and 70—75°C. This indicates that
the heat flow diminishes in the east due to screening of
the deep heat flow in the southern Urals and
Mugodzhary Mountains in the geological past (see
above).

A similar model has been created for depth interval
of 0—50 km including the entire crust of the basin as a
whole (Fig. 9¢). The seismic wave velocities along pro-
files have been used for this purpose [7, 28, 31, 48].
The deep temperatures have been calculated along the
seismic lines by means of numerical simulation [52].
Comparison of calculated and empirical data from
drill holes shows their perfect convergence: a discrep-
ancy is only £50 m at a depth above 5 km and £150 m

down a depth of 40 km, i.e., a relative uncertainty of
approximation does not exceed 1%.

As in the drilled depth interval, the temperature
also smoothly increases to the southwest in a depth
interval of 0—50 km (Fig. 9¢). In the east of basin, the
temperature at the Moho discontinuity is 400°C and
coincides with that calculated beneath the southern
Urals and Mugodzhary Mountains [51], but in the
central and especially South Emba parts, the temper-
ature is somewhat higher, reaching 450—500°C.
Ascending westward from the longitude of the
Mugodzhary Mountains, the isotherms form several
domes, the apices of which are localized in the areas of
South Emba, Mertvy Kultuk Sor, the North Mang-
ghyshlaq (Mangyshlak) Peninsula, as well as in the
Astrakhan and Buzuluk arches [57]. Thus, the spatial
association of thermal domes and zones with eco-
nomic petroleum resources occurs in the Pericaspian
region as elsewhere.

In the West Arctic Region, the geothermal field is
inhomogeneous. The most contrasting geothermal
gradients are established in the east and southeast of
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the Barents Sea and in the South Kara Basin. The
background temperatures at depths of 3 and 5 km are
90—100 and 125—140°C, respectively. The positive
temperature anomalies with amplitude rising with
depth from 20 to 40°C are noted locally. In 3D distri-
bution of deep temperatures, the rise of isothermal
surfaces in the southeastern and eastern parts of the
Barents Sea, including those, which control interval of
organic matter catagenesis, forms a dome, where
petroliferous fields are localized (Fig. 10; Table 2).

The accuracy of calculated thermotomographic
3D models was estimated by coincidence of simulated
heat flow and measured in drill holes or/and by coin-
cidence of temperature at intersections of seismic
lines. The absolute uncertainty in isotherm location at
such intersections with estimated with the least square
technique is =150 m (relative uncertainty at a depth of
30 km is 0.5%).

TFhePannenianBasin in Hungary, which has been
comprehensively studied by geological, geophysical,
and geochemical methods [29, 84], arose owing to
extension of the lithosphere, which started 19 Ma ago
and resulted in the rise of the asthenosphere, thinning
of the crust down to 25—34 km, and compensating
accumulation of Mio- and Pliocene volcanic—sedi-
mentary sequences up to 7 km thick (seismic reflec-
tion CDP evidence). Volcanic activity is a pictorial
result of discharge of thermal and mass deep-seated
flewsg into the basin, which is supported by geothermal
evidence integrated by Lenkey [1999].

According to these data, the temperature in the
Pannonian Basin reaches 200°C at a depth of 5 km and
the average heat flow is 101 + 6 mW/m? with local
maximums up to 130—140 mW/m? (Fig. 11). The NE-
trending zone of anomalously high heat flow extends
to the Transcarpathian Basin of Ukraine. At such high
parameters of the geothermal field, the geotherm of
the basalt solidus can be reached at a depth of 40—50
km. Thus, the Pannonian Basin is a structural unit
with an anomalously thin crust and lithosphere ther-
mally activated in the Miocene to Pliocene. The
decreased viscosity of the hot lithosphere facilitates
relaxation of elastic stresses. This can explain the rela-
tively low seismicity of the Pannonian Basin, where
only sporadic seismic events of M =4 have been
recorded.

To calculate the deep temperature in the lithosphere
ofthe Pannonian Basin and the adjacent territory, we car-
ried out 2D modeling of deep temperatures and heat flow
along the network of seismic lines (Fig. 11) shot in 1980—
2004 by specialits from Ukraine, Austria, the Czech
Republic, Poland, and Hungary [76].

The 3D model created with volumetric interpola-
tion of 2D sections (Fig. 12) revealed a zone of thinned
lithosphere beneath the Pannonian Basin. As is seen
from Fig. 12, the forecasted projection of the super-
solidus temperature extends in the northeastern direc-
tion beneath the adjacent Transcarpathian Basin,
where a local asthenolens is outlined. As judged from
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Fig. 9. 3D models of deep temperature distribution in Per-
icaspian Basin: (a) location of holes and seismic lines used
for geothermal modeling; (b) temperature distribution
within interval of drilling (0—5 km); (¢) same in Earth’s
crust (0—50 km).

the shape of isotherms, the heated material penetrated
into the basement of Transcarpathian Basin in the lat-
eral rather than vertical direction from the side of the
Pannonian Basin after formation of the asthenos-
pheric jut, i.e., in the late Miocene. The thermal acti-
vation of both structural units standing out against the
relatively quiet background of the central Europe is
expressed not only in the high conductive heat flow but
also in ewutlets-ef thermal springs and Late Cenozoic
volcanic activity.
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Fig. 10. Isothermal 140°C surface and localization of holes in hydrocarbon fields (filled circles) in eastern part of the Barents Sea

related to thermal dome.

This hot spot of Europe, as Khorvath [49] once
called the Pannonian Basin, stands out not only by
physical manifestations of geothermal activity. Like in
rift zones, these manifestations are accompanied by
the appearance of mantle-derived helium in subsur-
face agueous fluids. The highest 3He/*He ratio mea-
sured in thermal water from Pliocene felsic tuff of the
Pannonian Basin reached 550 x 1078 [66], and this
value is only twice as low as the isotopic signature of
the MORB reservoir. Almost the same values (200—
320) x 108 were determined in springs heated to 55°C

at the Vygorlat—Guta volcanic ridge, The occurrence
of mantle-derived helium in the subsurface fluids of
these and other identical depressions validates their
definition as extension basins in contrast to foredeeps,
foldbelts, and syneclises of ancient platforms [80]. In
the greater part of the East European Platform,
including the exogonal Timan—Pechora Basin and the
Pericaspian Basin, poorly studied in this respect, as
well as the Carpathian and Caucasus foredeeps, the
helium isotope ratio in gases corresponds to the
canonical radiogenic value inherent to the Earth’s

Table 2. Heat flow density measured in deep drill holes in southeastern Barents Sea, after [20]

Hole. site. number Coordinates Measurement G@othermal Heat conductivity, Heat flow ,
P north lat.|east long.| interval, m gradient, mK/m W/ (k) density, mW/M
Stockman, 1 73.0 44.0 2000—2150 30.0 2.43 71
2722-3070 24 .4 2.84
Arctic, 1 71.7 43.6 2500—2570 31.4 2.43 77
2640—2670 31.4 2.42
2845—-2925 31.3 2.45
Admiralty, 1 75.65 53.15 1050—2610 38.4 2.4 92
Krestovy, 1 74.5 50.46 1600—3000 29.1 2.4 70
North Kil'din, 82 71.58 37.1 2973—-3098 35.2 2.39 84
Ludlovsky, 1 74.86 46.78 1305—1710 39.7 1.8 71
Murmansk, 26 69.9 41.7 2030—2530 30.8 2.2 68
Kurentsovsky, 1 70.45 47.2 210-380 36.4 1.6 58
Prirazlomny, 1 69.316| 54.751| 2429-2802 24.7 2.45 60
GEOTECTONICS Vol. 48 No. 1 2014
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Fig. 11. Contour lines of heat flow in Central Europe and location of seismic lines used for geothermal modeling. (1—3) Zones
of heat flow: (/) elevated, (2) background, (3) lowered; (4) state boundary.

crust ~(2+ 1) x 1078 [24, 43]. Such helium is generated
in the fill of these depressions related to loading basins [80].

The ages of the considered basins are appreciably
different. In the Pericaspian and Barents—Kara
regions, the main periods of sagging fall on the Middle
and Late Paleozoic and Early Mesozoic, whereas in
the Pannonian Basin a quarter of the total crustal
thickness falls on the Miocene felsic volcanic rocks
[29]. If the thermal regime of the considered loading
basins is reconstructed issuing from the heat flow—age
relationship, then heat flow density at the time of their
origination (~300 Ma ago in Arctic Region and ~270
Ma in the Pericaspian Region) could have exceeded, by
no more than 20 mW/m? and anyway was twice as low
as the currently observed heat flow density in the
extension Pannonian Basin, which has in addition
been significantly reduced by consumption of the deep
heat flow by rapidly deposited sediments [77]. Thus,
the main cause of sharply contrasting heat flows in
basins of various types is related to the age and inten-
2014

GEOTECTONICS Vol. 48 No. 1

sity of tectonothermal activity rather to the time of
their origin. In the Pannonian Basin, this activity was

expressed as a rise of the roof of the asthenosphere and

anomalous heating of the overlying sequence of rocks.

The history of the Pannonian Basin is close in this

respect to the inferred history of the Tyrrhenian Sea as

noted by Boccaletti et al. [1976]. A certain similarity of
the geodynamic settings in the zones of scattered

spreading and the extension sedimentary basins

caused by the rise of mantle material can be apparently

confirmed, although the evolutional trends of eithes,
structural units requires further investigations. The

formation of loading basins is explained by other

causes [2, 3].

Thus, the main conclusion from geothermal
research of sedimentary basins should be focused on
the appreciable difference in heat flow density in load-
ing and extension basins. In the former basins, the heat
flow in the cover depends on the age of the basement
but is subject to the action of distorting factors prima-
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Fig. 12. 3D geothermal model of central Europe.

rily related to structural and thermophysical heteroge-
neities that formed under conditions of contrasting
thermal conductivity and to the hydrodynamic factor.
All this results in the appearance of local temperature
anomalies in the sedimentary cover, which, as it turned
out, coincide spatially with the localization of petrolif-
erous provinces and fields. The heat flow is anoma-
lously high in extension basins owing to reduced thick-
ness of the lithosphere as compared with loading
basins. The extension basins are probably structural
elements corresponding to the initial stage of areal
spreading zones.

CONCLUSIONS

The evidence presented in this paper attests to spe-
cific geothermal fields in various structural elements in
the Earth’s crust, whieh-differintheir, parameters, pri-
marily, in heat flow density:is spatial distribution; and
time-dependent evolution. The geodynamic settings
of origin and development of certain structural units
are reflected in these features. The studied structural
units pertain to three major tectonic taxons: rift zones,
foldbelts, and sedimentary basins, which represent
zones of oceanic spreading and continental rifts, linear
and mosaic foldbelts, and extension and loading
basins. As was clarified, the considered taxons and
their elements are characterized by contrasting geo-
thermal features.

The rift zones are distinguished by the most intense
geothermal activity in all its manifestations: volcanic
activity, discharge of geothermal waters, and conduc-
tive heat flow density. The average (background) latter
parameter in axial zones of MORs is higher than its
global average value by five to six times, and particular
values are higher by approximately 30 times, sharply
decreasing to the flanks. The conductive heat flow
density in centers of continental rifting is somewhat
lower but remains of the same order of magnitude. In

contrast to MORs, the conductive heat flow density in
continental rifts decreases not only across their strike,
but also along the strike from center of rifting toward
both ends, as was shown by study of the Baikal Rift
Zone. This ordered variability of heat flow correlates
with the *He/*He ratio decreasing from a maximum in
the center of rifting, which is locally close to the man-
tle value and-to the ratios close to crustal radiogenic
helium at a distance from this center. This does not
occur in MORs due to the same degree of opening

i i i the Baikal Rift
Zone and other continental rifts.

In Paleozoic foldbelts, the measured values of the
background conductive flow density are much lower.
In the mosaic belts they vary according to the well-
known relationship of the average measured heat flow
versus the age of tectonomagmatic activity, e.g., from
38 to 70 mW/m? in central Kazakhstan (the contribu-
tion of radiogenic heat is 40—50%). This activity is
caused by the appearance of additional heat sources
from time to time; a priori, these sources are related to
mantle diapirs.

The time-dependent heat flow in the Phanerozoic
fold zones clearly indicates the transient character of
continental geothermal field in this period of geologi-
cal history. The time-dependence is redoubled by the
activity of factors that distort deep heat flow, especially
as concerns tectonic movements. That is why the heat
flow in linear foldbelts, in the Urals, Appalachians,
etc., is much lower, dropping to 25—28 mW/m?
because of long-term perturbations of the natural geo-
thermal field by horizontal tectonic movements form-
ing a thrust—nappe structure.

In the linear belt of the southern Urals, the mantle
heat flow component is the lowest (8§ mW/m?, i.e.,
25% of the background heat flow). Thus, the anoma-
lously low heat flow in the Ural Foldbelt is caused by a
decrease in both the crustal and mantle heat flow com-
ponents.

Specific time-dependent thermal anomalies in
sedimentary basins arise due to fast accumulation of
“cold” sediments. Part of the deep heat flow is con-
sumed for heating of these sediments to the back-
ground temperature. In loading basins, the mean con-
ductive heat flow more or less corresponds to the age
of the basement; however, the structural and thermo-
physical inhomogeneities of the sedimentary cover
and water circulation can disturb the deep flow and
create thermal domes promising for hydrocarbon
accumulation, e.g., in the Pericaspian Basin or the
western Arctic region. In extension basins, the con-
temporary heat flow depends on the age and degree of
tectonothermal activation of the lithosphere beneath
these depressions. The activation of such basins is
reflected in the enrichment of fluids circulating
through the sedimentary cover in mantle-derived
helium in contrast to extensien basins. The similarity
of deep settings in extension basins and zones of scat-
tered spreading is recorded in the geothermal features.

GEOTECTONICS Vol. 48 No.1 2014
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The study of heat flow in various tectonic units
allowed us to reveal the specificity of the ghermal field
in certain contrasting geodynamic settings. At the
same time, certain unsolved problems became more
distinct. They involve:

(1) spreading of comparative analysis over the
entire range of crustal structural elements, primarily,
on continents, using thermotomographic modeling of
these elements and specifying proportions of crustal
and mantle heat flows;

(2) unambigous mapping of lateral heat flow varia-
tions and elucidation of their links to tectonic regional-
ization of the continental crust (problem of averaging);

(3) estimation of the role of erosion not only as a
factor changing the temperature at the upper bound-
ary of the lithosphere, but also eentrelling the phe-
nomena that remove heat-generating substances with
the highest concentrations of radioactive elements
from geological section;

(4) study and interpretation of asymmetric distri-
bution of heat flow relative to axes of oceanic spread-
ing and continental rift zones;

(5) more precise estimation of the thickness of the
thermal lithosphere in various structural units, where
this thickness is determined with independent meth-
ods (seismology, magnetotelluric sounding).

The solution of these problems is a necessary con-
dition of realistic (physically plausible) geotectonic
developments satisfying available geological informa-
tion and eventually leading to the creation of a general
model describing the formation and evolution of the
Earth’s crust.
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