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INTRODUCTION

The lithosphere is understood as the relatively
more competent outer shell of the hard Earth, which is
located above the low�viscosity and more plastic
asthenosphere. The term was first suggested by the
American geologist J. Barell in 1914 (Barell, 1914). In
the beginning, the lithosphere was identified with the
Earth’s crust; however, it was then ascertained that
almost everywhere it includes the upper mantle from
about several tens to several hundreds of kilometers in
thickness. The position of the bottom of the lithos�
phere is determined by changes in the mechanical
behavior of a medium: the bottom boundary of the
lithosphere marks the transfer from the relatively hard
and competent outer shell of the Earth (lithosphere) to
the asthenosphere, which is characterized by higher
plasticity due to the partly molten state of matter
there. Thus, the lithosphere–asthenosphere boundary
is reological in character, but not chemical–petro�
graphical, like the crust–mantle boundary, where
basic rocks of the lower crust change to ultrabasic
mantle rocks.

However, changes in the reological properties of
the mantle are not directly detectable in practice;
therefore, the lithosphere bottom is more often
detected by changes in the seismic wave travel velocity
(the term “seismic lithosphere” is used in this case).
To detect the approximate position of the lower
boundary of the lithosphere in numerical calculations,
it is often assumed that it passes along a certain preset
isotherm (usually of about 1300°C, which is close to
the solidus of mantle rocks). In such cases, one talks

about thermal lithosphere and thermal thickness of
the lithosphere.

At present, actual data have been obtained and
published that allow valuable global quantitative esti�
mation of the thermal thickness of the Earth’s lithos�
phere. We used the topography (ETOPO5 relief numeri�
cal model by the National Geophysical Data Center,
1988), structural and matter analysis of the crustal com�
position (according to the data of CRUST 2.0 model
(Bassin et al., 2000; Mooney at al., 1998)), gravity anom�
alies (EGM96 gravity model (Lemoine et al., 1988), age
of oceanic bottom (Muller et al., 1997), and the distribu�
tion of mean annual surface temperatures as our data
(Leemans et al., 1991; Lieth et al., 1972).

Based on this input data, the position of the lithos�
phere bottom and temperature distribution over it
were computed. A global map of the computed ther�
mal thickness of the Earth’s lithosphere was obtained.

In contrast to previously published global models
of the thermal thickness of the lithosphere (Artemieva
and Mooney, 2001; Artemieva, 2006), we first adjusted
the basic thermal model by means of corrections to
isostatic compensation of the lithosphere and then
performed calculations for the Earth’s lithosphere as a
whole, but not only for the continental lithosphere
(Artemieva, 2006).

TECHNIQUE FOR COMPUTATION 
OF THE THERMAL THICKNESS

OF THE LITHOSPHERE

We defined the thermal thickness of the lithosphere
at each point of the Earth’s surface as the difference
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between the depth of the theoretical isotherm 11300°C
and an absolute relief mark. The computation was per�
formed on a grid with cells of 0.5 × 0.5°; the cell
boundaries are oriented along parallels and meridians.

The isotherm position was determined from the
model of thermal state of the lithosphere. The depth
distribution of temperature differed for oceanic and
continental lithosphere.

The depth (z) distribution of temperature T(z) in
the continental lithosphere was taken as steady�state
and defined as

(1)

where T0 is the surface temperature (the distribution
over the computation grid was taken from (Leemans
et al., 1991; Lieth et al., 1972)); z0 is the absolute relief
mark (according to the data from (National Geophys�
ical Data Center, 1988)); k(z) is the thermal conduc�
tivity coefficient; and q(z) is the heat flow

(2)

q0 = q(z0) is the surface heat flow. The specific volu�
mentric heat production of lithospheric rocks was
assumed to be exponentially decreasing with depth:

(3)

where A0 and H are the constants (3 × 10–6 W/s and 1 ×
104 m, respectively) (Stein, 1995).

The depth distribution of the thermal conductivity
coefficient was calculated in two different ways. In the
first one, we used the equation

(4)

where the temperature T is measured in °C; the con�
stants A and B for sediments are equal to 0.13 and
1073; for the upper and middle crust, 0.75 and 705; for
lower crust, –1.18 and 474; for the mantle, 0.73 and
1293, respectively (Clauser and Huenges, 1995).

In another calculation approach, the distribution
of the thermal conductivity coefficient in the upper
and middle crust was defined according to (Germak
and Rybach, 1982) as

(5)

where k0 is the thermal conductivity of corresponding
rocks under surface conditions (which was taken equal
to 3 W m–1 K–1), and c is a constant that varies from 0
to 0.003°C (which was taken equal to 0.001°C). The
thermal conductivity coefficient in sediments was
considered constant and equal to 2.5 W m–1 K–1; in
the lower crust, 2 W m–1 K–1 (Seipold, 1992); and in
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the lithospheric mantle, 4 W m–1 K–1 (Schatz and
Simmons, 1972; Scharmeli, 1979).

It turned out that the thermal thickness of the
lithosphere weakly depends on the model of depth dis�
tribution of the thermal conductivity coefficient. More�
over, even if the coefficient is constant (3 W m–1 K–1)
throughout the lithosphere, the final calculation
results deviated from the results obtained with the use
of Eqs. (4) or (5) by no more than 10%. The results
below have been obtained with the thermal conductiv�
ity coefficients calculated with the use of the second
approach, i.e., Eq. (5).

Two approaches were used for calculation of the
temperature distribution in the oceanic lithosphere. In
the first case, the simplest linear temperature–depth
dependence was used:

(6)

In the second case, the temperature distribution in
the oceanic lithosphere was calculated depending on
its age within the model of a cooling half�space
(Terkot and Shubert, 1985):

(7)

where Tm is the temperature of the sublithospheric
mantle (which was taken equal to 1444°C), χ is the
thermal diffusivity (which was taken equal to 10–6 m2/s)
(Stein, 1995), erf is the error function, and t is the age
of lithosphere. The age of oceanic bottom was taken
from (Muller et al., 1997).

In this case, the main parameters that determine
the thermal state of the lithosphere are the surface heat
flow for the continental lithosphere and the age of the
oceanic lithosphere. So the calculated temperature
distribution is not accurate, because we do not know
exactly the value of radioactive heat generation, coef�
ficient of thermal conductivity of crustal rocks, thick�
ness of crustal layers, and surface heat flow; in addi�
tion, the assumption of the stationarity of the thermal
regime can be wrong for the continental lithosphere,
or the model can fail to consider additional thermal
factors, e.g., the hot�spot effect. Let us hereinafter call
the model calculated only on the basis of the described
thermal algorithms the basic model.

The basic model can be improved by using addi�
tional data. It is known that variations in temperatures
of lithospheric rocks cause a change in their density,
which, in its turn, affects the isostatic state of the litho�
sphere. In view of this, the model of isostatic compen�
sation can be used for correction of the thermal model.
According to the hypothesis of local isostasy for the
lithosphere in local isostatic equilibrium, the weight of
any two vertical lithospheric columns from the surface
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to the depth of isostatic compensation should be
equal:

(8)

where z0(x, y) is the absolute relief mark at the point
with coordinates (x, y); zI is the level of isostatic com�
pensation; ρ(x, y, z) is the density of lithosphere�com�
posing rocks at the point with coordinates (x, y, z).

Corrections of the basic model due to the model of
isostatic compensation were introduced as following.
The surface heat flow q0 in Eq. (2), the coefficient a in
Eq. (6), and the age t in Eq. (7) were not considered as
independent input parameters in calculations of the
temperature distribution in the continental and oce�
anic lithosphere, respectively, but were calculated
from the position of the 1300°C isotherm (bottom of
the lithosphere), which was determined from the con�
dition of local isostasy by Eq. (8).

The surface heat flow q0 is expressed from Eqs. (1)
and (2) as

(9)
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Thus, if we know the thickness of the lithosphere HL,
calculated within the model of isostatic equilibrium,
we can calculate the surface heat flow. The coefficient
a can be expressed via HL from Eq. (6) as

(10)

and the lithosphere age, from Eq. (7) as

(11)

where erf –1 is a function that is inverse to the error
function.

Thus, the isostatic model is related to the thermal
one via the condition zI = z1300, where z1300 is the depth
of the 1300°C isotherm.

If the temperature distribution in the oceanic litho�
sphere is calculated from the model of a cooling half�
space (7), then we can manage without isostatic cor�
rections. In this case, calculation of the depth of the
oceanic bottom from the model of isostatic compensa�
tion (8) (if the thickness of lithosphere and tempera�
ture and density distributions over it are known), and
comparison of the calculation results with the real data
can be a good criterion of correctness of the model.

Let us also note that we did not reveal any funda�
mental difference between the results of the models in
which the temperature distribution in the oceanic
lithosphere was calculated by Eqs. (6) and (7). The
results shown in Fig. 1 and discussed in this work were
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Fig. 1. Map of the calculated thickness of the lithosphere, in km.
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obtained with the use of a nonlinear temperature dis�
tribution over the oceanic lithosphere by Eq. (7).

Thus, to introduce the corrections in the basic
model of lithosphere to the local isostasy effect, the
thickness of lithosphere HL should be calculated from
Eq. (8). The thickness of ice cover, soft and hard sedi�
ments, and the upper, middle, and lower crystal crust
were considered as known from the CRUST 2.0 data
(Bassin et al., 2000; Mooney et al., 1998); therefore,
the thickness of the mantle lithosphere was a calcu�
lated parameter in Eq. (8).

To calculate the density distribution over depth, the
temperature dependence of the density of lithosphere�
composed rocks ρ at a specified mineral composition
at each cell of the computational grid was used:

(12)

where α is the volumetric thermal expansion of rocks
(it was taken equal to 2.5 × 10–5°C–1) (Stein, 1995).
The density at the surface temperature ρ(T0) for differ�
ent crustal and upper mantle layers were also taken
from the CRUST 2.0 model, while the temperature
distribution in depth was calculated with the use of
Eqs. (1–7).

The model of isostatic compensation used for cor�
rection of the basic thermal model can be refined due
to accounting for data on free�air gravity anomalies in
the calculations.

As is known (Terkot and Shubert, 1985), the anom�
alous gravity at each surface point can be expressed via
the mass excess or deficit above this point by the
Bouger formula

(13)

where Δg is the free�air gravity anomaly, G is the grav�
ity constant (6.67 × 10–12 m3 kg–1 s–2). This formula is
applicable the best to objects the thickness (h) of
which is much smaller then the horizontal sizes.

Thus, if the hypothesis of local isostasy is com�
pletely fulfilled and the heights for any two laterally
spaced lithosphere columns are equal (as is supposed
in Eq. (8)), then the free�air gravity anomalies would
be zero everywhere, which contradicts the real data.
Therefore, the hypothesis of local isostasy should be
corrected to the gravity anomalies, i.e., by accounting
for Eq. (13), Eq. (8) should be extended to the equa�
tion

(14)

which shows that in the case of the absence of com�
plete isostatic compensation, the difference in heights
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of spaced vertical lithosphere columns manifests in the
difference in gravity anomalies above them.

For the calculations, the data on free�air gravity
anomalies were taken in accordance with the EGM96
gravitational model (Lemoine et al., 1998).

When calculating the thickness of mantle lithos�
phere from Eqs. (8) and (14), the “standard” lithos�
phere column with a known thickness of the lithos�
phere, gravity anomaly, and density distribution
should be specified for unambiguous definition of one
of the parts of Eq. (8) in addition to the data on the
structure of lithosphere, gravity anomalies, and tem�
perature distribution over depth. As such a column, a
column above a “standard” mid�ocean ridge has been
chosen. It is characterized by following parameters:
(1) the depth to the oceanic bottom is 3 km; (2) the
total crust thickness is 6.5 km; (3) the mean crust den�
sity is 2850 kg/m3; (4) the thickness of the mantle
lithosphere is 0.85 km; (5) the density of the upper
mantle is 3300 kg/m3; and (6) the free�air gravity
anomaly is 9.705 × 10–5 m/c2.

The temperature distribution in the calculation
algorithm is determined by the position of the bottom
of the lithosphere, which, in its turn, depends on the
temperature distribution. This uncertainty can be
eliminated by the execution of a series of iterations,
each of which includes the calculation of temperature
distribution based on the position of the bottom of the
lithosphere calculated at the previous iteration and
calculation of a new corrected depth of the bottom of
the lithosphere.

The necessity of selecting a value for the asthenos�
phere density contributes a significant uncertainty to
the calculations. We defined it as the minimum of the
difference between the upper mantle density mini�
mum at the lithosphere bottom temperature (calcu�
lated by Eq. (12)) and a value of 3200 kg/m3. Non�
exceedance of the asthenosphere density above that of
the lithosphere mantle is a necessary condition for the
convergence of the above calculation iterations.

The surface heat flow was used as a basic input
parameter for calculation of the temperature distribu�
tion in the lithosphere in the global thermal models of
the lithosphere (Artemieva and Mooney, 2001; Arte�
mieva, 2006). This resulted in certain difficulties con�
nected with the inhomogeneous distribution of heat
flow measurement points. Thus, the results of the
interpolation of inhomogeneously distributed data of
surface heat flow measurements were used for Pre�
cambrian craton regions (Artemieva and Mooney,
2001), while statistical processing, based on the
derived correlation between the thermal thickness of
the lithosphere and its age, was used for Phanerozoic
continental regions (where reliable measurements of
the surface heat flow are very scarce) (Artemieva,
2006). In this case, the condition of local isostasy was
used only for estimation of the density of already cal�
culated mantle part of the lithosphere and has no
effect on the final position of the lithosphere bottom.
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In addition to difficulties connected with the inho�
mogeneous distribution of measurement points, the
use of surface thermal points as a calculation basis can
cause some model uncertainty due to the probable
effect of factors that are not connected with the depth
thermal state of the crust on the surface heat flow, such
as rapid sediment accumulation, underground water
circulation, secular climate variations, significant
variations in the thermal conductivity coefficient in
the upper layers of sedimentary cover, and so on (e.g.,
(Smirnov, 1980)).

The isostatic corrections we used allowed weaken�
ing the effect of such factors as unstable heat flow and
the uncertainly known value of the surface heat flow
and thermal conductivity coefficient and parameters
that determine the heat generation of rocks on the
final result.

CALCULATION RESULTS

The calculated thermal thickness of the lithosphere
is shown in Fig. 1; it reflects all the principal tectonic
structures of the Earth. It significantly decreases down
to zero values along the mid�ocean ridges, where, as is
known, new oceanic lithosphere is generates. This
peculiarity is seen in the B1–B2 section for the Middle
Atlantic and Arabian–Indian spreading ridges (Figs. 2
and 3).

The age of oceanic lithosphere gradually increases
with an increasing distance from mid�ocean ridges
along with it thickness, which can attain 120–140 km
at the continent–ocean interface. A natural increase
in the thickness of lithosphere from the central part to
periphery for Indian Ocean is shown in B1–B2 sec�

tion, and for Atlantic Ocean, in B1–B2 and C1–C2
sections (Fig. 3).

Let us note that a significant decrease in the thick�
ness of lithosphere is observed in plume regions in
oceans (Hawaii and Azores, the Ninetieth Degree
Ridge, Rio�Grande Swell, etc.) despite the above pat�
tern. The Hawaii plume is well pronounced in the C1–
C2 section; the Azores and Maskaren ridge plumes are
evident in the B1–B2 section. The calculated thick�
nesses of the mantle lithosphere are negative for the
Iceland plume, located at the mid�ocean ridge (the
C1–C2 section). In the technical sense, this corre�
sponds to non�fulfillment of the local isostasy condi�
tion, even in case of the complete absence of a mantle
interlayer in the lithosphere; the physical sense of this
phenomenon consists in the fact that the lithosphere
in this area is extremely heated. In total, the thickness
of the lithosphere does not exceed 150 km for the larg�
est part of the oceans.

Within continents, minimum thicknesses of the
lithosphere (from 0 to 40 km) are detected above con�
tinental rift systems (East African, Californian,
Baikal, Myoma, Red Sea, etc.). Thus, North Ameri�
can structures (The Basin and Range province and
Californian Ridge system) are clearly pronounced in a
decrease in the thickness of the lithosphere in the C1–
C2 and B1–B2 sections, respectively (Fig. 4); two
branches (Western and Eastern) of the East African
ridge system are well identified in the B1–B2 section.

The regions of craton development (East Euro�
pean, East Siberian, African, North American, etc.)
are characterized by a thickness of lithosphere of 150–
200 km (A1–A2, B1–B2, and C1–C2 sections).
Younger orogenic belts in general are characterized by
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a lower thickness of the lithosphere. For example, it is
120–130 km for the Caledonian Appalachian Moun�
tains (the C1–C2 section) and 50–70 km for Meso�
zoic Verchoyano�Chukotsk orogen at about complete
thinning of the mantle layer (A1–A2 section).

An interesting feature, shown in A1–A2 section, is
the small difference between the lithosphere of the
East�Siberian and East�European cratons and young
Epi�Herzynian West�Siberian platform; the thickness
of the lithosphere is about 100–150 km for these three
cases. Let us note that these values agree with the data
of deep�seismic sounding with using peaceful nuclear
explosions, according to which layers with a decreas�
ing velocity of seismic waves have been revealed at
depths of 100–150 km (Pavlenkova, 2011).

An abnormal thickening of the lithosphere (up to
200–250 km) has been noted beneath the Herzynian
orogenic belt of the Urals. Large values of the thick�
ness of the mantle lithosphere beneath the Urals can
be explained by the lighter crust in this region (accord�
ing to CRUST 2.0 data).

We note the high values of the thickness of the
lithosphere (200–220 km) for remnant oceanic basins
with suboceanic crust. The Mediterranean and Black
Sea basins are shown in the D1–D2 section; the thick�
ened lithosphere of Southern and Northern Caspian
basins are shown in the E1–E2 section, and the F1–
F2 section shows thickening of the lithosphere
beneath the Gulf of Mexico.
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The character of the lithospheric thickness distri�
bution in active continental margins is shown in the
J1–J2 sections based on the example of the Japan sub�
duction zone. Thickening of the lithosphere to 150
km, corresponding to a subducting oceanic slab, is
observed immediately beneath the deep�sea basin.
The thinning of the lithosphere to 50 km is detected
beneath the ensialic crust of the Japan island arc, and
thickening up to 100 km, in the back�arc Japan Sea
basin.

Thus, the calculation results indicate that, on the
one hand, the obtained thickness of the lithosphere
agrees well with ideas about what it should be beneath
such global structures as continental and oceanic rift
systems, areas of within�plate oceanic magmatism,
cratons, etc. The fact that the calculated thickness of
the lithosphere takes expected values in places where it
is known is evidence of the correctness of the accepted
model. On the other hand, some features of the litho�
sphere thickness distribution, such as its significant
increase beneath the Urals orogen, remnant basins of
the Black, Mediterranean, and Caspian Seas, back�
arc basins of the Japan Sea type, etc., are unobvious
and can be a subject of further study and discussion.

Let us note that the presented results show gener�
ally lower values of lithosphere thickness beneath the
continental regions as compared with earlier models
(Artemieva and Mooney, 2001; Artemieva, 2006). A
visible difference in the thickness of lithosphere
beneath the continents of the Northern and Southern
Hemispheres (underlined in (Artemieva and Mooney,
2001)) was not revealed in our model.

CONCLUSIONS

The thermal thickness of the Earth’s lithosphere
has been assessed on a calculation grid with cells
0.5° × 0.5° in size. Data on topography, crustal struc�
ture and composition, gravity anomalies, age of oce�
anic bottom, and mean annual surface temperatures
have been used in the calculations.

The bottom of the lithosphere has been determined
from the position of the 1300°C isotherm, which cor�
responds to the solidus of the mantle crust. the tem�
perature distribution in the continental lithosphere
was considered as steady�state and was calculated
based on the data on surface temperature and specific
volumentric heat production in the crust and upper
mantle. For the oceanic lithosphere, we used either
the model of cooling half�space (age–temperature
dependence of the distribution) or the simplest linear
dependence of temperature on depth. To correct the
thermal model, we used the model of local isostatic
compensation.

The calculated thermal thickness of the lithosphere
agrees well with the ideas about the thinning of the
lithosphere beneath the mid�ocean ridges (Middle
Atlantic, Arabian�Indian, Eastern Pacific, etc.) and
plumes (Hawaii, Azores, Iceland, etc.) continental rift
systems (East�African, Baikal, Californian, etc.). The
thickness of the lithosphere beneath cratons (East�
European, East�Siberian, North�American, etc.) is
150–200 km; it decreases to 50–70 km beneath
younger orogenic belts (e.g., the Verchoyano–
Chukotsk and Sikhote–Alin regions). Large values of
the thickness of the lithosphere, which were obtained
for the West Siberian platform (150 km), Urals orogen
(220 km), trenches of Black, Mediterranean, and Cas�
pian Seas (200 km), and back�arc Japan Sea basin
(150 km) are of interest.

The data on the thermal thickness of the lithos�
phere can be used for the comparable geodynamic
analysis of different tectonic structures and as input
parameters for numerical calculations on the geody�
namics of the lithosphere, e.g., in calculations of the
global field of stresses and deformations of the lithos�
phere.
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