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INTRODUCTION

The ability of the Earth’s lithosphere to compen�
sate for all the density inhomogeneities appearing
within its body or on its surface, which is called isos�
tasy, was known as early as in the middle of the 19th
century. The modern knowledge of the Earth’s crust
structure allows researchers to determine the density
inhomogeneities in the mantle part of the lithosphere
based on its nearly common isostatic compensation.

The present work deals with the results of studying
the lithospheric density inhomogeneities of continents
and oceans on the basis of free mantle surface anoma�
lies. The aim of this work is to explain the observed
correlation of the free mantle’s surface depth with the
Earth’s crustal thickness; this dependence was discov�
ered by Soviet scientists in the 1970s [1], but its causes
still remain unclear.

The results of our studies indicated an explicit rela�
tionship between the free mantle’s surface depth and
the mechanisms of the Earth’s crust formation, which
supports the assumptions of some researchers that the
crustal growth mechanism in the Archean differed
from that at the post�Archean stages of the Earth’s
evolution.

THE FREE MANTLE’S SURFACE: 
ITS DETERMINATION AND RELATIONSHIP 

WITH THE CRUSTAL THICKNESS

The free mantle surface (FMS) is one of the char�
acteristics of the Earth’s surface isostatic state. This
parameter shows the uplift or lowering of the Earth’s
crust relative to the normal position required for the
isostatic leveling of the lithosphere with the density�
homogeneous mantle. Correspondingly, it provides
information about the density inhomogeneities
located above the level of the isostatic compensation in
isostatically compensated for regions; in the isostati�
cally uncompensated for regions, the FMS anomalies
can be used to determine uncompensated for density
inhomogeneities in the mantle.

The calculation of the FMS depth performed by
M.E. Artemiev [1] revealed the principal tendencies of
the FMS depth distribution between the continents
and oceans. It was found that the FMS depth in the
continental lithosphere increases with the growth in
the crustal thickness. However, the rate of the FMS
depth’s increase cannot be explained by the incorrect
choice of the mantle’s density value used in the calcu�
lations, because, according to [1], this dependence
can be completely obliterated only by the decrease of
the ρm value to 3.0 g/cm3, which seems to be unaccept�
able for the mantle.
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On the basis of the obtained data, it was concluded
that the continental lithosphere contains lateral den�
sity inhomogeneities with their magnitude (thickness
or density) depending on the crustal thickness. How�
ever, it is still unknown which processes were respon�
sible for their appearance.

To shed light on this problem, the FMS depths of
the continental and oceanic crusts were studied using
the modern models of the earth’s crust (namely, the
CRUST 2.0 [15] and AsCrust [2]) with allowance for
the influence of the radial variation of the mantle’s
density on the FMS depth. The results of this study are
given below.

CALCULATION OF THE FMS DEPTH 
IN CONTINENTS AND OCEANS

The geophysical data obtained worldwide during
the past half century of intense research of the Earth’s
structure allowed a global model of the earth’s crust to
be made. The first model of this kind was called
CRUST 5.1 and was made by American geophysicists
more than 10 years ago [21]. This model represents the
crustal structure as 5 × 5 degree cells based on seismic
data and contains information on the P� and S�wave
velocities, on the density of all the crustal and sub�
crustal layers, and on the depths of the boundaries
(including the Moho discontinuity) dividing the crust
into layers. The more detailed CRUST 2.0 model
based on 2 × 2 degree cells was compiled later [15].
Both models are available on the web�site
http://mahi.ucsd.edu/Gabi/rem.html.

Figure 1 demonstrates the scheme of the global
FMS depth distribution calculated on the basis of the
CRUST 2.0 model. The FMS depth was calculated
using the formula from [1]:

(1)

where HFMS is the calculated FMS depth; Hm is the
depth of the Earth’s crust base; ρm is the mantle’s den�
sity; and mi and ρi are, respectively, the thickness and
the density of the Earth’s crust layers, sediments,
water, and ice.

According to our model, the Earth’s crust contains
seven layers: the water layer where it is, three sedimen�
tray layers from the model [19], and three crustal lay�
ers. All the data for these layers were taken from the
digital models with resolution of 1 × 1 degree for the
sediments, 2 × 2 degrees for the crust, and 0.1 × 0.1
degree for the water layer (bathymetry).

The FMS depth depends on the temperature mode
of the lithosphere, on the presence of lithospheric
density inhomogeneities, and on the degree of its iso�
static equilibrium. Isostatic disequilibrium in the
models of the Earth’s crust with 1�degree resolution
and lower is poorly manifested, which is related to the

HFMS Hm
1
ρm

����� miρi,

1

n

∑–=

averaged character of the data used [1]. Only in active
convergent zones, island arcs, and deep trenches have
notable anomalies related to the isostatic disequilib�
rium of these structures been noted. Therefore, all the
data beyond these structures will be further considered
as isostatically compensated for. Correspondingly, all
the FMS depth anomalies in the considered structures
denote density inhomogeneities in the lithospheric
mantle.

Continents generally have an older and colder
lithosphere than the oceans [14]; therefore, greater
FMS depths (Fig. 1). Additionally, the FMS depth in
the continents shows a clear dependence on the crustal
thickness. In particular, it is 5–5.5 km in cratonic con�
tinental regions, increases up to 6–6.5 km in moun�
tains, and reaches 8 km in the modern collision zones
such as Tibet and the Andes.

In the oceans, the mid�ocean ridges are distinct for
the uplifting of the FMS depth to 3–2.5 km, whereas
mature oceanic basins have FMS depths of 4.5–5 km,
which are close to those of the continental platforms.

Thus, the FMS depth in stable continental and
oceanic tectonic structures is within 4.5–5.5 km.
Continental and oceanic rift zones are characterized
by a shallower FMS depth owing to the elevated heat
flow.

The subduction zones of the Pacific continental
framing are manifested in a pair of adjacent anomalies
of shallower and deeper FMS positions in volcanic
belts and deep trenches, respectively, which is related
to the isostatic disequilibrium of these structures, as
mentioned above.

The oceanic lithosphere originates in mid�ocean
ridges and becomes cooler with the distance away from
them, which results in the increase of its density and,
correspondingly, depth [22].

Figure 2 demonstrates the variations in the FMS
depth versus the crustal thickness based on the data of
the CRUST 2.0 model. The linear dependence is
expressed by the formula

HFMS = 3.8 + 0.02MC, where MC is the crustal
thickness excluding the water layer.

As is indicated by Fig. 2, the degree of the FMS’s
depth increase with the crustal thickness is different at
different parts of the graph. For instance, the conti�
nental crust 33–50 km thick shows the highest
increase in the FMS depth (about 0.05 km per kilome�
ter of increase in the crustal thickness), whereas the
continental crust more than 50 km thick demonstrates
an opposite tendency: a decrease in the FMS with the
increasing crustal thickness. The crust of such thick�
ness is typical of Tibet and the Andes, being formed by
the thrusting of one continental block over another [7,
16, 20, 24].

The AsCrust�08 model of the Earth’s crust [2]
includes the regions of Central and Southern Asia
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between the coordinates of 25° and 55° N and 20° and
145° E.

The new seismic data obtained in recent years pro�
vide grounds for a substantially more detailed model of
the Earth’s crust, which includes the distribution of
the density and seismic velocities in its individual lay�
ers and can be used for gravity modeling and other
applications. Particular attention in the AsCrust
model was paid to the regions of Arabia, China, India,
and Indochina. The consistency of the numerous het�
erogeneous data was verified, and the most reliable of
them were used to develop a unified model of the
entire region.

The specified digital model of the Earth’s crust
includes the depth of the Moho discontinuity, the
thicknesses of the individual crustal layers, and the dis�
tribution of the P� and S�wave velocities in these lay�
ers. During the building of this model, we analyzed a
great body of new data on the reflected, refracted, and
surface waves from earthquakes and explosions and
integrated them into a common model with 1 × 1
degree cells. The results were presented in the form of
10 digital maps determining the following parameters:
the depth of the Moho discontinuity; the thicknesses
of the upper, middle, and lower parts of the consoli�
dated crust; and the values of the density and P�wave
velocities in these layers.

The distribution of the FMS depth in the Asian
Region as calculated from the AsCrust and CRUST
2.0 (beyond the AsCrust coverage) models is shown in
Fig. 3. The FMS depth was calculated by Eq. (1).

According to our calculations, the FMS depth in
Central and Southern Asia (Fig. 3) varies within a wide
range of 2–7 km, which is explained by the modern
tectonic activity in the Alpine�Himalayan Fold Belt
and by the rifting in the northeast framing of Africa.
The shallowest level of the FMS depth is observed in
the Red Sea, in the Gulf of Aden, and in the adjacent
northern part of the East African Rift valley. The shal�
lowest FMS depth is noted in the eastern Tien Shan.
The Himalayas are distinguished as the narrow zone of

a shallower (4–5.5 km) level of the FMS depth; the
parallel zone located south of the previous one has a
deeper (up to 6 km) FMS level and presumably corre�
sponds to the boundary thrust zone between Asia and
the Indian Plate [23]. The Tibetan Plateau is mainly
characterized by the FMS depths from 4.5 to 5.5 km,
which is substantially higher than the values described
from the CRUST 2.0 model, and a narrow zone with
the FMS depth up to 3 km is observed only at the
boundary with the Tarim Basin. In the east of the pla�
teau, the FMS depth subsides to 6.5 km, while the
Tarim Basin has a normal FMS depth within the range
of 4.5–5 km.

A slightly shallower (4 km and less) FMS level is
observed in the Indonesian Region. This is probably
related to the elevated heat flow, which is typical of the
backarc regions above subduction zones spanning this
region from the east and west [9].

Figure 4 demonstrates the AsCrust model�based
dependence of the FMS depth on the crustal thickness
in the Central and Southern Asian regions. As is seen,
the observed dependence is generally nonlinear, which
could be caused by the modern tectonic activity of the
region manifested in the portions with extremely low
and high thicknesses of the crust (i.e., at the ends of
the graph). The middle part of the graph, which corre�
sponds to the mature and tectonically stable crust 30–
50 km thick, indicates a clear increase in the FMS
depth approximately by 0.3 km per kilometer of
increase in the crustal thickness.

RADIAL VARIATIONS IN THE DENSITY: 
THE CALCULATION OF LINEAR MODELS

While calculating with the use of Eq. (1), we
assumed a priori that the mantle’s density does not
change with the depth. However, the involvement of
possible variations in the mantle’s density with depth
in the calculations, as will be shown below, would
inevitably produce the dependence of the calculated
FMS depth on the crustal thickness.

Crustal thickness, km
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Fig. 2. The graph demonstrating the linear dependence of the FMS depth on the thickness of the solid crust as calculated from
the CRUST 2.0 model.
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Taking into account the radial variations in the
mantle’s density, below we will differentiate between
the “calculated” and “radial” FMS depths in the
applied models. The “calculated” depth is referred to
as the FMS depth calculated by Eq. (1) at a constant
mantle density of 3.3 g/cm3; the “radial” FMS depth
denotes the depth given in the model of the radial
change in density in accordance with Eq. (2), which
will be given below. At the same time, the “radial”
FMS depth in any given model is always constant,
whereas the “calculated” depth varies depending on

the radial distribution of the density and crustal thick�
ness.

To assess the contribution made by radial variations
of the mantle’s density to the “calculated” depen�
dence of the FMS depth on the crustal thickness, we
simulated the deep position of the crust of various
thicknesses in such a mantle.

Let us assume that the crustal density is unchange�
able and that the change in the mantle’s density is con�
trolled by the law

(2)ρm h( ) ρ0 αh,+=
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where ρ0 is the mantle’s density at the FMS depth, h is
the FMS depth, and α is the coefficient of variation of
the mantle’s density with depth. Then, the equilibrium
between the load and the compensation masses sepa�
rated by the FMS level in the mantle with the depth�
dependent density (Fig. 5) can be represented as fol�
lows:

(3)

where m1 is the thickness of the load layer (the upper
part of the crust up to the FMS level), m2 is the thick�
ness of the compensation layer (the lower part of the
crust below the FMS level; see Fig. 5), ρ0 is the man�
tle’s density at the FMS, and ρk is the mean density of
the crust. Taking into account that the total thickness
of the crust is Mk = m1 + m2, equation (3) can be mod�
ified into the following form:

(4)

The “radial” FMS depth denoted as  is con�
stant in the model of the radial density distribution and
can be calculated by subtracting the thickness of the
compensation layer (m2) from the Moho discontinu�
ity’s depth:

(5)

The last equation offers an opportunity to deter�
mine the variations of the FMS depth in a gradient
medium. For this purpose, it is required to set all the
parameters of the gradient medium, including the

 and to determine the depth of the Moho dis�
continuity.

m1ρk m2 ρ0 α
m2

2
����� ρk–+⎝ ⎠

⎛ ⎞ ,=

Mkρk m2 ρ0 α
m2

2
�����+⎝ ⎠

⎛ ⎞ .=

HFMS'

HFMS' Hm Mk( ) m2–=

=  Hm Mk( ) 1
α
���(ρ0 ρ0

2 2αρkMk+ .––
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In the oceanic lithosphere, an additional load is
produced by the water layer, the thickness of which
depends on the thickness of the solid crust and is
determined by the condition of the isostatic equilib�
rium. This transforms equation (5) into a more com�
plicated form:

(6)

Figure 6 demonstrates the curves for the theoretical
dependences of the FMS depth on the crustal thick�
ness. These curves were derived using Eqs. (1), (5), and

(6) at  = 4 km; various values of α; and the initial
density at the FMS level.

In the models with the initial mantle density ρ0 =
3.3 g/cm3 (Fig. 6a), the positive and negative values of
α correspond to the increase and decrease in the den�
sity with depth, respectively. As is seen, the degree of
change in the FMS depth in this case appears to be
nonlinear. Additionally, the curve shapes differ from
the experimental dependence obtained by us for the
Asian region.

Assuming that the mantle’s density at the FMS
level is 3.2 g/cm3 and linearly increases with depth
(Fig. 6B), the shape of the curves becomes similar to
the experimental dependence.

Figure 6c shows the results of fitting the mantle’s
density distribution to obtain the experimental depen�
dence of the FMS depth on the crustal thickness. It is
seen that a good fit was obtained only in the range of
the continental crust with density from 3.23 g/cm3 at
the 30 km depth to 3.28 g/cm3 at the 80 km depth. For
the <30�km crust (mainly the oceanic crust), the cor�
responding curve can be fit only by increasing the
“radial” FMS depth to 3.2 km. This will provide an
increase in the mantle’s density from 3.2 g/cm3 at the
FMS depth to 3.3 g/cm3 at 30�km depth. The differ�
ence in the “radial” levels between the oceanic and
continental lithospheres indicates that the upper man�
tle beneath the oceans is generally less dense than
beneath the continents, which is seen in the thicker
asthenosphere layer.

Thus, the results of fitting the linear variations of
the mantle’s density yield significantly lower densities
than was supposed in the currently accepted pyrolitic
model of the mantle [6]. This discrepancy argues for
the existence of lateral density inhomogeneities,
which depend on the crustal thickness.

Below, we demonstrate the density distribution
produced by calculating the nonlinear model.

HFMS' Hm Mk( ) 1
α
��� ρ0 ρ@–( )–=

– ρ0 ρ@–( )2 2α Mkρk ρ@ HFMS' Mk–( )+( )+ .

HFMS'

Earth's crust

FMS depth

Mantle
Moho

m1

m2

discontinuity

Fig. 5. Illustration of the formula for calculating the FMS
depth in the mantle with the gradient density.
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RADIAL VARIATIONS IN THE DENSITY: 
DIRECT CALCULATION BASED 

ON THE EXPERIMENTAL DEPENDENCE

The presented above assessments of the density dis�
tribution with depth are based on revealing a general
tendency in the linear variations of the density with
depth. At the same time, our data make it possible to
estimate the nonlinear density distribution with depth
based on two assumptions:

(1) the entire studied area is isostatically compen�
sated for;

(2) the mantle’s density varies only with depth
while remaining unchangeable in the lateral direction.

If these conditions are met, the true (“radial”)
FMS depth would be expected to be similar every�
where, while the observed variations in the FMS val�
ues with depth calculated by formula (1) would dem�
onstrate the change in average density in the interval
from the true FMS depth to the depth of the Moho
discontinuity. To eliminate the scatter of the FMS
depths at the points with similar or close values of the

crustal thickness, the calculated FMS values were
averaged over the depth in the range of 1 km.

To assess the radial FMS depth, let us calculate its
value for the 33�km crust. Different models indicate
that the crust with such thickness is intermediate
between the continental and oceanic, with its upper
boundary at about 0 km. Assume that the crustal den�
sity is 2.85 g/cm3 and the mantle’s density is 3.3 g/cm3.
Then, Eq. (5) yields a radial FMS depth of 4.5 km.

Let us denote the weight of the density column at
any set point k in Eq. (1) as Vk = ρi. Then, the

formula for the FMS calculation can be rewritten in
the following form:

 = Hm – Vk/ρm, from which we derive

(7)

The last expression allows the mean mantle density
to be calculated in the depth range from the FMS level
(i.e., from 4.5 km) to the Moho discontinuity at any
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Fig. 6. Variations in the FMS depth in the model of the radial variations of the density with the various coefficient of increase (α
> 0) and decrease (α < 0). (a) curves showing the increase and decrease in density with the depth relative to the initial value of 3.3
g/cm3 at the FMS level. (b) curves showing an increase in the density with the depth relative to the initial value of 3.2 g/cm3 at
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point of the model. The Vi values are calculated on the
basis of the AsCrust model data, and the Hm values are
also given in this model. The calculated data on the
depth distribution of the mean density of the conti�
nental mantle and the FMS level in the range from 25
to 75 km are shown in Fig. 7.

It is seen in Fig. 7 that the mean density of the man�
tle beneath the continents varies in the range of 3.18–
3.28 g/cm3, averaging 3.24 g/cm3. Such low values of
the density can only reasonably be explained by the
existence of lateral density inhomogeneities beneath
the crust in certain depth ranges.

Thus, all the calculations performed indicate that
the lithospheric mantle contains lateral density inho�
mogeneities varying with the crustal thickness.

LATERAL DENSITY INHOMOGENEITIES: 
PROBABLE CAUSES OF THEIR ORIGIN

Lateral density anomalies in the lithosphere
undoubtedly exist. This directly follows from the seis�
mic tomography data and the significant spatial varia�
tions of the FMS depth in the isostatically compen�
sated for regions. However, it is difficult to explain the
presence and origin of such anomalies varying with the
crustal thickness.

These anomalies can form either during the forma�
tion (or growth) of the Earth’s crust or in the course of
its subsequent evolution related, for example, with the
cooling of the lithosphere or the metasomatic rework�
ing caused by deep fluids. The answer to this question
can be found by the examination of the FMS depth
variations depending on the crustal thickness in the
lithosphere of different ages.

Figure 8 presents a series of graphs demonstrating
the dependence of the FMS depth on the crustal
thickness in the continental lithosphere of different
ages in the range from 24 to 56 km. As was indicated in
[17], this range of thickness spans the overwhelming
part of the continental crust. The data on the lithos�
phere’s age used in the plots were taken from [14]. It is
seen in these graphs that the coefficients showing an
increase in the FMS depth with the thickening of the

crust are nearly the same for the lithosphere of all the
ages, except for the Archean; i.e., the relationship
between the FMS depth and the crustal thickness in
the lithosphere has remained almost constant since
the Proterozoic.

On the basis of the derived data presented in Fig. 8,
we may conclude that the observed dependence of the
FMS depth on the crustal thickness presumably
appeared at the stage of the Earth’s crust formation.
The explicit difference in the calculated dependence
of the FMS on the crustal thickness between the
Archean and the following periods of the Earth’s evo�
lution is explained by the differences in the mecha�
nisms of the crustal formation in various periods [4,
10–12, et al.]. For instance, at the early stages of the
evolution, the formation of the Earth’s crust was prob�
ably driven by plume activity; beginning from the Late
Archean or Proterozoic, the plume tectonics gave way
to plate tectonics with the crust growing in island arcs
under the influence of the subduction of the oceanic
lithosphere. Therefore there are all grounds to suggest
that the found dependence of the calculated FMS
depth on the crustal thickness is related to the forma�
tion of the continental crust in the subduction zones.

To verify that the observed relationship between the
FMS depth and the crustal thickness of the continen�
tal lithosphere is determined by the mechanism of
crustal growth, we attempted to find it for the oceanic
crust. As is known, the ocean contains mountain
ridges and rises, and the crustal thickness beneath
them is comparable to that of the continental crust.
These ridges and rises are most probably of magmatic
origin, which is analogous to that of the ancient conti�
nental crust in the Archean. It is, for instance, though
that oceanic rises are formed in triple junctions (the
Ontong�Java Plateau [18], the Shatsky Rise [5, 13, et
al.]), whereas submarine ridges are results of “hot
spot” activity on moving oceanic plates (see, for
example, [3]).

This is seen on the map demonstrating the distribu�
tion of the FMS depth, which was calculated from the
CRUST 2.0 model data (Fig. 1), that most of the oce�
anic rises and mountain ridges are characterized by
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slightly elevated or nearly normal FMS levels (see, for
example, the Hess and Shatsky rises; the Chatham,
Emperor, and Hawaii ridges in the Pacific Ocean; the
Ninetyeast Ridge in the Indian Ocean, etc.). This
implies that the oceanic lithosphere shows no clear
dependence of the FMS depth on the crustal thick�
ness.

Figure 9 shows the dependence of the FMS depth
on the crustal thickness for the oceanic lithosphere.
The first graph (Fig. 9a) was plotted without allowance
for the lithosphere’s age at the model points. It shows

the linear growth of the FMS depth with the crustal
thickness. The coefficient of the FMS depth increase
with the crustal thickness is 0.024 km/km, which is
two times less than the analogous values for the conti�
nental crust. However, if the age dependence is
excluded from the calculated FMS in the way that the
FMS depth of the mature oceanic crust corresponded
to the anomalous depth of 0 km, then the dependence
of the FMS anomalies on the crustal thickness dem�
onstrates a poor decrease in the FMS depth with the
thickening of the crust with a coefficient of –0.004
km/km (Fig. 9b). The negative coefficient derived for
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the FMS depth’s dependence on the crustal thickness
can be explained by the radial growth of the density in
the oceanic lithospheric mantle of mature age.

DISCUSSION AND RESULTS

The results of our study have indicated that the
influence of the radial density variations in the sub�
crustal mantle was insufficiently strong to explain the
observed dependence of the FMS depth on the crustal
thickness [8]. This indicates that the continental litho�
sphere contains lateral density inhomogeneities,
which depend on the crustal thickness. The magnitude
of these inhomogeneities practically does not depend
on the age of the continental crust. This gives strong
reasons to suppose that they appeared simultaneously
with the formation of the continental crust and were
preserved during its further evolution. The conserva�
tion of these inhomogeneities in the continental litho�
sphere for billions years indicates that their composi�
tion differed from that of the normal continental litho�
spheric mantle.

The nature of these high�density inhomogeneities
is unknown. They may be formed from the upper part
of the basaltic layer in the subsiding oceanic lithos�
phere, accumulated in the island arc lithosphere, and
then subjected to complete or partial eclogitization.
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