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Abstract—The results of the selection of a model of the deep density distribution in the lithosphere of Central
and Southern Asia, which explains the previously revealed dependence of the free mantle surface depth on
the thickness of the crust [Artemjev, 1975], are described. It is shown that this dependence can be caused by
variations in the mantle’s density with depth. Models of the continental and oceanic mantles with an increase
in the linear density over depth are selected for the region of Asia. The level of the free surface depth in the
oceanic mantle is higher than in the continental mantle. The observed dependence on the crustal thickness
can also be used for determining nonlinear density variations with depth under the assumption that lateral
density variations in this dependence are of a random character.
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INTRODUCTION

As is well-known, density is one of the most important
parameters of the Earth: all processes proceeding inside
and at the surface of our planet are in one way or another
related to the nonequilibrium distribution of masses.
However, this parameter cannot be determined directly.
Density can be measured only in the upper part of the
Earth’s crust with the use of samples from drilled bore-
holes. In deeper parts of the Earth, density is determined
from velocities of seismic waves, and on the whole, on our
planet, the density distribution is controlled by well-
known values of the mass and moment of inertia of the
Earth.

At the same time, the intense development of geologi-
cal—geophysical and geochemical methods over recent
decades has made it possible to form a rather clear insight
into the inner structure of the Earth, its physical state, and
the material compositions of its shells. Therefore, our
interrelated notions about the petrological composition
and the main physical parameters inside the Earth (den-
sity, pressure, temperature) should be refined.

This paper presents the results of the work on estimat-
ing the possibilities for determining the deep density dis-
tribution in the lithospheric mantle on the basis of the
observed dependence of the free mantle surface depth on
the crust thickness [Artemjev, 1975]. In this case, the well-
known processes of the redistribution of substance inside
the Earth, one of which is the isostasy, should not be
neglected.

DETERMINATION OF THE FREE MANTLE
SURFACE: RELATION TO THE CRUSTAL
THICKNESS AND PROBABLE CAUSES

The isostatic state of the upper shell of the earth has
been studied rather well. Thus, it is known that on the
major part of the surface of our planet, where there is no
tectonic activity, the lithosphere is isostatically compen-
sated and, accordingly, is not subject to any vertical
motions.

The free mantle surface (FMS) depth is one of the
characteristics of the isostatic state of the Earth’s lithos-
phere. This parameter shows the crustal uplift or lowering
with respect to its normal state necessary for the isostatic
leveling of the lithosphere with the density-homogeneous
mantle [Artemjev, 1975; Artemjev and Belousov, 1983].
However, an anomalous uplift or lowering of the FMS
level does not mean that that the isostatic position of the
lithospheric block is upset; most frequently, such devia-
tions point to an anomalous consolidation or deconsoli-
dation inside the lithosphere [Senachin, 2006]. This fact
allows us to use FMS data for studying the density distri-
bution in the mantle.

The FMS depth is calculated by the formula:

1 n
Hpys = Hm_p_zmipis (1)
o

where Hpy,g is the FMS depth; H,, is the Moho boundary
depth; p,, is the mantle density; p, and m; are, respectively,
the density and thickness of the ith layer of the crust at the
calculated point; and # is the number of layers of the crust.
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As is seen from this formula, the given characteristic is
one-dimensional, and in the case of using area-averaged
data, it does not show any substantial local disturbances of
the isostasy. In addition, it is impossible to determine from
calculated FMS anomalies whether an anomaly is caused
by a disturbance of the isostatic state or by the presence of
density heterogeneities in the mantle. It is necessary to use
gravity field data or other additional information for such
determinations. Errors in density distributions for crustal
layers also introduce a considerable error in the determi-
nation of the FMS depth. Density is calculated from seis-
mic wave velocities data using the well-known velocity—
density dependences [Barton, 1986]. These dependences
have an averaged character, and therefore, they are not
capable of taking into account differentiated contribu-
tions of each factor affecting density (temperature, mate-
rial composition, etc.).

Nevertheless, the study of FMS depth anomalies and
regular features of their distributions over continents and
oceans made it possible to obtain a number of interesting
results [Artemjev, 1975]. Thus, it was revealed that the
FMS depth increases with the increasing of crustal thick-
ness. This could be related to the difference between the
real mantle density and that used in the FMS calcula-
tions; however, according to the estimation presented in
[Artemjev, 1975], for eliminating this dependence, it is
necessary to reduce the mantle density to 3.0 g/cm?, i.e.,
practically to the density of the lower crust. Such a state of
the crust means a more complicated system of isostatic
compensation than is incorporated into the Airy model,
namely, the isostatic compensation is partially caused by
density heterogeneities in the mantle and increasing of

these heterogeneities directly connected with crustal
thickening. This conclusion follows from the FMS defini-
tion in accordance with formula (1). Howeyver, this for-
mula does not take into account the influence of deep
(radial) density variations, which can take place in the
Earth’s lithosphere. As it will be shown below, mantle
density variations with depth change the FMS depth in
crustal blocks with different thicknesses. Such depen-
dence makes it possible to determine the deep density dis-
tribution from the observed FMS dependence on the
crustal thickness. However, for this determination, it is
necessary to separate the influences of lateral and radial
density heterogeneities, which is very difficult. That is
why, as the first step on the way to the solution of this prob-
lem, we estimated the possible influence of deep density
variations in the mantle on the FMS depth with different
crustal thicknesses.

The effect of dynamic topography produced by mantle
flows serves as a correction to the FMS depth in the real
Earth. The FMS is uplifted over ascending mantle flows
and lowered over descending ones. The dynamic topogra-
phy is studied in [Anderson, 2006; Ricard et al., 2006].
According to the estimation obtained by these authors,
topographic variations attain hundreds of meters with
maximums in the zones of mid-ocean ridges and conti-
nental rifts (+500 m) and minimums over descending
mantle flows (—500 m). However, during the averaging,
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the addition of this effect to the FMS calculated by for-
mula (1) virtually did not change either the FMS or the
density distributions in the mantle obtained below.

Density models of isostatic compensation were calcu-
lated on the basis of the data provided by the AsCrust-08
crustal model [Baranov, 2010]. This regional model for
Central and Southern Asia contains more exact data
about the crustal structure than the well-known CRUST
2.0 crustal model [Bassin et al., 2000]. In addition, this
model is quite representative in respect of the crustal
thickness and age, i.e., the region covered by this model
contains the crust of the entire age and thickness ranges
met on the Earth.

THE ASCRUST-08 MODEL

The AsCrust-0.8 crustal model of Central and South-
ern Asia [Baranov, 2010] covers tectonically complex
regions of the Earth’s surface, where the collision of the
Indian and Eurasian plates, which resulted in the forma-
tion of the Plateau of Tibet (the largest continental uplift
on the Earth), plays the key role.

New seismic data obtained in recent years has pro-
vided the basis for constructing a much more detailed
crustal model that yields seismic velocity distribution in
crustal layers and can be applied in gravity modeling and
other applications. In the AsCrust-08 model, particular
attention was given to the regions of Arabia, China, India,
and Indochina. Multiple diverse data were checked for
their mutual correlation, and the most reliable of these
data were used for constructing a unified model of the
entire region.

This refined numerical model of the consolidated
crust includes the Moho boundary depth, thicknesses of
the crustal layers, and the Vp velocity distributions in these
layers. A great amount of new seismic data (reflected,
refracted, and surface waves from earthquakes and explo-
sions) were analyzed during the construction of this
model. All these data were integrated into a unified model
with the resolution 1° x 1°. The results were presented in
the form of ten numerical maps determining depths to the
Moho boundary, the thicknesses of the upper, middle, and
lower crust, as well as the densities and Vp velocities in
these layers.

The new Moho map is shown on Fig. 1. The black line
indicates the boundaries of the region, within which new
seismic data were analyzed. In oceans, the minimum
depth to the Moho is 7 km, whereas its maximum (75 km)
isattained under Tibet. The thickness of the standard con-
tinental crust is usually on the order of 38—44 km. The
Arabian Peninsula, Small Asia, northern and central
India, eastern China, and Indochina are regions with a
normal continental crust.

The South China Sea, Sunda Sea, Sea of Japan, and
other marginal seas of Southeastern Asia have three mixed
types of the crust: oceanic (7—9 km), stretched continen-
tal (10—38 km), and mixed.
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Fig. 1. Map showing the depth to the Moho boundary for Central and Southern Asia according to the AsCrust-08 model. The
black line marks the boundaries of the region. Gray color shades indicate the Moho depth in accordance with the right-hand

scale.

MANTLE FREE SURFCE OF CENTRAL
AND SOUTHERN ASIA

The distributions of FMS depth in the Asian region
calculated from data of the AsCrust-08 model and from
data of the CRUST 2.0 model [Bassin et al., 2000] outside
the region covered by the new model are presented in
Fig. 2.

The FMS depth was calculated by formula (1). There
are seven layers in our model: a water layer (wherever it is
present), three layers of sediments from the model
described in [Laske and Masters, 1997], and three layers
of the crust from the AsCrust-08 model. All data for these
layers were taken from numerical models with the resolu-
tions 1° x 1° for sediments and the crust, and 0.1° x 0.1°
for the water layer (bathymetry).

According to the calculations performed, the FMS
depth in Central and Southern Asia (see Fig. 2) varies
within a considerable range (from 2 to 7 km), which is
explained by the presence of recent tectonic activity in the
Alpine—Himalayan fold belt and the development of rifts
in the northeastern edge of Africa. The largest FMS uplift
is observed in the Red Sea, the Gulf of Aden, and the
adjoining them northern part of the East-African rift val-
ley. The largest FMS depth is encountered in the east of
the Tien Shan Mountains. The Himalayas are character-
ized by a narrow zone with an increased FMS level within
4—5.5 km. Parallel to this zone, the zone with an
increased FMS depth (up to 6 km) is traceable in the
south. The latter corresponds to the boundary of the
thrust zone of Asia (Main Boundary Thrust [Mishra and
Rajesh, 2003]) on the Indian plate. The Plateau of Tibet in
the major part of its area is characterized by FMS depths
from 4.5 to 5.5 km, and only at the boundary with the
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Tarim basin, a narrow zone with FMS uplift up to 3 km is
observed. In the east, the FMS deepens to 6.5 km. The
normal FMS depth in the Tarim basin is within 4.5—5 km.

On the whole, it can be noted that the FMS depth
decreases in rifting zones with the thinned crust and
increases in mountainous structures of the Asian region,
where the crustal thickness attains 75 km. Accordingly, it
can be suggested that the relation of the FMS depth to the
crustal thickness, which was revealed by M.E. Artemjev
and his colleagues, is caused by the conditions of the
present-day tectonic development. At the same time, in
Tibet, which is a mountainous structure with the thickest
crust on the planet, and which is located, in the opinion of
some researchers, in an isostatically compensated state
[Fang et al., 1997], the FMS depth shows no tendency to
increase with an increase of the crustal thickness (see
Fig. 2).

THE MANTLE MODEL
WITH DENSITY VARIATIONS

Suppose that the crust thickness is the same every-
where, and the mantle density varies in accordance with
the following law:

Pu(h) = po+ah, ()

where p, is the mantle density at the FMS level, 4 is the
depth from the FMS level, and o is the coefficient of man-
tle density variations with depth. In this case, the equilib-
rium of load and compensation masses, which are sepa-
rated by the FMS level, in the mantle with density varia-
tions over depth (see Fig. 2) can be presented in the
following way:
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Fig. 3.11lustration to the derivation of the formula for calculating the FMS depth in the mantle with the density gradient.

m
mp, = mz(Po"‘a“z‘z—Pk), 3

where m, is the thickness of the load layer (the upper part
of the crust to the FMS level); m, is the thickness of the
compensation layer (the lower part of the crust from the
FMS level) (see Fig. 3); p, is the mantle density at the
FMS level; and p,, is the mean density of the crust. Taking
into account that the thickness of the entire crust is M, =
m, + m,, Eq. (2) can be rewritten in the form:

m
Mpy = mz(Po + 072)- 4

The FMS depth, which must be constant in the model
with radial density variations (let us designate it as Hpyg ),

can be calculated by subtracting the compensation layer
thickness (,) from the Moho depth:

HFMS = H,(M,)-m, = H,(M,)

1 / — ©)
- &(Po - Pé +20pM,).

The last equation allows us to determine changes in the
FMS depth calculated traditionally by formula (1) in the
gradient medium, i.e., under the assumption that the
mantle is homogeneous. For this purpose, it is necessary
to specify all parameters of the gradient medium, includ-
ing Hpys, and to determine the depth to the Moho
boundary by using expression (5).

In the oceanic lithosphere, the water layer produces an
additional load. The thickness of this layer depends on the
thickness of the solid crust and is controlled by the condi-
tion of isostatic leveling. Therefore, the expression will be
slightly more complicated:

Hiis = Hy(My) = (py=py) o

- «/(Po - pv)2 +20( M, py + py(Hpys — M))).
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Figure 4 shows variations in the FMS depth depending
on the increase of the crustal thickness, which are
obtained from experimental data (Fig. 4a), and the
curves of the theoretical dependence of the FMS
depth on the crustal thickness, based on the calcula-
tions with the use of formulas (1), (5), and (6) at

Hiys = 4 km as well as at different values of o and the
initial density at the FMS level.

In models with the initial mantle density p, =
3.3 g/cm? (Fig. 4b), positive and negative values of o cor-
respond to the increase and decrease of density with
depth, respectively. It is evident that in this case, the
degree of FMS depth variations changes nonlinearly.
Comparison of the trend obtained from experimental data
with the model plots of FMS depth variations in Fig. 4b
shows that the curve with the coefficient oo = —0.0017,
which yields a density decrease to 3.2 g/cm? at a depth of
70 km, best corresponds to experimental data. However,
the shape of the experimental dependence of the FMS
depth, as distinct from this theoretical curve, suggests that
the degree of FMS depth variations tends to decrease with
crustal thickness increasing.

If we assume that the mantle density in the lower part
of the lithosphere is 3.3 g/cm?® and changes linearly in
such a way that the density at the FMS level can be higher
or lower than this value, the shapes of the theoretical
curves will change, and they will become similar to the
experimental dependence. A number of such curves at
different values of o and the initial density p, are shown in
Fig. 4c (for the curves with o >0 and a < 0, the initial den-
sities p, are assumed to be 3.2 and 3.4 g/m?, respectively).
In this case, the curves coincide rather well, but only
within the thickness of the continental crust. This coinci-
dence takes place with the curve corresponding to an
increase of the linear density from 3.23 g/cm? at a depth of
30 km to 3.28 g/cm? at a depth of 80 km.

No. 11 2010



ESTIMATION OF THE DEEP DENSITY DISTRIBUTION IN THE LITHOSPHERE

971

(a)
~2T Sty o ¢ 3 .
£ v A c
-~ = , ‘.. A '. A LS
= 4r i c.c."‘.& .
% A'_.':’l. 2 %
2 6f RO e 2
E e o =?. ., .
[ . -
8 —
| 1 | 1 I | 1 | I
0 10 20 30 40 50 60 70 80 90
Crust thickness (km)
2r (b)
=4l p =33, 0=0.002
§, —~ p=3.3,a=0.001
—
< 4 B p=33,aa=0
) S
S T — p=3.3,0=—-0.001
=3
6 | 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90
Crust thickness (km)
2r ()
—_ po=3.4,0=—0.001
E po= 3.4, 0. =—0.002
=
)
S po =32, a=0.002
%)
= po =132, o= 0.001
= e ——
6 | 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90

Crust thickness (km)

"EEman 2

|

‘*---..

Fig. 4. Changes in the FMS depth calculated with the use of formula (3) for the model with radial density variations at different
increasing (o > 0) and decreasing (a < 0) coefficients: (a) experimental dependence of the FMS based on the AsCrust-08 model
data; (b) curves calculated under the assumption that the density at the FMS level is constant and equal to 3.3 g/cm”; and
(c) curves calculated under the assumption that the density in the lower part of the lithosphere is constant and equal to 3.3 g/cm

(see the text for details). Notation: (/) polynomial trend controlling the dependence of the FMS on the crustal thickness from
experimental data (taken from Fig. 7a); (2) curve of the FMS depth selected for an oceanic mantle with an increase in the linear

density (see the text for details).

The lower part of the upper mantle, which affects the
FMS depth but is disregarded in our calculations, is
colder under continents than under oceans. Therefore,
the FMS level must be higher in oceanic regions. The the-
oretical curve of the FMS for the oceanic crust calculated
at Hpys = 3.2 km and the mantle density, which
increases from 3.2 3.2 g/cm? at the FMS level to 3.3 g/cm?
at a depth of 33 km, best corresponding to our experimen-
tal curve are shown in Fig. 3c.

Geophysical data on the character of density varia-
tions in the lithosphere with depth are contradictory.
Temperature and pressure increasing with depth affect the
density in opposite directions. A. Ringwood [1972, p. 15],
with reference to E Burch and D. Anderson, writes that
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the Vs welocities in the lithosphere predominantly
decrease with depth, and Vp velocities decrease to a lesser
degree with depth.

In parametric models of the Earth, such as the PREM
[Dziewonski and Anderson, 1981] and Ak135 [Montag-
ner and Kennett, 1996] models, the density and velocity
in the lithosphere linearly decrease with depth. However,
in the earlier PEM model [Dziewonski et al., 1975], the
density in the lithosphere was specified to increase with
depth.

As noted, models with a linear density increasing best
correspond to our data about the FMS depth. However,
the density is found to be smaller than its normal values.
At the same time, the density distribution over depth in
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Fig. 5. Variations in the mean density of the subcrustal mantle and the FMS level in the continental lithosphere depending on the
depth of the Moho boundary, according to AsCrust-08 model data.

the mantle is not necessarily linear. Further, we will show
changes in the mantle density corresponding to FMS
depth variations with crustal thicknening.

ESTIMATION OF THE DEEP DENSITY
DISTRIBUTION FROM FMS DATA

The estimates of the density distribution over depth
presented above are based on the revealed general ten-
dency toward a change in the linear density with depth.
Our data allow us to estimate a nonlinear density distribu-
tion over depth on the basis of two assumptions: (1) the
entire study region is isostatically compensated and (2)
the mantle density varies only over depth and does not
vary along the lateral. In these conditions, the real FMS
depth, as is noted above, must be the same everywhere (as
distinct from the calculated FMS depth, i.e., the depth,
which is obtained under the assumption that the mantle is
homogeneous in density), and the observed variations in
the FMS values calculated by formula (1) with crustal
thickness increasing will show variations in the mean den-
sity within the range from the real FMS depth to the cur-
rent Moho depth. In order to eliminate the scatter of
FMS depth at the points with the same values (or at values
close to each other) of the crustal thickness, the calculated
FMS values will be averaged within a 1-km range.

For estimating the FMS level in the model with radial
density variations, we will calculate this level for a crust
33 km thick. As different models show, the crust with such
thickness occupies an intermediate position between the
continental and oceanic crust, and its upper level is
located at about 0 km. Assuming that the crustal density is
2.85 g/cm? and the mantle’s density is 3.3 g/cm?, we will
obtain that the FMS depth is 4.5 km.

Let us designate in formula (1) the weight of the den-
sity column at a certain specified point as V; =
Zf‘l , Mip;. Then, the formula for calculating the FMS

can be rewritten in the following form:

V,
HFMS = Hm_p_a (7

IZVESTIYA, PHYSICS OF THE SOLID EARTH Vol. 46

hence it follows that

V.
PulH,) = ———. ®)
H m= H FMS

The last expression allows us to calculate the mean
value of the mantle density in the depth range from the
FMS (i.e., from 4.5 km) to the Moho boundary at each
point of the model. We calculated the V;and H,, values on
the basis of the data provided by the AsCrust-08 model.
The calculated distributions of the mean density of the
continental mantle and the FMS depths in the range from
25to 75 km are shown in Fig. 5. As is seen from the lower
plot in Fig. 5, the mean mantle density under continents
varies from 3.18 to 3.28 g/cm’, averaging 3.24 g/cm?.
Such low densities are most likely explained by the pres-
ence of lateral density heterogeneities under the crust in

some ranges of its thickness (that are disregarded by us).

DISCUSSION AND CONCLUSIONS

Our calculations of the deep density distribution in the
mantle most simply explain the observed dependence of
the FMS depth on the crust thickness. It was also shown
that the existence of this dependence makes it possible to
determine density variations in the mantle with depth.

The density distribution in the mantle of Central and
Southern Asia estimated in Fig. 5 should be regarded as
preliminary, because (1) density heterogeneities in the
crust are studied scantily, which leads to large errors in
FMS determinations; and (2) the method used does not
take into account the possible influence of lateral density
heterogeneities in the mantle, which can be significant.

In addition, it should be remembered that the
obtained density distribution shows the mean density
value in the depth range from the FMS level to the Moho
boundary, rather than the density at a specified depth
level. Therefore, some local anomalies of the density dis-
tribution curve in Fig. 5 seem to be improbable, because
very large and sharp density differences in depth are
required for their formation.

The calculated models of the deep density distribution
in the mantle show that the observed dependence of the
FMS depth on the crust thickness in regions of Central
and Southern Asia can be, on the whole, explained by the
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use of the model of the underlying mantle with an increase
in the linear density; however, in this case, the basic FMS
levels in the continental and oceanic lithosphere will be
different.

The selection of the deep density distribution on the
basis of averaging of the dependence of the FMS depth on
the crust thickness with a step of 1 km, which is presented
in Fig. 5, yields obviously underestimated density values.
This underestimation is due to the presence of lateral den-
sity heterogeneities depending on the crust thickness,
which were disregarded by us. Such lateral density heter-
ogeneities can be caused by variations in the temperature,
chemical composition, phase transition boundaries, and
by other factors.

The presence of density heterogeneities in the mantle
is beyond doubt, because it is confirmed by multiple data
of seismic tomography. However, it is rather difficult to
explain the existence of such density heterogeneities in the
mantle, whose values depend on the thickness of the over-
lying crust. It can be suggested that the origin of such het-
erogeneities is associated with the formation process of
the crust. In this case, we can expect distinctions in the
relation of the FMS depth to the crust thickness in the
continental and oceanic lithosphere, where different
mechanisms of the crustal formation can take place.

Digital data about FMS anomalies and the crust
model are accessible on the sites: http://www.ifz.ru/per-
sonel/baranov.htm and www.geodynamics.ru.
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