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INTRODUCTION

One of the enigmas of modern planetology is the
question which forces sustain the marked global topo�
graphic variations on the surface of the terrestrial
planets, which must level out under the influence of
the external gravity field and atmospheric effects as a
result of denudation. Mars is a most interesting planet
on which to investigate this question: the range of
heights on its surface can be, according to recent data
from the Mars Orbiter Laser Altimeter (MOLA) [1], as
large as 44 km, i.e., approximately 1.3% of the mean
radius R = 3389.5 km. For the Earth, where the maxi�
mum range of surface topographic heights reduced to
homogeneous density is approximately 0.2% of R, we
showed in [2] that significant anomalies of the internal
gravity field and stress field in the crust can maintain
the existing height differences despite the denudation
processes. These marked field anomalies in the crust
are caused by the dipole distribution of anomalous
masses by depth as a result of isostatic compensation.
For example, the topographic heights are consistent
with height anomalies at the Mohorovicic discontinu�
ity (M) with the opposite sign. This conclusion appears
to be true all the more for Mars, where the height
range is greater by an order of magnitude. Therefore,
it is of interest to investigate the Martian global density
structure and compare it with the Earth’s.

A large array of observation data exists on Martian
topography [1] and new models of Martian gravity as
an outcome of 5 years of monitoring by the Mars Glo�
bal Surveyor (MGS) [3, 4]. These results allow one to
draw some conclusions about the structure of Martian
crust [5]. Thus, [5] proposes a model of the M discon�
tinuity for Mars (i.e., the possible crust–mantle tran�
sition layer) on the basis of the Martian gravity field
with regard to the contribution of the topography.
A similar approach was used to build a model of M
from earlier data in [6]. This problem was solved using
a linear approximation. However, our studies on the
density structure of the Earth’s crust showed that lin�
ear approximation is not sufficient to accurately deter�
mine the contribution of the crust boundaries to the
external and internal gravity fields; it is necessary to
take quadratic members into account [2, 7, 8]. Thus,
the quadratic members of the topography decomposi�
tion of the degree N make an additional contribution
to harmonics of the potential of the degree n = 0 – 2N,
with this contribution increasing with the growth of n.
It is especially important to consider the quadratic
members in the case of a dipole (by depth) distribution
of anomalous masses. Thus, if the linear contribution
to the external gravity field generally correlates with
the topographic heights isostatically compensated at M,
the contribution of the quadratic members correlates
with the squares of the heights; i.e., it is positive every�
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where, both for continents and oceans, with its order
of magnitude being comparable to that of the linear
contribution. The total contribution for some regions
of the Earth has an opposite sign as compared to the
linear contribution, which may seriously interfere with
interpretation of satellite data.

This paper considers two methods for obtaining the
coefficients of decomposition of the M discontinuity
for Mars and estimates the contribution of the topog�
raphy and density jump at M to Martian gravity in a
quadratic approximation. The results for Mars are
compared with one another and the respective results
for the Earth to estimate the distribution of compensa�
tion depths for topographic masses and density anoma�
lies and that of stresses in the Martian crust and mantle.

CALCULATION OF THE CONTRIBUTION 
OF THE MARTIAN TOPOGRAPHY 

AND THE DENSITY JUMP 
AT THE M DISCONTINUITY TO THE GRAVITY 

IN A QUADRATIC APPROXIMATION

In a linear approximation, laterally distributed
anomalous masses can be represented as a simple layer
with continuous density distributed on the surface of a
sphere. In this case, there is a linear relationship
between the expansion coefficients of the simple layer
in terms of spherical functions and the Stokes con�
stants determined by the layer’s contribution [2]:

(1)

where Δ  and Δ  are the contribution to the
Stokes constants; Rs is the mean radius of the layer;
R0 = 3389.5 km,  = 3.93 km3, and a = 3396 km are
the average radius, density, and equatorial radius of the
reference ellipsoid of Mars, respectively [1, 3];

ΔσsHs(ϕ, λ) = Δσs cosmλ +

sinmλ) (sinϕ) is a representation of the simple
layer’s density as an expansion in terms of normalized
spherical functions of the degree n ≤ N; Δσs and Hs are
the mean density and height of the layer relative to the

average radius Rs; and  =  = 

are the expansion coefficients of hs = Hs(ϕ, λ)/Rs into
normalized spherical functions. Then, the contribu�
tion of the layer’s masses to the external gravitational
potential is determined by the following relation:

where M0 is Martian mass,
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In reality, topographic masses and, moreover,
anomalous masses produced by the density jump at M
are not a simple spherical layer; this layer is distributed
by height relative to the respective reference ellipsoid rj.
In this case, the coefficients of development (2) are
determined by integration over the topographic

masses:  = (sinϕ') ×

cosmλ'dr'dλ'dsinϕ', where dr' =

 ≈  +  +

α(n + 2)  in a quadratic approximation;

rj = Rs(1 – α (sinϕ)); α = e; and e = 1/199.5 is

oblatenes of the reference ellipsoid, for which we used
hydrostatic oblatenes [9].

When we take the quadratic members and the ellip�
soidal shape of the surface in formula (1) into account

additional members arise, namely,  =  +

 + α(n + 2) , where the first mem�

ber corresponds to the expansion coefficients of the
function hs; the member with the index 2 corresponds
to those of the function (hs)

2; and the one with the
index 3 corresponds to those of the function

hs (sinϕ). The formulae that allow one to express the
coefficients {anm, bnm}2 and {anm, bnm}3 through {anm, bnm}1

were obtained by mathematical modeling of symbolic
calculations in computer algebra systems [7].

Development of heights at M by the first method
(M1 model) was carried out by a successive approxi�
mation procedure. At first, we determined the har�
monic coefficients of Martian potential after calculat�
ing the contribution of the topographic masses into the
potential in a quadratic approximation. These coeffi�
cients were used to determine the expansion coeffi�
cients of heights at M in a linear approximation. Hav�
ing found the contribution of the quadratic members
produced by height variations at M, we again deter�
mined the expansion coefficients of heights at M in a
linear approximation. These calculations were
repeated to achieve complete convergence.
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The expansion coefficients of M heights by the sec�
ond method (M2 model) were obtained using the
hypothesis of isostatic compensation of topographic
heights at M. In this case, we used the same transmis�
sion multiplier for all the harmonics: k = Δd/Δh =
(σr/ΔσM)(R0/RM)3 where σr =2.8 g/cm3 is the average
density of the topographic masses; ΔσM = 0.6 g/cm3 is
the mean density jump at M; Δd are the depths of M
relative to the level surface corresponding to the aver�

age depth Δ  = 45 km (RM = 3344.5 km) [5]; and Δh
are Martian topographic heights relative to the hydro�
static ellipsoid corresponding to R0 = 3389.5 km.

DETERMINATION OF THE DEPTHS
OF TOPOGRAPHIC MASS COMPENSATION

Since there have been no seismic surveys on Mars,
preliminary data on its internal structure were obtained
from observation data on its gravity and topography and
from some theoretical conclusions [5, 6] based on cos�
mogonic scenarios for the terrestrial planets, on geo�
physical and geochemical information, and on high�
energy physics data.

A primary task in the investigation of Martian
internal structure is to determine the crust–mantle
transition layer and possible density jump at M. Pro�
ceeding from the hypothesis of effectively hot forma�
tion of the terrestrial planets, the authors of [6] come
to the conclusion that Mars may have a 150–200 km
thick crust and there may be a density jump of
0.5 g/cm3. They also present a model of M depths rel�
ative to the average depth level of 140 km, which is
based on Bouguer anomalies that estimate the contri�
bution of the terrain shape to gravity in a linear
approximation. The results of [10] show that the
thickness of the crust may vary in the interval of 50–
150 km depending on the mineral composition and
temperature distribution. Proceeding from petrologi�
cal and geophysical constraints, the authors of [5]
believe that the crust can be no more than 50 km thick.
They also build a model of M depths relative to the
average depth of 45 km and at a density jump of
0.6 g/cm3. On the basis of a study of the correlations
between the harmonic coefficients of the gravity field
and topography, [4] calculated an average level of
topography compensation depths of 72 ± 18 km.

These and similar studies (e.g., [11], where the
depth M calculated on the basis of the Airy compensa�
tion model for different regions is 90 ± 10 km) consider
the problem of compensation of topographic masses at
one level only, the level of the M discontinuity. How�
ever, analogous studies for the Earth [12] show that the
planet’s interior can have several compensation levels
consistent with the results obtained from analysis of
the Earth’s natural oscillations and seismological data.
Moreover, the compensation depths for different
topography harmonics proved to be strongly depen�
dent on the degree and order of the harmonics. There�

d

fore, our first task was to determine the possible depths
of compensation for harmonics of different degrees
and orders for the decomposition of Martian topo�
graphic heights relative to the hydrostatic ellipsoid.

The solution of this problem should satisfy a system
of two equations where one equation reflects the con�
sistency between the contribution of topographic and
compensating masses to the gravity and the observa�
tions and the other equation reflects the fact that the
pressures below the compensation depth are equal to
the hydrostatic pressure. As a result, the solution for
the compensation depth dnm for an arbitrary topogra�
phy harmonic anm is determined by the relationship:

(3)

where  and  are the expansion coefficients of
heights at M1 and M2, given a fixed value of RM

(for bnm, the formula is similar except that anm is
replaced by bnm).

As we see, solution (3) is possible; i.e., dnm ≥ 0 if 0 ≤

/  ≤ (R0/RM)n.

If the coefficients of the decomposition of relative
heights at M determined by the first (M1) and second
(M2) method do not satisfy condition (3) for any fixed
compensation depth dnm < R0, then we have a two�layer
compensation. The possible depths of compensation
layers are determined, in this case, by analyzing the
results for harmonics for which we already have solu�
tion (3). The final choice is based on the principle of
minimal deviation of the internal structure of Mars
from the hydrostatic equilibrium.

RESULTS AND DISCUSSION

(1) This study uses algorithms for the successive
derivation of formulae that express the expansion
coefficients in the spherical functions of the square of
some function of (x = sinϕ, λ), which is initially given
as a decomposition into spherical functions, through
the coefficients of this initial expansion [7]. The final
formulae for numerical calculations are obtained for
Nmax = 9 inclusive, and they allow one to estimate the
contribution of quadratic members into the Stokes
constants of the degree n = 0–18. According to [6], the
decomposition to N = 18 is quite sufficient to identify
the main features of the Martian terrain and field. The
results are illustrated using the example of the contri�
bution of quadratic members of topographic masses
and the density jump at M into the gravity of the Earth
and Mars. Figure 1 shows the dependence of ΔVn =

 on n mean�square contribution for topo�
graphic masses and the density jump at M, both sepa�
rately and together. In the latter case, indexes 1 and 2
correspond to the linear and quadratic approximation,
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bnm are the harmonic coefficients of the decomposi�
tion.

A comparison of Figs. 1a, 1b, and 1c shows that, for
Mars, the contribution of quadratic members into the
potential both of topographic masses and the density
jump at M is, on average, higher by an order of magni�
tude than for the Earth and is comparable to a linear
contribution in terms of the order of smallness for 40%
of the coefficients. This is especially typical of the M2
model, for which the quadratic contribution is greater
than the linear contribution for 20% of the coefficients
(beginning from n = l). However, for the Earth, the
quadratic contribution exceeds the linear contribution
only for a few coefficients in the range under consider�
ation. The distribution curve for the relative quadratic
contribution reaches its maximum (0.4) for 22% of the
coefficients (for the Earth, these figures are 0.01 and
16%, respectively).

A comparison of the two arrays of the expansion
harmonic coefficients of heights at M shows that esti�
mation of the heights of M by the first method appears
to be incorrect. Thus, [13] shows, using the example of
the Earth, that the conventional practice for deter�
mining the M depths from Bouguer anomalies is not
confirmed for practically all the harmonics of the
degree n > 2 (there is no correlation between the Bou�
guer anomalies and the M depths obtained from seis�
mic data). It follows from this work and [14] that for
the Earth the transmission multipliers decrease with
the growth of the expansion degree n approximately
according to a linear law. Apparently, for the Martian
crust, which is three times as thick as the Earth’s crust,
the decreasing pattern must be more strongly
expressed. However, a comparison of the expansion
coefficients of heights at M obtained by the first and
second method shows that the transmission multipli�
ers, on average, do not decrease with n, and, for some
harmonics, they increase. The anomalies of Martian
gravity appear to be significantly dependent on the

inhomogeneous density structure of the Martian crust
and deeper layers.

(2) Figure 2 presents histograms for the distribution
of the compensation depths of topography harmonics
with a step of 40 km (Fig. 2a), 20 km (Fig. 2b), and
10 km (Fig. 2c) obtained from (3) for n ≤ 18. The his�
tograms and average depths were calculated with
regard to the weights corresponding to the contribu�
tion of the harmonics to the gravity. An analysis of the
histograms results in the following conclusions: the
topography is compensated in the depth range 0–
1400 km, with more than 20% of the compensation
taking place in the upper crust (the depth range d = 0–

20 km,  = 4.5 ± 3.7 km). Then, we can identify sev�
eral main layers of compensation: crust–mantle tran�

sition layer (d = 50–130 km,  = 78 ± 24 km); the

lithospheric boundary (d = 160–240 km,  = 200 ±
34 km); upper�middle mantle transition layer (d =

310–470 km,  = 400 ± 70 km); and middle�lower

mantle transition layer (d = 1000–1400 km,  = 1120 ±
180 km). Note that in each layer the compensation
maximum is usually near the layer’s boundary. This
may speak about variations in the heights of the
boundaries separating layers of different densities.

Since each inhomogeneity of the terrain is
described by a certain set of harmonics, the fact that
the maximum concentration of the compensation for
this set is in a certain range of depths may mean that
these are the most probable depths of compensation
for the topographic inhomogeneity under consider�
ation. Figures 3 and 4 show the distribution maps for
the density of the compensating masses reduced to the
density of a simple layer at average depths of 0, 78, 200,
400, and 1120 km corresponding to a set of harmonics
with these average depths. For harmonics for which
condition (3) does not hold, we introduced two�layer
compensation at specific depths. In this case, for each
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harmonic and all the possible variants of compensa�
tion, we determined a weight function that is inversely
proportionate to the sum of the absolute values of the
density variations. It was used to calculate the density
anomalies at the depth under consideration. We used
this procedure earlier in [12] to determine density
anomalies in the Earth’s crust and mantle that were
found from the seismic data. The obtained density dis�

tributions are well consistent with the results obtained
from spectral analysis of the eigenfrequency normal
modes for the Earth. Application of this procedure to
Mars allows one to count on the reliability of the
results, although this is only a model representation.

A comparison of the density distributions allows us
to draw the following conclusions: (1) the dichotomy
of the Martian topography (Fig. 3a) caused by first�
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degree harmonics is basically compensated by lava filling
of the crust of the northern hemisphere plains (Fig. 3b);
(2) the topographic anomalies of the Tharsis volcanic
plateau and the symmetric formation in the eastern
hemisphere caused mainly by second�degree harmon�
ics most likely originated and are dynamically main�
tained by two plumes of melted mantle substance
enriched with fluids, with these plumes having their
origin on the boundary of the upper and lower mantle
(Fig. 4c) and dividing into several branches in the
upper part of the upper mantle (Figs. 4a, 4b). It
appears to have become possible for these plumes to
penetrate through the mantle and lithosphere after the
impact of a large asteroid that resulted in the topo�
graphic dichotomy and cracks in the crust and mantle
through which the molten substance reached the sur�
face. The upward flow of the plumes' light substance
was later complicated by downward flows of cooled
heavy substance formed in the process of gravitational
differentiation (Figs. 4a, 4b). Note that the upward
flow in the mantle, which is stronger under Tharsis,
crowds out the downward masses, and in the symmet�
ric equatorial area the stronger downward flow crowds
out the lighter upward�flowing masses (Fig. 4b).
Figure 4b can also be interpreted as a downwarping of
the lithosphere under Tharsis and its rise around the

plateau and as a rise of the lithosphere under the sym�
metrical equatorial area and downwarping of the sur�
rounding areas caused by the pressure of the lithos�
pheric masses.

Figure 4 shows that volcanic craters of increased
density (Olympus and the craters around the Tharsis
plateau) have their sources in the upper�lower mantle
transition layer at depths of 1120 ± 180 km; Elysium
and smaller craters around Hellas Planitia, in the
upper mantle at depths of 400 ± 70 km and at depths of
200 ± 34 km; and small craters between Tharsis and
Argyre, in the crust–mantle transition layer (Fig. 3a)
at depths of 78 ± 24 km. Impact craters (Hellas, Isidis,
and Argyre) that may be similar to lunar mascons go
downward to depths of 200 ± 34 km and are sur�
rounded by low�density ring structures (Figs. 3c, 4a).
It is interesting to note the distributions of density
anomalies that extend in longitude in the crust–man�
tle transition layer (Fig. 3c). They might be related to
lava and fluid flows from lower mantle layers that
accumulate in this layer and have different longitudi�
nal distributions of velocity. These flows can stretch in
longitude also under the influence of Coriolis forces
from convective motions in the mantle near the crust
boundaries to the north or south. The areas of negative
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Fig. 3. Anomalous structures in Martian crust for an 18�degree expansion: (a) topographic heights with respect to the hydrostatic
ellipsoid; the contour interval is 1 km; the variation range is from –7.2 to 11.5 km; (b) density anomalies in the upper crust (at a
depth of 0–20 km); the contour interval is 2 × 106 kg/m2; the variation range is from –13.0 to 17.5 × 106 kg/m2; (c) density anom�
alies in the crust–mantle transition layer (at a depth of 50–130 km); the contour interval is 2 × 106 kg/m2; the variation range is
from –6.9 to 8.4 × 106 kg/m2; and (d) nonhydrostatic pressure of the crust on the lithosphere (at a depth of 130 km); the contour
interval is 107 Pa; the variation range is from –5.4 to 14.5 × 107 Pa.
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anomalies, including polar regions, show reserves of
fluids, including water, that has not reached the Mar�
tian surface through the hardened crust. Figure 3c can
also be explained by variations in the M discontinuity.
There is no clear correlation between M depths and
terrain structures (except for Utopia, Elysium, Hellas,
Argyre, and Alba because of partial compensation
at M). Under Vastitas Borealis, Utopia, Arabia, Syren,
Cimmerium, and Prometheus, the M discontinuity
could have risen under the influence of upward flows
from the mantle (Figs. 4a, 4b); under Alba Patera, in
the equatorial part of the eastern hemisphere, and
under the southern part of Tharsis, it could have sunk
under the influence of crustal pressure.

Nonhydrostatic pressures in different parts of the
crust and mantle produced by the pressure of the
upper layers reach their maximum of 145 MPa in the
lithosphere (Fig. 3d); then, they fall and become
smoother in the middle mantle (Fig. 4d). They should
be balanced by the pressure of lower layers (because of
the isostatic equilibrium condition), and they show a
distribution pattern of vertical and horizontal stresses
(positive values correspond to vertical compressing
stresses and horizontal tensile stresses, and vice versa).
A comparison of the maps shows that, in the Martian

mantle, there could have been (or still are) convective
motions, which might be the source of the nonhydro�
static stresses (within the dynamic approach). The
absence of density and pressure anomalies below the
depth of 1400 km shows that the deeper Martian inte�
riors are in a stable equilibrium, which results in the
absence of convective motions in the core; hence,
there are no conditions for a hydromagnetic dynamo.

CONCLUSIONS

When estimating the contribution of topographic
masses and the density jump at M to Martian gravity, it
is necessary to consider quadratic members. Estima�
tion of M depths from Bouguer anomalies, which is
consistent with the hypothesis on the homogeneous
structure of the Martian crust, contradicts the data of
the analysis of transmission multipliers for Mars and
the analogous estimates for the Earth. The Martian
crust and mantle are characterized by a nonhomoge�
neous distribution of density and stress to the depth of
1400 km. The topographic anomalies of the Tharsis
volcanic plateau and the symmetric formation in the
eastern hemisphere could have originated and be
dynamically maintained by two plumes of melted
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Fig. 4. Anomalous structures in Martian mantle for an 18�degree expansion: (a) density anomalies in the lithosphere boundary
layer (at a depth of 160–240 km); the contour interval is 2 × 106 kg/m2; the variation range is from –11.6 to 6.0 × 106 kg/m2;
(b) density anomalies in the upper�middle mantle transition layer (at a depth of 310–470 km); the contour interval is 2 ×
106 kg/m2; the variation range is from –16.3 to 9.5 × 106 kg/m2; (c) density anomalies in the middle�lower mantle transition layer
(at a depth of 1000–1400 km); the contour interval is 2 × 106 kg/m2; the variation range is from –39.8 to 20.0 × 106 kg/m2;
(d) nonhydrostatic pressure in the middle mantle (at a depth of 600 km); the contour interval is 107 Pa; the variation range is from
–4.2 to 9.2 × 107 Pa. 
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mantle substance enriched with fluids, with these
plumes having their origin at the boundary of the lower
mantle.
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