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Abstract: The empirical model of the depth-dependent density change within the upper
continental mantle is derived in this study. The density of the upper(most) mantle un-
derlying the continental crust is obtained from the estimated values of the crust-mantle
(Moho) density contrast. Since the continental crustal thickness varies significantly, these
upper mantle density values to a large extent reflect the density changes with depth. The
estimation of the Moho density contrast is done through solving Moritz’s generalization
of the Vening-Meinesz inverse problem of isostasy. The solution combines gravity and
seismic data in the least-squares estimation model. The estimated upper mantle density
(beneath the continental crust) varies between 2770 and 3649 kg/m®. The upper mantle
density increases almost proportionally with depth at a rate of 13 42 kg/m?> per 1 km at
the investigated depth interval from 6 to 58 km.
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1. Introduction

Seismic data were used for studying the Earth inner density structure. The-
oretical foundations for these studies were given by Williamson and Adams
(1923). They formulated the relation between the Earth inner density and
the velocities of the compressional (P-waves) and shear (S-waves) seismic
waves. This functional relation is defined for the spherically symmetric, ho-
mogeneous Earth in hydrostatic equilibrium, while assuming the adiabatic
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compression (meaning that thermal expansion does not contribute to den-
sity changes). According to this model the speed of seismic waves depends
on the elastic properties of the Earth defined by the bulk modulus, shear
modulus and density. The terms dependent on the adiabatic temperature
gradients and on variations in chemical composition inside the Earth are
usually disregarded. This relation was applied for a definition of the Earth
seismic models. Jeffreys and Bullen (1940) and Bullen (1940) formulated
the first density and seismic velocity profiles for entire Earth interior. Bullen
(1975) compiled a more refined Earth density model. Currently the most
commonly used (spherically symmetric) model is the Preliminary Reference
Earth Model (PREM) compiled by Dziewonski and Anderson (1981).

Results of seismic surveys have primarily been used also in global and
regional geophysical studies investigating the lithosphere structure. Soller
et al. (1982) derived the global seismic model of crustal thickness with a
2 x 2 arc-deg spatial resolution. The global crustal thickness model compiled
with a spectral resolution complete to degree 30 of spherical harmonics was
presented by Cadek and Martinec (1991). Nataf and Ricard (1996) derived
the global model of the crust and upper mantle density structure based on
the analysis of seismic data and additional constrains such as heat flow and
chemical composition. For global studies the most often used global crustal
(and upper mantle) model is CRUST2.0 (Bassin et al., 2000). CRUST2.0
was compiled and administered by the U.S. Geological Survey and the Insti-
tute for Geophysics and Planetary Physics at the University of California.
CRUST2.0 is an upgrade of CRUST5.1 (Mooney et al., 1998). Both mod-
els were compiled based on seismic data published until 1995 and a detailed
compilation of ice and sediment thickness. A number of authors investigated
the mantle structure based on the analysis of seismic data. We refer read-
ers to global studies by Dorman (1969), Silver and Chan (1991), Ita and
Stizrude (1993), Li and Romanowicz (1996), Kaban and Schwintzer (2001),
Poudjom Djomani et al. (2001), Zhao (2004), Zhou et al. (2006), Marone
and Romanowicz (2007). The regional seismic studies of the mantle struc-
ture can be found, for instance, in Burdick and Helmberger (1978), Iyer and
Hitchcock (1989), Van der Lee and Nolet (1997), Snelson et al. (1998),
Kaban and Mooney (2001), Marone et al. (2007), Nettles and Dziewonski
(2008), Mooney and Kaban (2010), and others.

Over large areas of the world where seismic data are not yet available
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or their spatial coverage is insufficient, the gravimetric or combined meth-
ods can be applied provided that the currently available global geopoten-
tial models have a high accuracy and resolution. Sjéberg and Bagherbandi
(2011) developed and applied the combined least-squares model which com-
bines information from seismic and gravity data in the isostatic inverse
scheme for the simultaneous estimation of both Moho parameters. This
method requires an optimal choice of the covariance matrix of known pa-
rameters for solving the system of normal equations. If both parameters are
unknown, the problem has no unique solution. However, the least-squares
solution can be found if the a priori estimates of the unknown parameters
and their standard errors are known approximately.

If the density model of the upper mantle underlying the continental crust
is available, it should be possible to estimate the depth-dependent (upper
mantle) density changes due to the fact that the continental crustal thick-
ness varies significantly. This principle is used here to establish an empirical
relation between the upper mantle density and depth. The upper mantle
density model beneath the continental crust is compiled using the Moho
density contrast (relative to the homogeneous crustal model). The method
developed by Sjoberg and Bagherbandi (2011) is applied to estimate the
Moho density contrast.

2. Methodology

Sjoberg and Bagherbandi (2011) developed and applied the least-squares
method for a simultaneous estimation of the Moho depths T" and the Moho
density contrast Ap based on solving the inverse problem of isostasy and
using the constraining information from seismic data. They formulated the
linearised observation equation for the product T'Ap as follows:

N,
nax 2n +1 i + 2 9
T@an)= 3 3 [E (30T
X Y m (). (1)

Equivalently, the observation equation for finding the Moho density contrast
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Ap based on given values of T reads (ibid.)

_ AG(r9) SRS To/R
X AGl o Ym (). (2)

G = 6.674 x 107" m3 kg~ s7? is the Newton gravitational constant; R =
6371 x 103 m is the Earth mean radius; Y, m are the surface spherical har-
monic functions; Agfhm are the spherical harmonics of the (approximate)
isostatic gravity anomalies A§’; Npax is the upper summation index of
spherical harmonics; and T} is the adopted nominal mean value of the Moho
depth. The 3-D position is defined in the system of spherical coordinates
(r,Q); where r is the spherical radius and Q = (¢, \) denotes the spherical
direction with the spherical latitude ¢ and longitude A.

The least-squares analysis combines the estimated product of 7" and Ap
with the a priori values ¢ and « of these parameters in order to obtain the
improved estimates of T" and Ap. The system of observation equations,
formulated for both parameters, is written in the following vector-matrix
form:

Ax=1-c¢, (3)

where € is the vector of residuals. The system matrix A, the parameter
vector x and the observation vector 1 are given by

Kkt ll—tli
A=lo 1], XZGZ), 1= [1—t |. (4)
10 s — t

The elements Iy, ls and [3, respectively, of the observation vector 1 are formed
by the observables T'Ap, Ap and T. The parameter vector x consists of
the unknown corrections d7" and dk to the a priori (initial) values of 7' and
Ap. The solution is found based on solving the system of normal equations
% =N"TATQ 1, where N = ATQ'A is the normal matrix.
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3. Data acquisition

The isostatic gravity anomalies in Egs. (1) and (2) are computed in the
spectral domain using the following expression (Sjéberg, 2009)

1 )2rnG (p°H)yg — 36 if n=0
Agn moe _{27r G (p°H)p o — Dgnm otherwise ’ (5)

where Agy,,, are the spherical harmonics of the gravity anomalies Ag;
2n G (p° H),, ,, is the spectral Bouguer gravity reduction term which is de-
fined by means of the coefficients of global topographic/bathymetric (den—
sity) spherical functions (p¢H),, ,,. The density distribution function p°
equals p¢ = p° on land, where p° is the reference crustal density. The ocean
density contrast is defined as p¢ = p¢ — p%; where p* is the mean seawater
density. The same definition is applied for any density contrast within the
crust. The nominal compensation attraction (of zero-degree) g stipulated
at the sphere of radius R is computed as (cf. Sjoberg, 2009)

96= 95 (1, Q) |,—p = —4m G Apo T, (6)

where Apy is the adopted nominal mean value of the Moho density contrast.

The global geopotential model EGM2008 (Pavlis et al., 2008), the global
topographic/bathymetric model DTM2006.0 (Pavlis et al., 2007) and the
global crustal model CRUST2.0 were used to compute the isostatic gravity
anomalies. The global ice-thickness dataset was derived from Kort and Ma-
trikelstyrelsen (KMS) ice data for Greenland (Ekholm, 1996) and assembled
by the BEDMAP project for Antarctica (Lythe et al., 2001). All compu-
tations were realized globally on a 1 X 1 arc-deg grid at the Earth surface.
The EGM2008 coefficients complete to the spherical harmonic degree 180
were used to generate the gravity anomalies. The refined Bouguer gravity
anomalies were obtained after applying the (topographic and bathymetric)
Bouguer gravity reduction to the EGM2008 gravity anomalies. The spher-
ical Bouguer gravity reduction was computed using the coefficients of the
global topographic/bathymetric model DTM2006.0 complete to the spheri-
cal harmonic degree 180. The average density of the upper continental crust
2670 kg/m? (cf. Hinze, 2003) was adopted as the topographic and reference
crust densities. For the mean seawater density 1027 kg/m?, the ocean den-
sity contrast equals 1643 kg/m®. The ice stripping gravity correction was
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computed with a spectral resolution complete to degree/order 180. The den-
sity of glacial ice 917 kg/m3 (cf. Cutnell and Kenneth, 1995) was adopted
for a definition of the ice density contrast of 1753 kg/m?. The 2 x 2 arc-deg
CRUST2.0 sediment data were used to compute the corresponding stripping
gravity correction up to degree 90 of spherical harmonics. The computa-
tional models and global numerical results investigating the gravitational
contributions of the crustal density structures can be found in Tenzer et al.,
2008; 2009a; 2009b; 2010a; 2010b; 2011a; 2011b).

4. Results

The combined least-squares method was applied to estimate the crust—
mantle density contrast. The solution was obtained by solving the system
of normal equations. The observation vector 1 in Eq. (4) was composed
of three observation types; namely I; = T'Ap (Eq. 1), lo = Ap (Eq. 2),
and I3 = Tg formed by the values of the CRUST2.0 Moho depths. The
variance-covariance matrix Q used in the least-squares estimation model
was computed as follows (cf. Sjoberg and Bagherabndi, 2011)

o o/t 0
Q= |0/t o 0], (7)
0 0 o2

where o1 and o3 are the standard errors of the parameters T'Ap and T,
respectively, and 02 = o2/t2 + 03 (I'Ap)* /t*. The standard error o; of
T Ap was computed using the following expression (ibid.)

2
70
O-% = O-%Ap ~ (47TG> Z NTQL,m Ui,m ) (8)
n,m

where 7 is the GRS-80 normal gravity, N, ., = (2n+1) (n—1)/(n+1), and
afhm are the error degree potential coefficients. Since the CRUST2.0 Moho
depths data are not provided with the standard error model, we assumed
the representative uncertainties (i.e., standard errors o3) in the Moho depth
data of about 20% in the matrix Q.

The estimated values of the Moho density contrast Ap (taken relative to
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the reference crustal density of 2670 kg/m3) within the continental litho-
sphere computed on a 1 x 1 arc-deg grid vary between 100 and 979 kg/m?
with a mean of 611 kg/m? and a standard deviation is 131 kg/m3. The
minima of the Moho density contrast within the continental lithosphere
are found beneath the continental margins; here the values are typically
400-550 kg/m3. The largest density contrast is found along the convergent
tectonic plate boundaries. In particular, two locations of the maximum val-
ues correspond with the continent-to-continent collision zone in Himalayas
(with extension under the Tibetan plateau) and with the ocean-to-continent
subduction zone in Andes. According to our estimates, the maxima at these
places exceed ~ 800 kg/m?®. Large density contrast is also found beneath the
east Antarctica, Greenland and the Rocky Mountains. Elsewhere beneath
most of the continental crust the density contrast is usually 600-800 kg/m?3.
The upper mantle density compiled globally on a 1 x 1 arc-deg grid from the
estimated values of the Moho density contrast is shown in Fig. 1. Within the
continental upper mantle, the density varies between 2770 and 3649 kg/m?.

90°S

| | |
2800 2900 3000 3100 3200 3300 3400 3500 3600

Fig. 1. Upper mantle lateral density computed globally on a 1 x 1 arc-deg grid. Units
are in kg/m?®.
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5. Continental upper mantle vertical density gradient

The upper mantle density beneath the continental crust is significantly cor-
related with the crustal thickness; the coefficient of determination (i.e., the
square of a linear correlation coefficient) between these two quantities equals
0.68. The upper mantle density changes with depth within the continental
lithosphere are plotted in Fig. 2. These values are taken at the interval of
the Moho depths beneath the continental crust between 6 and 58 km.

As seen in Fig. 2, the upper mantle density almost proportionally in-
creases with depth. The character of these density changes indicates that
they are attributed mainly to pressure and geothermal gradient. The disper-
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Fig. 2. Density changes with depth within the upper(most) mantle underlying the conti-
nental crust.
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sions with respect to the systematic trend are caused by an inhomogeneous
lateral density composition within the continental upper mantle as well as
inaccuracies of the estimated depth and density values. The largest density
dispersions (taken relative to the same depth) reach ~ 500 kg/m? at depths
of 20-30 km. These dispersions substantially decrease with increasing depth
to less than 100 kg/m® at depths below ~ 55 km. We further applied the
least-squares analysis (for a linear regression fit) to estimate the empirical
model of the depth-dependent density changes within the continental upper
mantle. The estimated density gradient is 13 4 2 kg/m? per 1 km.

This estimated density gradient does not agree with PREM density pa-
rameters. According to this model the density slightly decreases with depth
(at a rate of 0.1 kg/m? per 1 km of depth) in the lithosphere and astheno-
sphere over the depth interval from 24.4 to 220 km. However, as discussed
by Stacey and Davis (1969) the difficulty would arise even for zero den-
sity gradient. They estimated (based on using the relation between the
pressure and temperature) that such density gradient would translate into
unrealistically high temperatures at depth of 220 km. They argued that
this discrepancy in PREM might be due to underestimating the effect of
anisotropy in the asthenosphere, causing the inverted density gradient as a
modeling artifact.

The accuracy of the estimated density gradient depends on several fac-
tors. The largest errors are attributed to the Moho depths and density con-
trast, both estimated simultaneously in the applied combined least-squares
model. Moreover, additional errors are expected due to the fact that the
lateral representation of the upper mantle density was determined merely
based on the available crustal data without using any (constraining) infor-
mation about the radial density changes within the upper mantle. Since
the isostatic compensation does not take place only within the Earth crust
(as it is assumed in classical isostatic hypothesis) but essentially also deeper
in the lithospheric mantle (cf. Kaban et al., 1999 and 2004; Vajda et al.,
2007; Tenzer et al., 2009a and 2012) there might be additional inaccuracies
caused by theoretical limitations of the adopted isostatic model. The errors
in estimated values of the Moho parameters (depths and density contrast)
are attributed to inaccuracies of the input gravity and density structure
data as well as to applied numerical approaches. Despite the standard er-
rors of the Moho density contrast did not exceed 80 kg/m?, the expected
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real accuracy is much lower mainly due to unmodeled crustal structures.
Moreover, the CRUST2.0 sediment data uncertainties decrease the accu-
racy especially beneath large continental sedimentary basins. The errors in
the estimated Moho depths almost proportionally propagate into the errors
of the estimated densities. According to the estimated density gradient the
error of +1 km in the Moho depth corresponds to the density uncertainty
of +13 kg/m?3.

The character of the upper mantle density variations under the oceanic
lithosphere is significantly different (cf. Fig. 1). These density variations
are attributed mainly to the mantle convection with a prevailing trend of
increasing density with the age of oceanic lithosphere. The minima of the
oceanic upper mantle density are detected along the mid-oceanic ridges,
where the new oceanic lithosphere is formed. The density then increases
as the older oceanic lithosphere is pushed away from the divergent oceanic
tectonic plate boundaries. The density maxima are found along the subduc-
tion zones where the heaviest (and oldest) oceanic lithosphere is descending
beneath either the continental or oceanic crust. The density changes with
depth within the upper mantle underlying the oceanic crust are expected to
be minor due to relatively small variations in the oceanic crustal thickness.

6. Summary and concluding remarks

We have established the empirical relation between the density and depth
within the upper(most) mantle underlying the continental crust. The up-
per mantle density values at different depths used for the numerical analysis
were determined from the estimated Moho parameters while adopting the
constant reference crustal density.

The estimated density values of the upper continental mantle vary be-
tween 2770 and 3649 kg/m? with a mean of 3281 kg/m?. The smallest val-
ues are located beneath the continental margins. The corresponding largest
values are along the convergent tectonic plate boundaries in Himalayas (ex-
tending under the Tibetan plateau) and in Andes.

The density variations of the upper(most) mantle beneath the continen-
tal crust to a large extent reflect the density changes with depth. The
coefficient of determination between the density and depth was found to be
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0.68.

The continental upper mantle density almost proportionally increases
with depth. According to our estimation, the density increases 1342 kg/m?
per 1 km of depth.
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