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Abstract. Modern geoinformation systems
(GIS) are an indispensable instrument for
efficient management of geographically
referenced Earth sciences data. The Geophysical
Center of the Russian Academy of Sciences (GC
RAS) has a vast experience of development of
web-oriented multidisciplinary GIS for geological
and geophysical data representation and
comprehensive analysis. One of the major
segments of the geodatabase of GC RAS is
geophysical and geological data on the solid
Earth. This includes data on global gravity
models, rheological parameters of the
lithosphere, Moho depths, dynamic topography
etc. As a case study for this paper an
integrative density model of the crust and upper
mantle of Eurasia was considered. It was
compiled by the scientific team of the German
Research Center for Geosciences (GFZ) using
large sets of available seismic and gravity field
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data. This paper gives a detailed description of
the model’s construction process. For representa-
tion of this model in GIS environment it was con-
verted into a GIS-compatible series of the data
layers. To facilitate the wide access to this data,
they were published in the form of an online map-
service.

1. Introduction

The continuous growth of geological and geophysical
data on structure and evolution of the Earth's physi-
cal layers requires adequate methods for their storage,
processing, analysis and representation. Currently, this
problem is becoming quite topical among the experts
in the field of data science and interdisciplinary interac-
tion. Recent advances in geoinformatics and systems
analysis allow us to find a solution to this problem.
Modern geographic information systems (GIS) are one
of the main tools for geospatial data management that
demonstrate adequate versatility. At the same time,
modern trends in data science, including the so-called
“Big Data" concept, are also taken into account [Sci-

ence..., [2015].

Currently, a number of specialized GIS services have



been created and are successfully functioning for solv-
ing the outlined problems. Despite their diversity in
the field of geophysics, there is an evident lack of effi-
cient solution that combines multidisciplinary geologi-
cal and geophysical data and provides a wide range of
tools for their analysis and representation, using mod-
ern geoinformation and network technologies. Existing
GIS that provide the necessary functionality, as a rule,
are implemented as user desktop software (e.g. Ar-
cGIS, Maplnfo, gvSIG, etc.) or web-services provided
on a commercial basis [Fu, 2016]. This paper gives a
brief outlook of the research that's being carried out
in cooperation between the Geophysical Center of the
Russian Academy of Sciences (GC RAS) and German
Research Centre for Geosciences (GFZ). The research
is devoted to development of the web-oriented GIS that
integrates a large variety of geospatial data on Earth's
sciences along with processing tools and analytical in-
struments in geoinformation environment. Such a GIS
is based on the approach that has certain advantages:
open network access to the geodatabase and process-
ing tools on the server side; access to large arrays of
geodata that are difficult to transfer across the network
and process on the client side because of their signifi-

cant volumes [Beriozko et al., 2009} 2011}, Krasnoperov



and Soloviev, P015} Krasnoperov et al., 2016} Soloviev
et al., [2016], 201§].

Geospatial data on the internal structure of the litho-
sphere and mantle are presented in the form of raster
and vector GIS layers, centrally stored in a single geo-
database. In particular, the created geodatabase in-
cludes data-layers that are based on a number of mod-
ern models of the gravity field of the Earth e.g. EIGEN-
6C [Shako et al., 2013], compiled on the basis of geo-
physical satellite data (LAGEOS, CHAMP, GOCE,
GRACE etc.), as well as the results of ground-based
measurements. The procedure of construction of the
density model of the crust and upper mantle is given
in this paper.

2. Density Model of the Crust and Upper
Mantle of Eurasia: Motivation

Mass anomalies in the Earth's mantle associated with
thermal or compositional heterogeneities are one of the
main factors initiating mantle convection, plumes, sub-
duction, and deformation of the lithosphere. Therefore,
knowledge of the density heterogeneity of the upper
mantle is a key for understanding of tectonic processes.
This is particularly important in Eurasia, where nearly



all types of tectonic settings are present. Up to now,
seismic tomography remains a major tool for studying
of the mantle properties. However, seismic velocities
provided by various tomography methods don't allow
to obtain a complete image of the upper mantle, e.g.
[Kaban et al., 2016a]. They are mostly sensitive to
temperature variation and content of volatiles and to a
less extent to compositional changes e.g. [Goes, ;
Stixrude, 2005]. For example, eclogites, which can be
present in the upper mantle, are characterized by seis-
mic velocities similar to peridotites forming the normal
upper mantle, while the first ones are much denser in
the same P-T conditions e.g. [Anderson, [1984]. On the
other hand, the depleted upper mantle in the cratonic
roots is less dense in the same P-T conditions then
the normal continental upper mantle, while is charac-
terized by nearly the same seismic velocities e.g. [Jor-
dan, [1978]. Gravity field is sensitive to both, thermal
and compositional anomalies, however its interpreta-
tion represents an ill-posed and highly non-unique prob-
lem [Kaban, R011]. Therefore, no single method can
be used to create a comprehensive model of the upper
mantle. In the series of papers, which are summarized
here, an integrative analysis of various data constrained
by mineral physics equations is employed to create a 3D



density model of the upper mantle of Eurasia and to de-
termine the impact of temperature and compositional
changes on the density variations [Kaban et al., 2010
20163} Stolk et al., 2013} Tesauro et al., [2008] [2009].
The created model provided geospatial data for compi-
lation of the GIS-compatible data-layers. Furthermore
the technique of the model's construction is reviewed.

3. Model of the Crust

One of the principal issues of upper mantle density
modelling is the elimination of the crustal effect from
the observed gravity field. The crust is the most hetero-
geneous layer in the Earth, and its gravitational signal
completely masks the signals of other layers, including
the upper mantle, [Kaban et al., 2016a]. The only way
to overcome this principal issue is construction of a 3D
model of the crust, which is based on available seis-
mic data providing direct determination of the crustal
properties (thickness of the crustal layers and variations
of seismic velocities within them). The seismic veloci-
ties can be converted to density variations since for the
crystalline crust this conversion is relatively straight-
forward [Christensen and Mooney, [1995]. This model
can be used then to determine the gravity effect of the



crust and to remove it from the observed gravity field.

The area, which is considered in these studies, in-
cludes most of Eurasia within the frames 0°-80°N and
0°-180°E. The model of the crust was constructed by
Tesauro et al. and Stolk et al. for Europe
and Asia correspondingly. These models provide thick-
nesses of sediments and layers of the crystalline crust.
Each crustal layer is characterized by variations in P-
wave velocity (V},), which have been converted into
density variations using the experimental non-linear re-
lationships of Christensen and Mooney [1999].

Over the continent area, the sedimentary thickness
variations were chiefly compiled from detailed regional
maps based on geophysical and geological studies [Stolk
et al., 013} Tesauro et al., 2008], which are supple-
mented by data from the Exxon Tectonic Map of the
World in the areas, where regional maps are not
available. Offshore, the detailed model constructed by
the National Oceanic and Atmospheric Administration
(NOAA) [Divins, has been employed. In addition,
new data for the Middle East region have been imple-
mented according to [Kaban et al.,2016b]. All the data
are presented on the same 1° x 1° grids related to geo-

graphical coordinates. The obtained distribution of the
sediments thickness is demonstrated in [Figure 1 For
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each sedimentary basin specific velocity- and density-
depth relationships were determined, which are based
on available geophysical and geological data [Stolk et
al., 2013} Tesauro et al., [2008].

The model of the crystalline crust of Eurasia is based
on the database prepared in the US Geological Sur-
vey [Mooney, [2007], with updates up to 2015. A new
methodology has been used for mapping of the Moho
discontinuity in areas with heterogeneously distributed
seismic data on the Moho depth.

The Moho determinations have been interpolated by
employing the so-called remove-compute-restore tech-
nique [Stolk et al., 2013], which has been previously
used in geodesy applications e.g. [Forsberg and Tsch-
erning, [1997]. According to this approach, the obser-
vations were initially corrected for Airy-type isostasy.
The obtained “residual” Moho depths demonstrate less
variation than the original data, which reduces the in-
terpolation uncertainty by 30% or more [Stolk et al.,
[2013]. After the interpolation of residual values, the
initial correction, which was applied to the point data,
is restored, leading to the final Moho map. Within this
procedure, it became possible to outline principal fea-
tures like mountain ranges, which were investigated by
seismic methods only in a few points. It is important to



note that this technique helps to interpolate heteroge-
neous datasets but not to substitute them. Therefore,
reliability of the results in each specific area depends
on the available seismic determinations. The final map

of the Moho depth is shown in [Figure 2]

4. Residual Gravity Anomalies and Resid-
ual Topography

To refine the effect of the upper mantle, the gravity
effect of the crustal layers has been estimated relative
to a 1D reference density model. Therefore, the crustal
correction is similar to the Bouguer correction extended
from the surface to the Moho [Kaban et al., 20164}
Mooney and Kaban, 2010]. Any plausible changes of
the reference model chiefly lead to a constant shift of
the computed gravity field, which is not important since
we consider only variations of the gravity field relative
to the average level (anomalies). In this study the same
reference model ([Table 1|) is used as in previous regional

[Kaban et al., 2010}, 2014} Mooney and Kaban, 2010]
and global studies [Kaban et al., 2003} [2014]. This

provides a possibility for direct comparison of the results
obtained for different regions.




‘[9A3] BaS woJ} oyolpn =yl 03 r_u.QOD .N whsw_n_

wy o0z 09 0§ oy 0€ 14 ol




LGEE 0v6C 00 (gw/3%) AusuaQ
G/-0F 0v—GT ST-0 (wy) yadeq

19Ae| squew Jaddn 49he| |easnud samo  udke| saddn

+29J3
|BISNID) BY3 JO UOIE|ND|ED) BY3 4oy P3s() [SPO|N AHsusq =dussey (T T d|qelL



A calculation method implies a 3D algorithm for a
spherical Earth, which takes into account both verti-
cal and horizontal density variations and the elevation
of topography in each point represented by volumes
(tesseroids), which are bounded by specific latitudes
and longitudes on the 1° x 1° geographical grid in hor-
izontal directions and by upper and lower boundaries
of any specific layer vertically. More details about the
computation technique can be found in [Kaban et al.,
016d. The maximum calculation error is less than
1 mGal, which is far below the impact of the initial
data uncertainties.

The gravity effect of mass anomalies outside the
study area could be remarkable [Kaban et al., 2003
[20163a]. Even the differences between the Northern and
Southern Hemispheres strongly influence all fields. To
overcome this problem, we calculated all gravity effects
for the whole Earth. This has been done by implemen-
tation of the high-resolution model of Eurasia in the
global one provided by other studies e.g. [Laske et
al., 2013]. The fields induced by the sediments, crys-
talline crust and Moho boundary are demonstrated in

[Figure 3b{Figure 3k.

The gravity effect of the sedimentary layer varies

within —110 to 0 mGal ([Figure 3g). The minimal
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anomalies correspond to the basins, which are char-
acterized by young low-density sediments (like offshore
basins), or to the continental basins with low-density
sediments including salt deposits (e.g. the Pre-Caspian
basin). Both in the oceanic and continental areas, this
effect is controlled not only by thickness but also by
the type of basins, which might be characterized by dif-
ferent density-depth relationships [Kaban et al., 2010
0163} Stolk et al., 2013).

The gravity effect of the solid crust is even much
higher than the effect of sediments and ranges from
about —160 to 350 mGal ([Figure 3p). Besides the
average density of the crust, it depends on the Moho
depth and bottom of the sedimentary layer. If the last
one reaches or exceeds 15 km, the reference density is
increased to 2940 kg/m?> ([Table 1)), which significantly
modifies the effect of the solid crust. This is the case for
South Caspian, Barents and Okhotsk Seas ([Figure 3b)
[Kaban et al.,[2016a]. However, the effect of the Moho
undulations exceeds both of them ([Figure 3k), it varies
from —260 to more than 800 mGal.

The effect of the crustal layers including the topog-
raphy and bathymetry has been removed from the ob-
served gravity field, which gives the residual anomalies
showing the effect of density variations within the man-




tle. The aim of the reviewed studies was to investigate
density structure of the upper mantle above the depth
325 km. This depth was chosen as the maximum pos-
sible depth of the lithospheric roots e.g. [Kaban et al.,
[2003]. Therefore, it was necessary to remove also the
effect of deeper layers. This has been done based on
global models obtained in previous studies [Kaban et
al., 2015} [2016a]. The obtained residual mantle grav-
ity anomalies are shown in |Figure 4p.

As it was mentioned above, another important pa-
rameter, which is required to study the upper mantle
structure, is the residual topography — t.s, — which
represents the part of the observed topography that is
not- or overcompensated by the crustal structure in an
isostatic sense [Kaban et al., 2004]. It is also calcu-
lated using the same crustal model based on seismic

data (Figure 1] and[Figure 2)) [Kaban et al., 20164] (T]):

1
tres = 5 (ptop) tobs T

M 2
%/Ap(h) <¥) dh (1)
0

where prop is the average block density of topography
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including the effect sediments — tops; p = 2670 kg/m?3
is the average density of ties; Ap(h) is the density
anomaly including water, relative to the horizontally ho-
mogeneous reference model; t is the topography height,
which is zero for sea areas; h is the depth below the
geoid; and R is the radius of the Earth.

The effect of the deep mantle (dynamic topogra-
phy) has been also removed from the calculated resid-
ual topography as it was done above for the residual
mantle gravity anomalies [Kaban et al., 2016a]. The
dynamic topography was calculated based on existing
global dynamic models of the mantle [Kaban et al.,
014} Petrunin et al., R013]. The last models take
into account the effect of lateral viscosity variations in-
cluding weak plate boundaries and the density variation
related to the top and bottom of the mantle transition

zone (410-660 km) [Kaban and Trubitsyn, [2012]. The
obtained residual topography is shown in [Figure 4p.
The mantle gravity anomalies and residual topogra-
phy vary within ranges of +400 mGal and from —4 km
to more than 5 km correspondingly. Hence, the prin-
cipal anomalies are significantly larger than potential
uncertainties of these fields [Kaban et al., P016a]. As
it is visible in [Figure 4] the variations of these fields are
opposite, since density anomalies in the upper mantle



differently affect the gravity field and dynamic topog-
raphy. It will be demonstrated further that using both
fields in the inversion provides a possibility to obtain
much more reliable 3D model of the mantle.

The largest negative mantle gravity anomalies (and
positive topography) are found in areas affected by
intensive mantle plumes, as the Afar triple junction
(—480 mGal, [Figure 4)). Strong negative mantle grav-
ity anomalies also characterize back-arc basins in East
Asia (e.g. the Sea of Japan and the South China Sea)
[Kaban et al.,20163]. In contrast, a significant positive
mantle gravity anomaly (>400 mGal) is found in the
Barents Sea. Distinct common trends in the mantle
gravity anomalies and residual topography can be for-
mulated for the territory of Eurasia (Figure 4). Mostly
negative residual gravity anomalies (and positive resid-
ual topography) are typical for Southeast Asia [Kaban
et al, 2016a]. In the north-western part of the study
area, the transition between predominantly positive and
negative anomalies continues from Altay to the Baikal
rift zone and then to the north dividing the Siberian
Craton and West Siberian Basin ([Figure 4). A very
pronounced maximum of the residual mantle gravity
anomalies and a corresponding minimum in the resid-
ual topography are found in the South Caspian basin



[Kaban et al., 2016a} [2016b]. Strong positive man-
tle gravity anomalies are typical for the boundary of
the Himalayas and Tibetan plateau as well as for the
southern Pamir Mountains. These anomalies are likely
related to the continental plate collision and subduc-
tion. One can specify two types of the old continental
cratons, which are characterized by different patterns
of the calculated anomalies. Significant maxima of the
residual mantle anomalies (and minima of the residual
topography) are typical for the Siberian and East Euro-
pean, while the Indian, South China, and Sino-Korean
cratons are characterized by near zero or even negative
residual mantle gravity anomalies.

5. Initial Density Model of the Upper
Mantle Based on Seismic Tomography

To determine initial density variations in the upper man-
tle, which are used as a priory constraint in the inver-
sion, S-wave velocity variations from the SL2013sv to-

mography model [Schaeffer and Lebedev, 2013] [2014]

have been converted to temperature and then to den-
sity variations [Kaban et al., [2016a]. For this con-
version, the method based on mineral physics equa-



tions has been employed [Kaban et al., 2014} [2016bj
Tesauro et al., [2014]. The temperature and density
variations have been computed for the upper mantle
down to the depth 325 km using the method of Stixrude
and Lithgow-Bertelloni [2005]. The composition of the
mantle material corresponds to the Primitive Mantle
and implies 58.5% olivine, 11.5% clinopyroxene (CPX),
15.0% orthopyroxene (OPX), and 15.0% garnet [Mc-
Donough and Sun, [1995]. For the anelastic correc-
tion, the attenuation model Q4 was employed following
Cammarano et al. [2003]. The calculated density vari-
ations at the depths 100, 150, and 200 km are shown

in [Figure 5

6. Final 3D Density Model of the Upper
Mantle of Eurasia

The computed residual mantle gravity anomalies and
residual topography together with the initial density
model of the upper mantle based on seismic tomogra-
phy open possibilities for modelling a 3D density struc-
ture of the upper mantle. Both mantle gravity anoma-
lies and residual topography depend on density varia-
tions in the upper mantle but the relationships between



‘wy 00T (V) 4o syadap 1e umoys
°2J8 suoljelen \Q_m:wﬁ_ ‘9)3uew meE\_waaz 2yl JO |spow \ﬁ._mcw_u | m O‘:\-w_n_

wyByy 00L 08 09 o O0O¢ 0c- 0t~ 09- 08-
€
l_____________i Ev_oo:.\
081 091 oclL oor
[} W i\ * A \O
o ueas( uelpu| \ W ~n
. - 2 oL
. I \ = 3
2 i ng~ BIpu| \o,_w _\ 0c
oS n : p
ueasQ oljioed B b\ﬂa_.m\._o Fopul Tv/\l. “..uv
..«ww.m\ Bulyo > % \ 0¢
iseay  umog | Pdl £ “/N(.\
( /2 & (2 = A
\ -DNMDD A 1eld wil ._..__EMMFY < ) AV n
u\l\\:m oy-ouis o ¢ ¢ 017
- o S
. k. uefeg - Aejy L1 - adoung | 0S
> mwwdn R 3s9
> )sIoun0 V e & adounz
2 en eLaqis » }seq | g 09
\‘ﬁr\ uWNm uwwg W ‘0
; ~ =37 Fos =
nrnﬂn”u(.ﬂ.l‘l..lm\\l\\v\w % mEEmﬁ - |
'Q'
! %\ow




‘w 06T (g) Jo syidap 3e umoys
e suoljenen Ausus "sjauew u,moc:waa: of 40 [9pow Ayisusp [eniu| *G 24NS14

0oL 08 09 OF ¢- 0y~ 09- 08-
cwi/By
I._._._._._._._._._._._._._._.I Ev_ cmv m
08l 091 ocl

O uelpu|

ueasQ ou1oed

ed|
\ JO eag um._ o

1 ue¥joyj-ours :
= Vad
; 4&~ uefes - Aeyy

Se o mwm% .m‘ d
N wL %SI0UNO 5 s |
e B!

8 ., a.Tl,))PlJ \f\\.\n.whﬂvm!\ sjuaie - |
<O ..l..ﬂn..\m = = — M g




‘w002 (D) 4o syadap 1e umoys
°2J8 suoljelen \Q_mcwﬁ_ ‘9)3uew meE\_waaz 2yl JO |spow \ﬁ._mcw_u | m O‘:\-w_n_

0oL 08 09 OF 0¢ 0¢- 0v- 09- 08-

l_____________i Ev_ ooNo

/By

08l 091 ocl oo l
ueasp uelpu| 0 ~f/|\

-

! \ - 4
o) L Bnaka

) aouun elpu] 1y
ueas() ayloed Y uojesny [°PYl

,
cesd eud
ey unos 1901 L,

\ pd Av el i AN
jo pag eld wilk y »&V e
\:m 0)-ouls )
”
ra
& & uefeg - Kejy adoing
>e eo O 1S9
& v_maos%mxv 43 ado.ung
2 a 7 euaqIs m jse3 .
e so <
s aiioas 1023 M5 5y
L PP S
S S5—¢ ©

e i g 2 T

- <

-08



the amplitude of the anomalies, size and depth are prin-
cipally different [Kaban et al.,[2015]. Consequently, in-
version of both parameters improves resolution of the
constructed 3D density model. The objective function

for the inversion is as follows [Kaban et al., [20163] (2):
min{HAp - gresH2 + kHBP - treS||2+

allp = pinill*} (2)
where Ap is the integral operator converting density
variations in the gravity field, B is the integral opera-
tor converting density in topography perturbations, «
is the damping factor used to stabilize the solution, and
k = 21 Gpy is the scaling coefficient normalizing topog-
raphy and gravity. The regularization condition implies
that the obtained density structure should be close to
a predefined model. If such a model is not available
(pini = 0), the obtained density perturbations should
be minimal, therefore, this is an Occam-type inversion.
The solution was found in a spherical harmonic domain,
where this can be done for each set of spherical coeffi-
cients (for specific degree/order) separately e.g. [Forte
and Peltier, [1991]. The integral operator B employed
for the calculations of dynamic topography perturba-
tions depends on the viscosity model of the mantle,
which is based on previous investigations [Kaban et al.,



20T5).

The obtained final density variations in the upper-
most mantle are shown in |Figure 6: for 3 depths (100,
150 and 200 km) [Kaban et al., 2016a]. The inverted
model corresponds well to both fields (the gravity anoma-
lies and residual topography). The difference of the
computed gravity filed from the initial one is within
—19 to 14 mGal, root mean square (rms) = 2.4 mGal,
which is much less than variations of the mantle grav-
ity anomalies (Figure 4p). Differences of the computed
and residual topography are in the same proportion:
from —0.09 km to 0.07 km, rms= 0.014 km. However,
the calculated corrections to the initial density model
Figure 5)) are remarkable (£50 kg/m3). Even these
values represent a lower limit of possible density vari-
ations due to the damping of the third regularization
term in ([2)).

One of the main results of the inversion is enhanced
resolution, especially for horizontal density variations
(Figure 6)). However, some local anomalies in the up-
permost mantle ([Figure 6@) could be a result of possible
uncertainties of the crustal model. These uncertainties
lead to artificial anomalies, which can be propagated
from the crust to the uppermost mantle due to the
damping . This is likely the case for the small-scale
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corresponding capital letter in red square, make one
more click to return back.



anomalies with the Siberian and East European cratons
at the depth 100 km [Kaban et al., 2016a]. These cra-
tons are also characterized by the largest negative cor-
rection of density at the depth 150 km, which persists
down to a depth of 250 km to [Figure 6k).
These corrections evidence for the depleted mantle ma-
terial that exists since formation of these old tectonic
units e.g. [Jordan,[1978) [198§]. As it was already men-
tioned, the depleted mantle is less dense than the primi-
tive one at the same P-T conditions. The initial models
for both cratons are well-constrained by seismic data,
therefore these results are robust. The minimum den-
sity correction reaches —50 kg/m3 in the Lower Lena

basin, Anabar shield and Viluy basin ([Figure 6 to [Fig-]

ore o).

The obtained results provide a possibility for testing
of the isopycnic hypothesis of Jordan [1978] [1988], ac-
cording to which the thermal and composition induced
density anomalies in the cratonic upper mantle com-
pensate each other giving a near zero anomaly. The
reviewed studies demonstrate that this assumption is
not completely valid for both the East European and
Siberian cratons. In these structures the total den-
sity anomaly remains positive (about 40 kg/m3) at the

depths 100-200 km ([Figure 6d to ), which




indicates that the effect of low temperatures in the up-
per mantle still exceeds the opposite effect of depletion
[Kaban et al., 20163].

For some cratons in South Asia, such as for the In-
dian Craton, the correction to the initial model is also
negative, which clearly indicates the presence of the
depleted material, especially at the depth 100 km ([Fig-]
ure 6p). However, other cratons, such as the Sino-
Korean and South China ones, don't demonstrate this
tendency and the correction of the mantle density ob-
tained for them is insignificant. This could be evidence
that the old cratonic roots have been reworked and the
depleted material has been replaced by the primitive
mantle. Before, this was suggested based on indirect
petrological and geological data [Kusky et al., 2007}
Yang et al., ; Zheng and Zhang, [2007|. In the re-
viewed papers, the recent changes of the Sino-Korean
and South China cratonic roots are demonstrated di-
rectly by construction the integrative 3D model of the
upper mantle [Kaban et al., 20163].

For most of the active mountain belts (e.g. for the
Zagros and Himalayas fold belts and Tibet) the final
model demonstrates much more details compared to
the initial one but doesn't suggest principal changes.
This evidences that the density structure of the up-



per mantle is chiefly controlled by temperature varia-
tions, which are well exposed in seismic velocity varia-
tions. The same conclusion can be made for the Trans-
Baikal and Altay-Sayan mountain regions [Kaban et al.,
2016a]. In contrast, the tomography model doesn't re-
solve structure of the Indo-Burmese wedge due to low
resolution. However, the evidence of continental sub-
duction in this region is clearly visible in the inverted
model ([Figure 6d to [Figure 6f).

For the Pamir and Tien Shan mountain region, the
obtained density model is different from the described
above. The negative density anomalies are recognized
only in the uppermost mantle at about 100 km ([Fig-
ure 6)) north of the boundary depicting the transition of
the continental subduction from the southward direc-
tion under Pamir to the northward subduction under
the Central Tien Shan [Fan et al., [1994]. For the con-
tinuation of the negative anomaly to the north, it is
still unclear whether it shows some principal changes
in composition of the upper mantle or just improves
resolution of the initial density model [Kaban et al.,
20163

The obtained 3D density model is principally im-
proved for the Arabian plate and surrounding areas [Ka-
ban et al., . The Arabian platform and Arabian




shield demonstrate principally different density patterns
of the lithosphere. Density of the uppermost mantle in
the Arabian shield is normal, while it is underlain by
relatively low-dense material below the depth 100 km
(Figure @]). This low-density anomaly continues under
the central part of the Red Sea, which is likely appeared
after extension of the Red Sea rift e.g. [Chang and Van
der Lee, R011]. Opposite to this anomaly, the sub-
crustal layer in the Arabian platform is relatively low-
dense, while below we identify a high-density anomaly
extending to the depth 200 km ([Figure 6]) [Kaban et
al.,[2016b]. The Red Sea rift is divided into 3 parts: the
tectonics of the South Red Sea is obviously controlled
by the Afar plume with the negative anomaly, which is
observed through the entire upper mantle. The North
Red Sea represents a passive extension pattern with the
negative density anomaly concentrated under the crust
above 100 km ([Figure 6)). The Central Red Sea likely
represents a transition between these two regimes.
Several high-density zones are found in the upper
mantle below the Tarim and South Caspian basins, the
Barents and Okhotsk seas as well as under the Bay
of Bengal ([Figure @]). A significant part of these pos-
itive anomalies has appeared after the inversion with
the mantle gravity field and residual topography. We



attribute these anomalies to the presence of the eclog-
ite materials previously reported for the Gulf of Mexico
[Mooney and Kaban, 010] and for the Barents Sea
[Braitenberg and Ebbing, 2009]. As was mentioned
above, the density of eclogites significantly exceeds the
standard peridotite density, while the seismic velocities
characterizing these rocks are nearly the same [Kaban
et al., [2016a|, [2016b]. Therefore, these studies demon-
strate that an integrative analysis of several fields can
provide much more information than only one method
such as seismic tomography. These studies confirm
that the gabbro-eclogite transformation is a key for de-
velopment of many sedimentary basins causing their

quick subsidence [Kaban et al., 2016a].

7. Modelling Results Discussion

The modelling results can be formulated as follows [Ka-
ban et al., 2010} 20164}, [2016b]:

1. It has been created an integrative density model
of the crust and upper mantle for Eurasia and
surrounding areas. At the first stage, the varia-
tions of the residual gravity and residual topogra-
phy have been estimated, which vary from —400



to 400 x 107> mGal and from —4 km to 5 km
correspondingly. These fields uncover density vari-
ations in the upper mantle and can be employed in
various studies.

. A 3D density model of the mantle has been ob-
tained from the inversion of the residual topogra-
phy and residual mantle gravity anomalies. The
inversion was additionally constrained by the ini-
tial density model based on the recent seismic to-
mography model [Schaeffer and Lebedev, .
The perturbations to the initial model vary within
—50 kg/m3 to 50 kg/m3. In the inversion, the
resolution of the initial model has been greatly im-
proved, which revealed several main features of the
upper mantle that were not sufficiently resolved by
seismic tomography.

. The most significant negative density corrections
are obtained for the East European and Siberian
cratons. These anomalies can be related to the
depleted mantle material. The maximum ampli-
tude of the density depletion is 45 kg/m3 at the
depth 100 km. Nevertheless, the density decrease
doesn’t fully compensate the effect of low temper-
atures. The increased density (up to 40 kg/m?3) is



still observed at the depths 100-170 km. There-
fore, the isopycnic hypothesis of Jordan, {1988] is
not completely accomplished.

. The density structure of the South China and Sino-
Korean cratons is different from the northern cra-
tons. It is characterized by slightly negative anoma-
lies down to a depth of about 100 km. Thus, the
original depleted material, formed these old cra-
tonic roots, has been replaced by the primitive
mantle.

. In Southern and Central Eurasia, significant cor-
rections to the initial model are not discovered.
Consequently, the tomography model sufficiently
describes these structures, and most of the den-
sity changes can be related with temperature vari-
ations. The Indo-Burmese wedge represents an ex-
ception, where the joint interpretation of several
data-sets uncovers the structure related to intra-
continental subduction.

. The Arabian plate consists of two different parts
characterized by different density variations in the
upper mantle. The Arabian shield is characterized
by low-dense and likely hot upper mantle 100 km.
To the west, this low-density zone continues to



the hot reservoir under the Red Sea. Differently,
under the Arabian platform, the normal lithosphere
persists to a depth of at least 200 km.

7. The largest high-density anomalies in the upper
mantle were found beneath several sedimentary basin
such as the South Caspian, Okhotsk and Barents
seas, the Tarim basin as well as beneath the Bay of
Bengal. These anomalies were not resolved in the
seismic tomography model but appear in the inver-
sion of the mantle gravity anomalies and residual
topography. These results can be explained by the
eclogites presented in the subcrustal layer, which
are likely responsible for the quick subsidence of
these basins.

8. Data Representation

The initial gridded data on the presented model were
converted into the georeferenced raster format and pro-
cessed and compiled as digital maps with a color ramp.
All the data layers were provided with convenient net-
work access using the Open Geospatial Consortium (http:
accessed 23 April 2019) standard data exchange pro-
tocols (e.g. KML, WMS, WEFS, etc.). For this, the


http://www.opengeospatial.org/

prepared data layers were combined into map-services
(mapping services) published in the web. All the digi-
tal maps were accompanied by metadata giving a brief
description of the initial datasets, map compilation pro-
cedures and references.

The system that provides web-access and interaction
with published spatial data includes several segments:
the database server (DB-server), the GIS-server, and
the web-server. The DB-server hosts the file storage
and relational database managed by DB management
system (DBMS). The spatial data (raster or vector) are
stored in the file storage or DBMS-controlled database
and presented as single or multilayer digital maps and
published on the GIS-server as map services accessible
via the web.

The main tool for interacting with the published
map-services is the client application implemented as
a geoportal and hosted on the web-server. It provides
the user with a hierarchical catalogue of available map-
services and digital maps as well as a set of tools for
their analysis. The interaction between the servers is
performed within the secured local network.

This approach allows to organize external network
access to spatial data using standard protocols for ex-
change of geospatial information, without the need to



directly copy the data locally. In this case the published
map-services are accessible using both, stand-alone
desktop GIS-suites and web-based interactive GIS. A
series of geoportals devoted to the Earth sciences in
general (http://gis.gcras.ru/) or to specific thematic
areas, such as geology (http://geology-gis.gcras.ru/)
or seismology (http://seismgis.gcras.ru/), were devel-
oped in the Geophysical Center of RAS. These geopor-
tals are based on the unified approach and are hosted
within the same server infrastructure, making them eas-

ily deployable and scalable [Krasnoperov et al., 2016}
Nikolov et al., |2015 Soloviev et al., [2018].

9. Conclusion

The modern geoscience community draws attention to
the continuous expansion and development of geophys-
ical monitoring networks along with development and
implementation of automated equipment that allows
registration of various physical parameters with high
frequency. Within the past two decades a series of spe-
cialized geophysical satellite missions has been success-
fully launched (Swarm, CHAMP, GOCE, GRACE etc.).
These missions provided global coverage with highly-
accurate geophysical measurements. All these factors
cause a significant increase in the volume of geophys-


http://gis.gcras.ru/
http://geology-gis.gcras.ru/
http://seismgis.gcras.ru/

ical data. This allows to refer the data of geophysical
monitoring to the so-called “Big Data”. Currently, the
concept of Big Data is interpreted as four Vs: volume,
variety, velocity and veracity [Rybkina et al., 2018} Sci-
ence International, .

In this regard, the approaches, presented in this pa-
per, fully comply with this concept. Storage of geo-
physical data in the form of GIS-compatible data-layers
with subsequent publication as map-services allows to
organize free access, using a wide range of standard
interaction options. The advantage of this approach
is that the data is stored, distributed, and accessed
through standard protocols or by means of web-geopor-
tals. This approach to the storage of spatial geophys-
ical data corresponds to another concept that is cur-
rently being developed — FAIR. According to this con-
cept, all the scientific data should be easy to find (Find-
able), access should be provided to them (Accessible),
convenient interaction with the data should be ensured
(Interoperable), the possibility of data reuse should be
provided (Re-usable) [Wilkinson et al., 2016]. The se-
ries of geoportals mentioned in the paper provide effec-
tive instruments for representation and analysis of large
arrays of spatial data on a large group of thematic ar-
eas.
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