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Abstract                                    Abstract 
Virtual deformation Quality of data and computations 

A new methodology and tools for computing gravity disturbances,
Virtual deformation y p

 gy p g g y
the Marussi tensor, invariants of the gravity field, other functionals

 
To define the term “virtual deformation”, we will utilize an analogy with The EGM 2008 (Pavlis et al. 2008 a,b, 2012) is a combined solution (from satellite and terrestrial data) complete to the degree and order , g y ,

and functions of the geopotential, as represented by the Global
To define the term virtual deformation , we will utilize an analogy with 
the tidal deformation. If there is tidal potential T, then horizontal shifts

( , , ) ( ) p g
2160 in a spherical harmonic expansion. It also contains additional coefficients extending to the degree 2190 and order 2159. Satellite data g p , p y

gravity field model EGM 2008 (hereinafter called derivatives), are
the tidal deformation. If there is tidal potential T, then horizontal shifts 
(deformations) exist due to it and they can be expressed as follows in 

p p g g
to the EGM 2008 come only from the GRACE A/B SST (low-low satellite-to-satellite tracking). The terrestrial data base of EGM 2008 is gravity field model EGM 2008 (hereinafter called derivatives), are

provided. Regional examples of computed quantities from the EGM
( ) y p
North-South direction (latitude direction) 

y ( g)
very extensive and consists of several sources – gravimetric measurements, anomalies derived from altimetry, models or fill-in data fromprovided. Regional examples of computed quantities from the EGM

2008 are presented with suggestions of geomorphological and
( )

 
very extensive and consists of several sources  gravimetric measurements, anomalies derived from altimetry, models or fill in data from 
digital models of the terrain when nothing better was available. EGM 2008 is probably the best currently available combination gravity2008 are presented with suggestions of geomorphological and

geodynamic interpretations as a motivation for further geo- Φݑ ൌ ݈ܵ
1 ߲ܶ

digital models of the terrain when nothing better was available. EGM 2008 is probably the best currently available combination gravity 
field model of the Earth. Nevertheless, it does not yield a homogeneous gravity anomaly field. For example, no terrestrial data in EGMgeodynamic interpretations as a motivation for further geo-

applications They are discussed main results obtained for selected
Φݑ ൌ ݈ܵ ݃ ߲φ                                             field model of the Earth. Nevertheless, it does not yield a homogeneous gravity anomaly field. For example, no terrestrial data in EGM 

2008 are available for Antarctica The accuracy and resolution of the derivatives of the EGM 2008 geopotential for some of the mountainapplications. They are discussed main results obtained for selected
regions of the Earth such as are the Nepal Himalaya and its

 
i E t W t di ti (l it di l di ti )

2008 are available for Antarctica. The accuracy and resolution of the derivatives of the EGM 2008 geopotential for some of the mountain 
belts and other regions with the fill-in data can be several times lower than for the best covered areasregions of the Earth, such as are the Nepal Himalaya and its

neighbouring areas the collision zone of East Asian and West
in East-West direction (longitudinal direction) belts and other regions with the fill in data can be several times lower than for the best covered areas.  

A note about the units of plotted functionals: mGal for the gravity anomalies and/or disturbances E = Eötvös for the second orderneighbouring areas, the collision zone of East-Asian and West-
P ifi lith h i l t th D d S i A i Mi th l

 
1 ߲ܶ

    A note about the units of plotted functionals: mGal for the gravity anomalies and/or disturbances, E  Eötvös for the second order 
potential derivatives The invariants I1 and I2 have units [s-4] and [s-6] and the ratio I is space-less The strike angle θS is expressed inPacific lithospheric plates, the Dead Sea area in Asia Minor, the large

i t t P i i d l th Gh il fi ld i th S di Λݑ ൌ ݈ܵ
1 ߲ܶ

∂λ 
potential derivatives. The invariants I1 and I2 have units [s ] and [s ] and the ratio I is space-less. The strike angle θS is expressed in 
degrees and its demonstration in red means its direction to the East and in blue to the West of the meridianimpact crater Popigai, and also the Ghawar oil fields in the Saudi

A bi
Λ ܵ ߮ ݏ݋ܿ݃ ∂λ degrees and its demonstration in red means its direction to the East and in blue to the West of the meridian.  

Arabia.  
where g is gravity acceleration 9 81 m s-2 l is the elastic coefficient (Shida

 
S l t d lt d di i t f th EGM 2008 i i d i f th E th where g is gravity acceleration 9.81 m.s , lS is the elastic coefficient (Shida 

number) expressing the elastic properties of the Earth as a whole planet (lS
Selected results and discussions: aspects of the EGM 2008 in varied regions of the Earth 

 number) expressing the elastic properties of the Earth as a whole planet (lS 
= 0 08) φ and λ are the geocentric coordinates of a point P where we A systematic screening was performed of correlations between aspects of the geopotential as represented by the EGM 2008 and largeTheory 

 0.08),  φ and λ are the geocentric coordinates of a point P where we 
measure T; the disturbing potential T is in [m2 s-2]; but in our case T is

 A systematic screening was performed of correlations between aspects of the geopotential, as represented by the EGM 2008, and large-
scale landform patterns displaying varied near surface geological structures as well as climate morphogenetic processes Results of they measure T;  the disturbing potential  T  is in  [m .s ]; but in our case, T  is 

represented not tidal, but by gravity potential. This mechanism is applied
scale landform patterns displaying varied near-surface geological structures as well as climate-morphogenetic processes. Results of the 
screening are represented by means of examples from regions of various planation surfaces high mountain ranges collision zones of 

Gravity gradient tensor ડ (Marussi tensor) is a tensor of the second
represented not tidal, but by gravity potential. This mechanism is applied 
to a standard Earth model (here EGM 2008), but real values of the Shida 

screening are represented by means of examples from regions of various planation surfaces, high mountain ranges, collision zones of 
i d ti t l lith h i l t l i h i d l i t t S l t d i ith d t ti f t fGravity gradient tensor ડ (Marussi tensor) is a tensor of the second

derivatives of the disturbing potential V and is computed by means of
to a standard Earth model (here EGM 2008), but real values of the Shida 
parameters l for the Earth´s surface are not known. oceanic and continental lithospheric plates, volcanic chains and large impact craters. Selected regions with demonstration of aspects from 

EGM 2008 f ll th N l Hi l d it i hb i th lli i f E t A i d W t P ifi lith h iderivatives of the disturbing potential V and is computed by means of
the harmonic geopotential coefficients (Stokes parameters) Cl Sl of

p
    We apply the apparatus of mechanics of continuum to derive the main EGM 2008 are as follows: the Nepal Himalaya and its neighbouring areas, the collision zone of East-Asian and West-Pacific lithospheric 

l t th D d S i A i Mi th l i t t P i ithe harmonic geopotential coefficients (Stokes parameters) Clm, Slm of
the particular gravity field model known to maximum degree l (see

pp y pp
directions of the tension. The tensor of deformation E is defined as a plates, the Dead Sea area in Asia Minor an the large impact crater Popigai.  

the particular gravity field model known to maximum degree lmax (see
details about EGM 2008)

gradient of shift. Let us select a local coordinate system (x,y) in P by the 
details about EGM 2008). equations  
 

ۍ
߲2ܶ ߲2ܶ ߲2ܶ

ې
݀φ ൌ λ݀      ,ݔ݀ cosφ ൌ  .ݕ݀

ۍ
߲2ܶ
߲ 2

߲2ܶ
߲ ߲

߲2ܶ
߲ ߲ ې Then it holds that 

ۇ ൥ۊ
Γ11 Γ12 Γ13

൩
ێ
ۍ 2ݔ߲ ݕ߲ݔ߲ ݖ߲ݔ߲
߲2ܶ ߲2ܶ ߲2ܶ ۑ

ې

ۇ
ݔݑ߲ ݔݑ߲

ડ =  ൥Γ21ۊ Γ22 Γ23൩  =  െ ێ
ێ
  ߲

2ܶ
߲ ߲

߲2ܶ
߲ 2

߲2ܶ
߲ ߲ ۑ

ۑ
ࡱ  ቀ

߳11 ߳12ቁ ݀ሺ܌ሻ ۈ
ۇ ݔ߲ ݕ߲

ۋ
൥ۊ 21 22 23

Γ31 Γ32 Γ33
൩

ێ
ێ ݔ߲ݕ߲ 2ݕ߲ ݖ߲ݕ߲
߲2ܶ ߲2ܶ ߲2ܶ ۑ

ۑ ࡱ ൌ ቀ߳21 ߳22ቁ ൌ ሻ܌ሺ݀ܽݎ݃ ൌ

ۉ

ۈ
ݕ

ݕݑ߲ ݕݑ߲

ی

൥ ۋ
31 32 33

൩

ۏ
ێ ߲2ܶ
߲ ݔ߲

߲2ܶ
߲ ߲

߲2ܶ
߲ 2 ے

ۑ
ۉ

ݕ

ݔ߲
ݕ

ݕ߲ ۏی ݔ߲ݖ߲ ݕ߲ݖ߲ 2ݖ߲ ے ۉ ݔ߲ ݕ߲ ی
܌ ൌ ࡱ ܠ ൅ t 

Outside the source the potential T satisfies Laplace’s equation the
܌ ൌ ܠ ࡱ ൅ t 

Outside the source, the potential T satisfies Laplace s equation, the
trace of the tensor is ero ડ is s mmetric and contains j st fi e

 
where d is the vector of shift, E the gradient of shift, x the vector of thetrace of the tensor is zero,  ડ is symmetric, and contains just five

i d d t t
where d is the vector of shift, E the gradient of shift, x the vector of the 
coordinates and t the vector of translation. The tensor of deformation can beindependent components. coordinates and t the vector of translation. The tensor of deformation can be 
separated into two parts:  

d di f i i h i i

p p
ࡱ ൌ ܍ ൅ ષ ൌ ൫eij൯ ൅ ൫Ωij ൯ Under any coordinate transformation ડ contains three invariants 

൅ ൫ ij൯ ൅ ൫ ij൯
where e is the symmetrical tensor and Ω the anti-symmetrical tensor of

  
where e is the symmetrical tensor and Ω the anti symmetrical tensor of 
deformation, respectively. We will need e: 
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Δ l dil i൅ Γ13ሺΓ12Γ23 Γ13Γ22ሻ Δ   =  e11 + e22  total dilatation 

t 
Pedersen and Rasmussen (1990) showed that the invariant ratio I

γ1   =  e11 - e22  pure cut 
2 t h i l tPedersen and Rasmussen (1990) showed that the invariant ratio I

defined as
γ2    = 2e12  technical cut 
γ (γ 2 + γ 2)1/2 total cut Th N l Hi l d it i hb i idefined as 

ሺࡵ /2ሻ2
γ    = (γ1

2 + γ2
2)1/2 total cut 

a = ½ (Δ + γ) major semi axis of ellipse of deformation
The Nepal Himalaya and its neighbouring regions 

0 ൑ ࡵ ൌ െ
ሺ2/2ࡵሻ2 ൑ 1

a   =  ½ (Δ + γ)  major semi-axis of ellipse of deformation 
b = ½ (Δ γ) minor semi axis of ellipse of deformation

 0 ൑ ࡵ ሺ1/3ࡵሻ3
൑ 1 b   =  ½ (Δ – γ) minor semi-axis of ellipse of deformation 

α = ½ atan(γ2 / γ1) direction of main axis of deformation Strong coincidences were identified between the large-scale landform configuration of the Himalaya and the extension of regions with very 
 α   ½ atan(γ2  / γ1) direction of main axis of deformation. 

high positive values of the radial second derivative of the disturbing gravitational potential Γ33 and the most likely in combination with 
and lies between zero and unity for any potential field. If the

 
In relevant sketch maps of complex figures, the semi-axis of deformation

g p g g p y
conspicuous areas of high negative values of Γ33 in their close neighbourhood (Kalvoda et al. 2010). Specific configuration and sharp y y p

causative body is strictly 2D, then I is equal to zero, when the
In relevant sketch maps of complex figures, the semi axis of deformation 
ellipse a and b are expressed together with their relative size. Values of ls

p g g 33 g ( ) p g p
differences in orographical patterns of the Himalaya are indicated by a large range of values of Γ33 approximately between +1100 E and –y y , q ,

causative body as seen from the observation point looks more and
p p g s 

are not known, and, therefore, only main directions of the virtual 
differences in orographical patterns of the Himalaya are indicated by a large range of values of Γ33 approximately between 1100 E and 
760 E It is a conspicuous reflection of high mountain massifs divided by large canyon-like valleys of antecedent origin with very activey p

more 3D – like, then I increases and approaches 1.
, , , y

deformations (and not also their amplitudes) are demonstrated. The plotted 
760 E. It is a conspicuous reflection of high mountain massifs divided by large canyon like valleys of antecedent origin with very active 
deep-side erosion and related morphogenetic processesmore 3D  like, then I increases and approaches 1. ( p ) p

quantities are a and b expressed in the figures as small crosses.    
deep-side erosion and related morphogenetic processes.  
A comparison of Δg and Γ records displaying the southern Himalayan foredeep the Gangetic Plain is also very instructive Negative 

The strike angle ߠ is determined through Virtual deformations of the ellipse of deformation, calculated using the A comparison of Δg and Γ33 records displaying the southern Himalayan foredeep, the Gangetic Plain is also very instructive. Negative 
gra it anomalies Δ are sensiti e to geological str ct re dri en b a long term s bd ction of the Indian s b continent nder the AsianThe strike angle ݏߠ is determined through tensor of deformation E, are geometrically expressed by its dilatation or gravity anomalies Δg are sensitive to geological structure driven by a long-term subduction of the Indian sub-continent under the Asian 

ti t l l t O th t th d d d i ti Γ fl t th f di t ib ti d fl t l ti l df 
Γ ሺΓ ൅ Γ ሻ ൅ Γ Γ

compression. Virtual dilatations of the ellipse of deformation indicates continental plate. On the contrary, the second order derivatives Γ  reflect the near-surface mass distribution and flat accumulation landforms 
f h G i l i d di d li f f h Si lik ill i f h i l l d d b h i iݏߠ2 ݊ܽݐ ൌ 2

Γ12ሺΓ11 ൅ Γ22ሻ ൅ Γ13Γ23
Γ2 Γ2 Γ2 Γ2

  of the Gangetic Plain and dissected relief of the Siwalik Hills. Mountain ranges of the Himalaya are also demonstrated by the invariants, 
ݏ Γ112 െ Γ222 ൅ Γ132 െ Γ232  namely by zones of the significantly negative I1  and positive I2.  The eastern directions of the strike angle θS  are very noticeable in the 

 Gangetic Plain and the Siwalik Hills and its prevailingly western directions in the Himalayan and Tibetan regions. The main patterns of 
within a multiple of π/2. Provided that I is small, the strike angle may

g p g y y g p
virtual deformations which are presented by dilatations and contractions of the ellipse of deformation, follow the extremely dissected relief 

indicate a dominant 2D structure. For more details see Pedersen and
p y p , y

of the Himalaya. Virtual dilatations of the ellipse of deformation are concentrated in mountain vaults, and, on the contrary, its virtual
Rasmussen (1990) and Beiki and Pedersen (2010). 

of the Himalaya. Virtual dilatations of the ellipse of deformation are concentrated in mountain vaults, and, on the contrary, its virtual 
contractions indicate strikingly cut-down areas of the mountainous landscape( ) ( ) contractions indicate strikingly cut down areas of the mountainous landscape. 

 
.  

 



Israel – delta g Israel – Г33 Israel – I1

Contact region of north eastern Africa south western AsiaContact region of north-eastern Africa, south-western Asia,  
south-eastern Europe and Israel p

Th li d l i l d hi l f h lThe complicated geological structure and orographical patterns of the large contact 
i b h i b i d i ll f fi i fregion between these continents can be estimated especially from configurations of 

highly positive or negative values of Δg, Γ33, I1 and the virtual deformation. The 
main orographical patterns including the mountain ranges between the Balkans and 
the Iranian Highland as well as tectonic basins (e.g. in the Mediterranean Sea west 
of Cyprus and between Crete and the northern coast of Africa) are conspicuously yp ) p y
expressed by Δg and the virtual deformations. Also remarkable are zones with p y g
significantly high positive values of Γ33 combined with high negative values in close g y g p 33 g g
neighbourhoods. It is especially well rendered in regions of the Caucasus and the g p y g
Elborz mountains as well as the narrow tectonic suture with the Dead Sea.Elborz mountains as well as the narrow tectonic suture with the Dead Sea. 
 
Analysis for several crystalline tectonic units (terranes) in Israel: Judea-SamariaAnalysis for several crystalline tectonic units (terranes) in Israel: Judea Samaria, 
Galilee-Lebanon Antilebanon Negev Heletz and Pleshet BasinGalilee Lebanon, Antilebanon, Negev, Heletz and Pleshet Basin.    
(1) Dead Sea Transform (DST) where strong negative gravity anomalies are caused(1) Dead Sea Transform (DST) where strong negative gravity anomalies are caused 
by thick accumulation of series of low density sedimentary deposits and salts isby thick accumulation of series of low-density sedimentary deposits and salts is 
clearly detected practically in all gravity maps and their transformants The evidentclearly detected practically in all gravity maps and their transformants. The evident 
linear compression zone along the DST is shown by the virtual deformations (2)linear compression zone along the DST is shown by the virtual deformations. (2) 
A f M kht h R C i h t i d b lift f d l i lArea of Makhtesh Ramon Canyon is characterized by uplift of deep geological 

i ti f h i ht d d it th t l i fl t d i l (3) Aassociations of heightened density that also is reflected in several maps. (3) A 
f C l it l i lift f t lli b t (E lb dsource of Carmel gravity anomaly is uplift of crystallic basement (Eppelbaum and 

K 2011) (4) H b i l i d d b hi h d l diKatz, 2011). (4) Hebron gravity anomaly is produced by high-dense mantle diaper. 
( ) l l i d i l d i b i i l h i(5) Basalt plateau in Jordan is reflected in many maps by positive anomaly that is 

A f h P i i i caused by significant difference between density of basalts and surrounding Area of the Popigai impact crater 
sedimentary deposits. (6) To east of the Dead Sea, some of gravity anomalies may The Popigai impact crater (φ = 71°39’N λ = 111°11’E) in Siberia with a diameter
be caused by known uplift of the crystallic basement. (7) The map of the strike 

The Popigai impact crater (φ  71 39 N, λ  111 11 E) in Siberia, with a diameter 
of about 100 km and age ~35 106 years is partly visible on the surface According

Th lli i f th E t A i d W t P ifi lith h i angles enables to recognize a dominant location of some subsurface masses and 
of about 100 km and age ~35.10  years, is partly visible on the surface. According 
to Klokočník et al (2010a b) the Popigai crater is probably not single (compareThe collision zone of the East-Asian and West-Pacific lithospheric g g

shows very complex distribution of the studied parameters.  to Klokočník et al. (2010a, b), the Popigai crater is probably not single (compare 
the second radial derivative Γ ) but double and may be a multiple crater Theplates 

y p p
 the second radial derivative Γ33 ), but double and may be a multiple crater. The 

virtual deformations of the ellipse of deformation in the Popigai area are displayed
p

Th i l l h t t l tt f th ti lli i b t th P ifi .virtual deformations of the ellipse of deformation in the Popigai area are displayed, 
ith t iki i l t t f th i t t ( i t l i )The main large-scale morphostructural patterns of the active collision zone between the Pacific 

( i ) d A i ( ti t l) l t it ll d b th f ti l Δ Γ d

.      with striking circular structure of the impact crater (virtual compression) 
d d b i l t hi l l ti(oceanic) and Asian (continental) plates are quite well expressed by the functionals Δg, Γ33  and 

l ti ll b t ik l θ M t i h i f J i l d i l di th h
surrounded by irregular topographical elevations. 

also partially by strike angle θS . Mountain chains of Japanese islands, including the huge 
if f t t l b d t i d i ll b th t i d l t f iti

 
massifs of stratovolcanoes, can be determined, especially by the stripes and clusters of positive 

l f Δ d Γ A t iki f t d i k bl f d t t i t h
  Conclusionsvalues of Δg and Γ33. A striking feature drawn is a remarkable arc of deep tectonic trenches 

t d ith th ti bd ti f th W t P ifi i l t d th t
Conclusions 

connected with the active subduction of the Western-Pacific oceanic plate under the eastern 
i f th A i ti t l l t Vi t l d f ti d i d f th lli f Theory of Pedersen & Rasmussen (1990) and Beiki & Pedersen (2010) has beenmargin of the Asian continental plate. Virtual deformations derived from the ellipse of 

d f ti f ll th iti f l ti d d i f l d d b i li f
Theory of Pedersen & Rasmussen (1990) and Beiki & Pedersen (2010) has been 
extended and applied in various regions of the Earth using the global gravity fielddeformation follow the positions of elevations and depressions of land and submarine reliefs. 

Demonstrated patterns of these virtual deformations are very similar to the occurrence of
extended and applied in various regions of the Earth, using the global gravity field 
model EGM 2008 with a resolution ~10 km on the ground For the first time aDemonstrated patterns of these virtual deformations are very similar to the occurrence of 

gravity anomalies Δg The topographical features of the Kuril Islands the Japanese Islands and
model EGM 2008, with a resolution ~10 km on the ground. For the first time a 
global or regional view is offered not only local or regional view based on airbornegravity anomalies Δg. The topographical features of the Kuril Islands, the Japanese Islands and 

groups of submarine volcanic massifs in the western part of the Pacific Ocean are especially
global or regional view is offered, not only local or regional view based on airborne 
gradiometry or classical gravimetry datagroups of submarine volcanic massifs in the western part of the Pacific Ocean are especially 

noticeable as expressed by positive values of Δg and/or virtual dilatations (compare Figures)
gradiometry or classical gravimetry data. 
A t i i f th it i t t d f EGM 2008 dnoticeable, as expressed by positive values of Δg and/or virtual dilatations (compare Figures). 

The Kuril and Japanese trenches are indicated by negative values of Δg and/or virtual
An extensive screening of the gravity signatures computed from EGM 2008 and 
h i i i h h i d hi l fThe Kuril and Japanese trenches are indicated by negative values of Δg and/or virtual 

contractions of the ellipse of deformation
their comparison with morphotectonic patterns and orographical  features on a 

contractions of the ellipse of deformation. large scale was realized. It is confirmed that their regional configurations are a 
consequence of landform evolution and reflections of both former and recent sub- q
surface geological and climate-morphogenetic processes. Landform patterns with g g p g p p
very conspicuous combinations of significantly high positive or negative values of  ve y co sp cuous co b a o s o s g ca y g pos ve o ega ve va ues o
Γ33 and significant virtual deformations are under the strong influence of rapid

Conspicuous morphotectonic contact between the Bohemian
Γ33 and significant virtual deformations are under the strong influence of rapid 
and/or intensive geomorphic processes These geophysical signatures reflect theConspicuous morphotectonic contact between the Bohemian 

M if th E t Al d th W t C thi i
and/or intensive geomorphic processes. These geophysical signatures reflect the 
regional dynamics of Earth surface evolution as characterised by a very effectiveMassif, the Eastern Alps and the Western Carpathians in regional dynamics of Earth surface evolution as characterised by a very effective 
integration of tectonic and climate driven morphogenetic processesCentral Europe integration of tectonic and climate-driven morphogenetic processes. p

An example of a varied geological and landform patterns is presented especially in
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Fi di l i Δ d Γ f th B h i M if d it di
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