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Abstract Gravity disturbances (or free-air anomalies), the
Marussi tensor, invariants of the gravity field, and other func-
tionals and functions (here called aspects) of the geopotential,
as represented by recent global gravitational field models, are
computed for Ghawar, Saudi Arabia, (Al-Anazi, 2007) (Al-
Almazi, 2007) and for surrounding areas. With the free-air
gravity anomalies, derived from the Earth Gravitational Field
Model 2008 (EGM 2008) or European Improved Gravity
model of the Earth by New techniques (EIGEN)-6C3 gravity
models (based on satellite as well as terrestrial data), we can
see features well known to geologists, geophysicists, geomor-
phologists, and others. Resolution with the global gravitation-
al models is, however, lower than with terrestrial data only, but
our “view” is global. With the invariants, strike angles, and
virtual deformations, we can find more interesting features
(than with the gravity anomalies themselves). We can see
analogies between places with oil deposits in the area of the
Caspian Sea, Ghawar in Saudi Arabia, and other localities
nearby. It is evident that the only “gravity signal” (the aspects)
cannot decide about possible deposits of any mineral or oil
but—as is known on a local scales—can be a useful tool,
which—in conjunction with other data and experience of
specialists—may lead to some discoveries. Several interesting
places are indicated by the strike angles and virtual
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Introduction

Global combined gravitational field models of the Earth (sets
of harmonic geopotential coefficients, also known as Stokes
parameters), determined to high degree and order harmonic
expansion of the geopotential, from various satellite and ter-
restrial data, can today have worldwide high resolution and
precision. The Earth Gravitational Field Model 2008 (EGM
2008, Pavlis et al. 2008a, b, 2012) uses multiyear inter-
satellite range-rate data from a near polar-orbiting tandem of
satellites called Gravity Recovery and Climate Experiment
(GRACE) together with extensive gravity anomalies derived
from terrestrial gravimeters and satellite altimetry. EGM 2008
reaches a resolution of 5x35 arcmin, which is ~9 km of half
wavelength on the Earth’s surface at the equator (about 8§ km
at Saudi Arabia), and, with the exception of Antarctica and
some others areas, mostly mountain belts, a precision of free-
air anomalies, derived from the potential of EGM 2008, is of
the order few miliGals. Where EGM 2008 lacks adequate
precision and resolution, topographic data from satellites serve
as the “fill-in data” (see more about it in Pavlis et al. 2012).
The new data coming from the gradiometer on board of
Gravity Field and Steady-State Ocean Circulation Explorer
(GOCE, ESA mission, e.g., Floberghagen et al. 2011) were
already implemented into the newest gravitational models,
e.g., to a combined model European Improved Gravity model
of the Earth by New techniques (EIGEN)-6C3 (Forste et al.
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2013), providing precision and resolution comparable to
EGM 2008.

Such gravitational field models offer new opportunities to
many applications in geodesy, geophysics, geology, geomor-
phology, and physical geography. In this paper, using the
harmonic geopotential coefficients of EGM 2008 or EIGEN-
6C3, the following physical quantities are computed: the
gravity anomalies Ag (or disturbances) [scale 1 mGal=
107> ms 2], the full Marussi tensor I" of the second derivatives
of the disturbing potential [IE=1 Eétvos=10"° s 2], namely
its radial component I35 (sometimes denoted 7. or 7,,), the
invariants of the gravity field [y, ;, L,=det (I'), computable
from the components of the Marussi tensor, their specific ratio
I, and the strike angle 6. These quantities are known from
theory of Pedersen and Rasmussen (1990) and Beiki and
Pedersen (2010). A “virtual deformation” has been added
(Kalvoda et al. 2013). Some of these quantities are functionals
of the geopotential in a mathematical sense and some of them
are not. Therefore, they are concisely designated in the paper
as aspects of the geopotential.

The second-order derivatives and the invariants provide
evidence about details of near-surface (not deep) structures.
The Marussi tensor was already used in local scales (a few
kilometers) for petroleum, metal, diamond, groundwater, etc.
explorations (e.g., Murphy and Dickinson 2009; Mataragio
and Kieley 2009). The full Marussi tensor is a richer source of
information than standard single gravity anomalies. This extra
information can be applied by tensor imaging techniques to
enhance a target anomaly definition, as tested for local fea-
tures (minerals, oil, and gas industry), e.g., by Saad (2006) or
Dickinson et al. (2009).

Theoretical and experimental studies mentioned above
were our stimulation to examine larger regions—in other
words, to advance from local scales to the global gravitational
models. Previously, the gravity anomalies or the second de-
rivatives were derived from measurements by gravimeters on
the ground, airplanes, or ships or by gradiometers on air-
planes. For the first time, we compute the aspects listed above,
based on a new global gravitational field model. The local
scale (~1 km) is below the resolution of the EGM 2008. Tests
of the sensitivity of the aspects of the EGM 2008 to selected
landform patterns were realized by Klokocnik et al. (2010)
using especially large impact craters and by Kalvoda et al.
(2010) in Himalayan regions with very conspicuous relief
features of active orogeny and intensive climate-
morphogenetic processes.

Previous experience leads us to investigate also areas with
oil deposits. We discovered unexpected behavior of the strike
angles and the virtual deformations in a “belt” crossing the
Caspian Sea. We also can “see” Ghawar in Saudi Arabia with
the EGM 2008. It was inspiring to extrapolate and to test
whether other localities nearby may show similar features.
Examples are stated in “Results and discussions.” We are fully
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aware that this research cannot result in deposit predictions
without analyzing other necessary data and we—as geode-
sists—cannot provide them, but this research possibly can
stimulate other specialists to continue.

Notes to theory and data

All definitions needed and formulae used in our software are
described in Kalvoda et al. (2013) and will not be repeated
here. Gravity anomaly is a radial derivative of the disturbing
potential. The gravity gradient tensor I' (the Marussi tensor) is
a tensor of the second derivatives of the disturbing potential.
The horizontal components of the tensor help to identify the
shape and geological setting of a target body. The vertical
component /33 is best suited for target body detection; 33
helps to define isopath/density relationships of a body mass
with relation to its geological setting (e.g., Murphy and
Dickinson 2009). Under any coordinate transformation, I'
preserves just three invariants of the gravity field, nonlinear
combinations of the components of the Marussi tensor.
Pedersen and Rasmussen (1990) showed that a specific ratio
of the two invariants lies between 0 and unity for any potential
field. If the causative body is strictly 2D, then this ratio equals
0. The strike angle g is another nonlinear combination of the
components of the Marussi tensor. The strike angle indicates
how gradiometer measurements rotate within the main
directions of the underground structures. For more details,
see Pedersen and Rasmussen (1990) and Beiki and Pedersen
(2010).

To define the term “virtual deformation,” we utilized an
analogy with the tidal deformation, and applying the apparatus
of mechanics of continuum, we derived the main directions of
the tension. Explanation is again stated in Kalvoda et al.
(2013); we plot the main directions of possible deformations.
The virtual deformations are geometrically expressed by its
dilatation or compression. Virtual dilatations of deformation
indicate uplifted regions at the geoid, a mass of which has
tendency to disintegration; the virtual compressions indicate
lowered zones at the geoid. Natural processes, which are the
cause of these states of the near-surface part of the geoid, are
very diverse and are not discussed here.

Our data basis consists of the harmonic geopotential coef-
ficients of the global gravitational field models mentioned
above (EGM 2008 or EIGEN-6C3). The ferrestrial data base
of EGM 2008 is very extensive and consists of several
sources—gravimetric measurements, anomalies derived from
altimetry, and fill-in data from digital models of the terrain
relief when nothing better was available, see Pavlis et al.
(2012). EGM 2008 is still probably the best currently avail-
able combined gravitational field model of the Earth.

Plotting is important for visualizing our results; we make
use of strongly nonlinear scales to emphasize various features



Arab J Geosci

which otherwise might remain hidden. A note about the units
of plotted functionals, mGal for the gravity anomalies and/or
disturbances, E=E6tvos for the second order potential deriv-
atives. The invariants /; and I, have units [s ] and [s °], and
their ratio / is spaceless. The strike angle g is expressed in
degrees, and its demonstration in red means its direction to the
east and in blue to the west of the local meridian. The virtual
deformations are dimensionless and express a direction of
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Fig. 1 a Southern parts of the Caspian Sea and its neighboring areas, Ag.
b The strike angle for the ratio /< ().3. Note the belt of vectors oriented to
one side, crossing the central part of the Caspian Sea. ¢ A map of oil and
gas fields in the Caspian Sea area. A green “belt” crosses the Sea roughly
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Results and discussions

A systematic worldwide screening of the aspects has been
performed (Kalvoda et al 2013; Kloko¢nik et al. 2012, 2013;
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roughly from northwest to southeast across the Caspian Sea
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Fig. 2 The Caspian Sea, Turkey,
Iran, Iraq, Afganistan, Pakistan,
Turkmenistan, Israel, Syria,
Jordan, Kuwait, the Persian Gulf, 450
the Zagros Mts., Saudi Arabia,

Qatar, UAE, Oman, a part of the

Red Sea, a general look of the 400 +
gravity disturbancies Ag (scale in
miliGal)

500

350

latitude
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www.asu.cas.cz/~jklokocn). Here, we focus on the Caspian
Sea, Ghawar area in Saudi Arabia, and surrounding areas with
similar “gravity signal.”

It was inspiring to see the strong negative gravity
disturbancies (Fig. 1a) and the strike angle values (Fig. 1b)
crossing the Caspian Sea. We compared to a map of oil and
gas field in that area (Fig. 1c) and to the virtual deformations,
showing systematic patterns of dilatation and compressing
crossing the sea (Fig. 1d); one is then asking what it may
mean? Such “combed” patterns of the strike angles and
deformations in huge scales are not too frequent. According
to theory of Pedersen and Rasmussen (1990) and Beiki and
Pedersen (2010), the strike angles for small values of the ratio
Iindicate areas with flat (like 2D) causative bodies which here
might be valid for oil deposits. A figure showing the same for
1> 0.3 would be complementary to Fig. 1b.

As an introduction to the area of our interest, we show
gravity disturbancies in the large region of the Caspian Sea,
Afghanistan, Persian Gulf, Iranian Highland, Zagros Mts.,
Saudi Arabia, and others (Fig. 2); one example from our work
is the work of Kalvoda et al. (2013). Then, we zoom in
individual regions in series of figures (Fig. 3a-n). The main
patterns of the strike angles s (Fig. 3a) in the section between
the Iranian Highland, the Zagros Mts., the Persian Gulf, and
part of Saudi Arabia are manifested. On the contrary, Fig. 3b—f
shows the values of the aspects in “relatively small” area of the
Ghawar oil fields in Saudi Arabia (~100 km long in a south-
north direction). Conspicuous harmony between a course of
zones with positive values of I'3; (Fig. 3b) and virtual dilata-
tions of the ellipse of deformation (Fig. 3f) testifies in favor of
the existence of matter elevation situated in a nearly meridian
direction. This elevation is surrounded on the western and
eastern sides by zones of negative values of ;3 and/or virtual
compressions of the ellipse of deformation, which can be
interpreted as a manifestation of linear near-surface

@ Springer

450
400
350
300
250
200
150
100
50

0
-50
-100
-150
-200
-250
-300
-350

450 500 550 600 650 700 750
longitude

depressions. The described situation is supported by an oc-
currence of stripes of I, , and fg (Fig. 3¢c—f).

Back to Fig. 3a with the strike angles, we see several
localities, including Ghawar, where the angles are oriented
dominantly in one direction; in other places, they are chaotic.
We will confront this with the virtual deformations. Figure 3f
shows them for the Ghawar large oil fields. Figure 3g—iis fora
larger area (as in Fig. 3a). In Fig. 3f, the virtual deformations
create three belts in west-east direction, “central” belt of
dilation surrounded by two belts of compression with similar
orientation as the strike angles, which are depicted in Fig. 3e.

We split dilatation and compression and show them in two
separate figures. While Fig. 3g shows all the virtual deforma-
tions together, Fig. 3h shows only the dilatation and Fig. 3i
only the compression. Note that in areas encircled in Fig. 3a,
there is remarkable agreement between the strike angles and
the deformations. The area 1 (Ghawar) and the areas in Iran
are shown as oil and gas fields (Pollastro et al. 1997). The
compressive part of the deformations (Fig. 3i) also shows
correlations with topographic features of circular-like type

Fig. 3 a The strike angle for /< (.3 for a part of Iran, the Persian Gulf, P>
Saudi Arabia, UAE, Oman, part of the Red Sea. Note several zones with
the angles oriented dominantly in one direction, see circles or ellipses.
Comments to the encircled zones 1-6 are below. b The values of I';; for
Ghawar in Saudi Arabia. ¢The invariant /,. d The ratio / of the invariants
1) and /,. e The strike angle 65 for the ratio /< 0.3, superimposed on a
Google Earth map. f The virtual deformations (red is dilatation and blue
compression) in the area of the Ghawar oil fields. g The virtual
deformations (red is dilatation and blue compression) in Saudi Arabia,
Persian Gulf, part of Iran, and other countries. h The virtual deformations
(only dilatation) in Saudi Arabia, Persian Gulf, part of Iran, and other
countries. i The virtual deformations (only compression) in Saudi Arabia,
Persian Gulf, part of Iran, and other countries. j The invariant /, (similarly
for 1;). k, 1 The strike angles (/eff) and virtual deformations for the area
“2” (see Fig. 3a), from Iran crossing the Persian Gulf to Quatar. m, n The
strike angles (/eff) and virtual deformations for the area “3” (see Fig. 3a)
in the Persian Gulf, Emirates, and Oman
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over many places in Saudi Arabia (which reader can verify by The invariants in the same area (as in Fig. 3a) look very
using Google Earth satellite images). “inactive” inside Saudi Arabia (see Fig. 3j) and are (as is
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Fig. 3 (continued)
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Fig. 3 (continued)

expected and known from various mountain areas or rifts, see
Kalvoda et al. 2013) accentuated in the mountain belts.

The encircled zones on Fig. 3a have special figures—
zooms with the strike angles and the virtual deformations.
For Ghawar, zone “1,” we have Fig. 3e, f. For the area “2”
(from Iran crossing the Persian Gulf to Quatar), we show
Fig. 3k, L. For the area “3” (between UAE and Oman), we
have Fig. 3m, n.

Recalling theory from ‘“Notes to theory and data,” the strike
angle indicates main directions of the underground structures,
the virtual dilatations indicate uplifted regions of geoid, and
the compressions are connected to the lowered zones of geoid.
Figure 3k-n clearly shows a correlation between the strike
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angles and the deformations. Very pronounced is a bent belt of
compressions in Fig. 3n.

Conclusions

Theories of Pedersen and Rasmussen (1990) and Beiki and
Pedersen (2010) have been extended and applied in various
regions of the Earth (Kalvoda et al. 2013), using the global
gravitational field model EGM 2008 with a resolution about
10 km on the Earth’s surface (in some areas lower, see Pavlis
et al. 2012). For the first time, not local but global or regional
views of this type are on offer.
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An extensive screening of gravity signatures computed
from EGM 2008 (and now also with EIGEN-6C3, not shown
here) and their comparison with morphotectonic patterns and
orographical features on a large scale was realized (Kalvoda
et al. 2013; Kloko¢nik et al. 2010, 2012, 2013). From the
methodological and interpretative points of view, it was con-
firmed that distributions of values of the second derivatives of
the disturbing gravitational potential I35 very precisely repre-
sent a near-surface (topographical) mass distribution.

For Saudi Arabia and surrounding countries, we can see
interesting patterns of the strike angles and virtual deforma-
tions. We show how it looks like at Ghawar, the large oil
deposit site. We found analogical gravity signal in a few other
localities.

The gravity signal is represented here in the form of various
aspects (functions) of the disturbing gravitational potential,
but nothing more. Not to leave analysis on this speculative
level, we seek for interpreters from geologists or geophysicists
to continue our work.
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