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INTRODUCTION the potential, or other quantities (parameters)thef
gravitational field derived thereof, from a known
Geophysics is, simply speaking, the physics of thelensity distribution is referred to as ttieect problem.
earth, and the physics applied to the earth. Itsdedh  This task boils down to the numerical evaluatiorthaf
the structure, properties, fields, and behaviortttd Newton volume integral. It can be done either
earth in both spatial and temporal dimensionsrigorously in ellipsoidal coordinates, or various
Gravimetry, one of the branches of geophysics, ispproximations are adopted in practice (cf. e.qvak
devoted to the observation, study, and interptatift  and Grafarend, 2005; Vajda et al., 2004b).
the earth’s gravity field in space and time. Graatirp
shares the study of the gravity field with geodedyere INVERSE PROBLEM
the field is an inseparable part of positioning and
navigation. Gravimetry contributes significantly to The inverse problem is also based on Eq. (1).4dt is
geology by aiding the determination of the masdask of determining the density distribution insithe
distribution below the earth’s surface, which hasbody from the observed quantity{V(P)} being known
significant applications in terms of prospectingdan on or above the surface bounding the body. Thergave
exploration for hydrocarbons, mineral deposits,enat proplem is non-unique and ill-posed (e.g., Menke,
etc, as well as to general knowledge of earth’sgga; Blakely, 1995). The cause of the non-unigesne
structure. The interpretation of temporal change$i® s the fact that there are density distributionshini a
gravity field helps understanding ~geodynamicgiven body, that generate zero external gravitation
phenomena, such as earthquakes, volcanic anghtential. Any such distribution can be added te th
magmatic processes, isostatic rebound, tectonits, edensity distribution generating a given externaeptal
Microgravimetric observations can contribute even tiy yield exactly the same external potential. The
archeology, by detecting caves or cavities. In manynigueness issue can be handled by selecting out of
gravimetric applications the task of the day isv6  many possible solutions only those, that are gécétiy
the inverse problem. Here we shall discuss thentecemeaningful, and by using constraints. The condSain
developments in formulating and solving thetypically come from apriori partial geological
gravimetric inverse problem, including investigason  knowledge, and/or from independent geophysical or
the field of applications, focusing on work carrieat in - other methods such as magnetic, magnetotelluric,

Slovakia. seismic, etc.
THEORETICAL BACKGROUND INVERSE PROBLEM IN ANOMALOUS
o QUANTITIES
Our contribution shall be based on the commonly
known concepts of the theory of the gravity fieddch Instead of working with the real density

as gravity and gravitational potential, normal andgistripution and with theactual gravitational potential,
disturbing potentials, actual and normal gravitsevly  or quantities derived thereof, [Eq. (1)], it is dable to
anomaly and disturbance, geoid and reference eitips geal with ananomalous density distribution and the
etc. (e.g., Kellogg, 1929; MacMillan, 1930; Heiskan gisturbing potential (or quantities derived thereof). The
and Moritz, 1967; Bomford, 1971; Vaek and advantage of such an approach dwells in working wit

Krakiwsky, 1986; Blakely, 1995; Torge, 2001). small (anomalous) quantities and committing lessrer
when applying certain approximations such as the
DIRECT PROBLEM spherical or planar approximation, or neglecting th

) S o deflections of the vertical. The inverse problem te
Having a mass density distributign known inside  formulated using anomalous quantities by means of
a body, such as the earth, the actual gravitationalecomposing the density distribution into refereand
potential V' (both internal and external), or quantitiesanomalous componentg = p. +Jdo and the actual
derived thereof (by applying a differential operaid ),  potential into normal and disturbing potentials.isTh
are uniguely determined by the Newton's volumeinevitably leads to treating the potential of topaghic

integral over the density distribution masses separately implying the introduction of
topographic corrections to anomalous gravity d&ta.

D{V(P)}:G”j p(Q)D{L-l(P,Q)}dﬂ , (1) decades the so called ‘Bouguer gravity anomaly’ has
been used in the gravimetric inversion. Several

earth

investigators have been indicating (for a review sgy.,

with an integral kernelk (P,Q) = D{Lfl(P Q)}, where Vajda et al., 2006a) that this quantity deviates
i L ’ L ) systematically from that advocated to be more ateur
G is the gravitational constant,™ is the reciprocal by the so called ‘geophysical indirect effect (fits

Euclidean distance between the evaluation péinand  definition and evaluation see ibid). Recently Vagdaal.
the (dummy) integration pointQ, and d is (2006a) have rigorously rederived the formulatibthe
infinitesimal volume increment. The task of compgti inverse problem in terms of anomalous gravity
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guantities. They show that the decomposition of th¢he vertical derivative of the reciprocal Euclidean

actual potential results in

T(P)-v= (P)=0ov(P). e

where the left hand side represent the topograjhica
corrected disturbing potential, whilE is the disturbing
potential, VE" is the gravitational potential of the

“topography”, i.e., the potential of the referertmnsity

distance, which requires the global knowledge @& th
topographic surface in terms of ellipsoidal (ge@jet
heights. The right hand side of Eq. (5) is a furdi of
the unknown and sought anomalous density distobuti
mediated via a Newton volume integral with the
kernel. Now the task is: Given the known (compiled
from observed datafppographically corrected gravity
disturbances (given on or above the topographic
surface), determine thanomalous density distribution

distribution between the reference ellipsoid ane thinside the earth, i.e., below the topographic sgrfdhe

surface of the earth, and where on the right hadel\se
have the gravitational potential of thanomalous
density distribution contained inside the whole earth,
i.e., below the topographic surface. Equation (&) i

strategies for solving such an inverse problem tal
discussed in the next section.

TECHNIQUESFOR SOLVING INVERSE

fundamental in formulating the inverse problem byPROBLEM

means of anomalous density distribution. Howeuee, t
disturbing potential is not observable. By applysugh
differential operators, that lead to observablentjtias
defined based on disturbing potential, to Eq. (2)

D{T(P)}- D{v = (P)} = D{ov (P)} 3)

The attempt to solve the inverse problem is in
gravimetry called alsgravity data interpretation. The
reason is that we try either to determine the dgnsi
distribution, or to estimate some of its parametéise
techniques for solving the inverse problem can be
divided into three categories (e.g., Parker, 197&nke,
1984; Blakely, 1995):

we can formulate the inverse problem in observable

gravity data. For instance by choosing the opeitatde
the vertical derivative with respect to the geateti

height (with respect to the inward normal to the

reference ellipsoid), D =-9/doh, we arrive at the

Forward modeling — A starting model of the density
distribution is constructed based either on avéglab
geologic, geophysical and/or other independent
information, or on the intuition of the interpretérhe

formulation of the inverse problem by means of thedirect problem is solved and the computed (model,

gravity disturbance (ibid)
(4)

The left hand side represents thepographically
corrected gravity disturbance, where &y is the gravity

synthetic) gravity data are compared to the obskrve
ones. Based on the mismatch the model is modified
(tuned) and the procedure is repeated until afaatisy
match is reached. The modification of the model imay
manual, automatic, or semiautomatic.

Although this method is used routinely worldwide,

disturbance.a™" is the attraction of topographic massesihere s room for further research and development.

being defined with the reference ellipsoid as theer
boundary and with reference density distributiohjlev
on the right hand side we have tlatraction of
anomalous density distribution below the topographic
surface, da. Rewritten explicitly in terms of Newton
volume integrals, Eq. (4) reads

9(P) - ¥(P) ~G|[[ P(QI(P.Q)d? =

topo

=GJ[[ (QI(P.Q)d¥ -

earth

®)

The left hand side of Eq. (5) can be compiled frongeneral (Vajda et al.,

observed data. It only requires the measuremettieof
actual gravity g at the observation pointP, the

evaluation of normal gravityy at P using analytical

formulae (e.g., Somigliana, 1929; Heiskanen ancg
Moritz, 1967; Vajda and Panisova, 2005), and th%
numerical evaluation of the topographic correction“

given by the Newton volume integral over the refiese
density distribution (which
globally constant density), enclosed by the refeeen
ellipsoid and the earth surface, with tdekernel being
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is typically chosen as

Developments in Slovakia take place in (A) imprayvin
or inventing the analytical formulae for computitite
gravity for certain classes of models or bodieg.(e.
Pohanka, [1]), (B) designing forward modeling
software, especially 3D suites, such as ‘Mod3D’
developed by Igor Cerovsky [2], (C) integrating the
gravity data with additional geophysical, geologic
and/or other information in the process of modeling
e.g., research carried out by Miroslav Bielik arzhal
Dérerova (Bielik et al., 2002; 2005; Zeyen et 2002;
Dérerova et al., 2005a; 2005b), (D) defining prared
for compiling more accurate input gravity data the
forward modeling in particular, and for the inversiin
2006a; 2006b; Vajda and
Panisova, 2005; 2006).

Inverson — The Newton volume integral over the
ensity distribution is parameterized, which regsir
implifying assumptions, and the parameters are
omputed directly from observed data. This probiem
near in density and non-linear in the geometrythaf
model. To handle the ill condition of the problem,
additional constraints may be adopted, such as & mo
compact source requirement (e.g., Last and Kubik,
1983; Cerovsky, 2005).
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There is still a lot of room for further research i integral transforms with specific kernels and oneef

this area. As examples of the theoretical develapsne parameter,
taking place in Slovakia we would like to mentidret

and producing animated sequences of
filtered data in which dynamic patterns are obstaed

work carried out by Igor Cerovsky (2005), and aidentified [5]. Research is in progress to estabtise
methodology, called the ‘*harmonic inversion method’ association between the TFM patterns and the geolog
under development at the Department of Gravimetrgources.

and Geodynamics [3] of the Geophysical Institutg [4
Slovak Academy of Sciences by Vladimir Pohanka (cf.

A special case of inversion is estimating a

[1D). particular parameter, such as the depth to a saurte
a set of certain sources, two techniques being
Western Carpathians, profil V recognized in the practice, namely thaler andWerner
jw L Delneelmy e deconvolutions (e.g. Blakely, 1995). In Slovakia
120 . - ; ) research is carried out in developing the decoriaiu
E (@) methods by Roman PaSteka (PaSteka and Richter,
E’é 100 e S 2005).
é = The interpretation (solution of the inverse problem
B is inherently non-unique, but one or several adivliss
s realistic solutions, or classes of solutions maydasnd.
L~ It is very important to employ all available indepent
5 information in the interpretive process, such as th
5 knowledge of the geologic and tectonic settingsraai
i reflection and/or refraction surveys, previous ptisd
g -40 : field studies, heat flow, boreholes in the aree, et
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Fig. 1. Integrated modeling of gravity data.

Data enhancement and pattern recognition — Observed Fig. 2. Forward modeling by means of the 3D modglin
gravity data are filtered, transformed, or otheewis software IGMAS, using constraints, of graylty dafa South
processed in order to amplify certain features,ctvhi America’s Andes cross-section.

then may be recognized as signatures of certaimikno

geological sources or their elements. Intuition andEASUREMENTS

experience of the interpreter enter the process of

interpretation. The association between geological Grav_lty measurements can be d|V|c_ied ialbsol ute
sources and the ‘patterns’ must be establishedrfy and relative. Absolute gravimeters, typically based on

means of synthetic modeling and case studies. the free-fall principle, measure the value .Of ghavi
Currently the best achievable accuracy in absolute

The door is wide open for further research in thigdravity is indoors 2u Gal (1 Gal =10°ms™), by e.g.
area. As an example of such developments in Slavakihe FG5 gravimeter [6], and 10Gal in the field, by
we would like to mention the development of the sq g, the A10 gravimeter [6]. Relative gravimeters,
called ‘Truncation Filtering Methodology’ (TFM) by typically based on elasticity principles, measuhe t
Peter Vajda and Jaroslava Panisova. The TFM s g@fference of gravity between two stations. Curketite
novice technique (Vajda, 1995; Vajda and \eRi pest achievable accuracy in relative gravity isol t
1997; 1999) based on transforming gravity datagusing uGal, by eg. the CG5 gravimeter [7]. Gravity
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observations can be performed on land (terrestridhese transects was performed (Bielik et al., 2005b
surveys), on sea surface or at sea bottom (shipebor Dérerova et al., 2005b; [13]). Figure 2 shows dyavi
marine surveys), the meter can be carried onboard data interpretation performed by Zuzana TaSarova
helicopter or a plane (air-borne surveys), takintpi (2004), using additional constraining informatidor, a
account on-flight accelerations. Gravity can becross-section in the Andes, by means of the IGMBS 3
compiled also by means of observations to/by s@&ell modeling software.

(satellite missions). earth’s gravitational fielénc be

determined by analyzing the orbits of earth-orhitin In the area ofdirect inversion the ‘harmonic
satellites. The determination of the geoid on deps inversion method’ (Pohanka, [1]) was applied to the
measurements of the distance from a satellitedcsda gravity data of Eastern Slovakia, cf. Fig. 3 tot tése
surface is known assatellite altimetry [8]. New  merits of the method.

generation of low-orbiting satellites, equipped hwit
highly precise inter-satellite and accelerometry-
instrumentation observes the earth gravitationaldfi
and its temporal variability at high resolution. 9giions
CHAMP [9] and GRACE [10] collect and process
precise orbits and produce precise monthly globg
gravity field solutions, thus enabling the study of
temporal global gravity field changes. The upcoming
European mission, GOCE (ESA, [11]), equipped in
addition with a gradiometer, is expected to achiane
accuracy of 1 to 2 cm in the geoid determinatioth i
resolution of 100 km.

1660

1480

density model x= 20.0km

2280 il ‘

0 Fig. 4. Interpretation of the Kolarovo gravity highing the
‘TFM’ methodology.

H
\

In the area ofpattern recognition the TFM
methodology was applied to interpret the Kolarovo
gravity high in southern Slovakia (Vajda et al. 02}
cf. Fig. 4.

3480
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Fig. 3. Interpretation of gravity data of Eastetav@kia using —
the ‘harmonic inversion method'.

APPLICATIONS

00,
136

In this section we will show a few examples of how izs
achievements of theoretical developments in tHd fi¢

gravimetric inversion can be applied in practice,

13 .
focusing on research carried out in Slovakia. b
In the area oforward modeling we show in Fig. 1 Fig. 5. Interpretation of temporal gravity changéthe
an example of interpreting the gravity data in the Mayon volcano, Philippines, using the ‘TFM".

‘Pancardi’ region (Pannonian Basin, Carpathians,

Dinarides) within the frame of the EUROPROBE's  The observed temporal changes of gravity may be
Pancardi project [12], in order to study the lithbsre  used for studying magmatic and volcanic procesbes,
and asthenosphere by integrated modeling. In tiradr subject belonging to the area of geodynamics. Activ
of the multilateral project CELEBRATION 2000 Volcanoes still pose a threat to human lives. Mwinig
(Central European Lithospheric Experiment Based o#he volcanic activity and prediction of eruptiortsus
Refraction), the interpretation of the seismic eros plays an important role in natural hazards studies.
sections along transects of the project CELO1, GELOStudying the temporal gravity changes together with

and CELO5 was initiated, and density modeling alongurface deformations is an integral part of voldagy
and geodynamics. The Department of Gravimetry and
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Geodynamics of the Geophysical Institute takes part Heiskanen, W.A., Moritz, H., 196 Physical geodesy.
research devoted to interpreting temporal gravity Freeman, San Francisco.

changes, with international cooperation (Vajda andellogg, O.D., 1929 Foundations of potential theory.
Brimich, 2001; Brimich et al., 2002; Vajda et al., Springer, Berlin, Heidelberg, New York.

2004a). In two case studies, on the Mayon volcand,ast B.J., and K. Kubik, 1983. Compact gravity
Philippines, cf. Fig. 5, and the Merapi volcanoyala inversion.Geophysics, 48, 713—-721.

Indonesia, an attempt was made to interpret terhpordacMillan, W.D., 1930.Theoretical Mechanics Vol. 2:
gravity changes to determine the depth to the magma The Theory of the Potential. New York,

sources triggering eruptions (Vajda et al., 2004a). McGraw-Hill (New York, Dover Publications,
1958)
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