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Preface

The 7th International Meeting on „Alpine Gravimetry“ was held in Vienna on April 11 - 12,
1996, organized by the Institute of Meteorology and Geophysics (University of Vienna). The
meeting took place in the new University Campus UZA ||,which offered quite good facilities
and a pleasant atmosphere to the participants. Scientists from 6 countries (Austria,
Czechia, Germany, Hungary, Slovakia and Slovenia) attended this meeting and contributed
to an interesting program by 25 oral presentations. Similar to former meetings the main
topics were concerned with gravity investigations especially in high mountainous areas,
theoretical and practical aspects of gravity interpretation and with instrumental problems of
absolute and relative gravimetry. Of course, the areas of interest were not restricted to the
Alps, just contrary most of the contributions dealed with investigations in quite different parts
of Europe (Bohemian Massif, Western Carpathians, Pannonian Basin, Scandinavian Cale-
donides) and even of South America (Central Andes). Maybe it is necessary to change the
workshop title of future meetings to address more property the whole field of gravimetric
research.

The meeting started with gravity field interpretation. G.Walach (MU Leoben) and H.J.Götze
(FU Berlin) acted as chairpersons of the first two sessions regarding this topic. Local prob-
lems as well as and regional aspects were discussed including geodynamics and tectonics
of crust and upper mantle in the Central Andes and in different european orogenies. At the
end of the first afternoon session P.Varga (GGKI, Sopran) presented his interesting paper
about laboratory gravimetry which was formerly scheduled at Friday afternoon and had to
be shifted due to personal reasons. The following session was dedicated to the interdisci-
plinary research of physical geodesy and geophysics. H.Lichtenegger (TU Graz) presided
over this third session dealing with the interpretation of the local geoid in Hungary and with
the projected new geoid computation in Austria including reports about preparatory activi-
ties. This „Geoid 2000“ solution and also a new Bouguer gravity map of Austria will hope-
fully be open for discussion during the next meeting. The last two sessions were guided by
H.Granser (OMV) and F.Weber (MU Leoben). They were concerned with 3-D gravity field
modeling, physical filtering, theoretical aspects of special interpretation methods, GPS
based coordinate determination in gravity surveying and instrumental problems in high pre-
cision gravimetry. The meeting was closed by a review of gravimetry in engineering and
environmental geophysics.

The present proceedings contain all manuscripts received before mid of July 1996. The
former deadline of 31 May had to be postponed on request of several authors. Fortunately
only one paper is missing. The contributions are arranged in the same order as presented
during the meeting.

Again Iwish to express my cordial gratitude
. to all participants, who contributed to a successful meeting with their presentations and
fruitful discussions,

. to the authors for preparing camera ready manuscripts,

. to the chairmen, who took care for exactly holding the program schedule and often intro-
duced valuable stimulation into the discussion,

. and last, but not least, to all colleagues having supported the organization, and to the
Central Institute of Meteorology and Geodynamics for publishing these proceedings in a
special issue of “Osterreichische Beiträge zu Meteorologie und Geophysik”.

Vienna, July 1996 Bruno Meurers
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GRAVITY FIELD AND GEOID AT THE SOUTH AMERICAN ACTIVE MARGIN
(20° to 29° 3)

Hans-Jürgen Götze and Andreas Kirchner

Institutfür Geologie, Geophysik und Geoinformatik, FU Berlin, Haus N, Malteserstraße 74-100,
D-12249 Berlin, Germany; Email: hajo@zedat.fu-berlin.de

Abstract:

Most recently the MIGRA group with participants from Chile, Argentina and Germany has
surveyed some 3.500 new gravity observations in an Andean Geotraverse covering N-Chile and
NW-Argentina between 64°-.71 °W and 20° - 29° 8. MIG RA is an international gravity research
group which was established under the umbrella of the ”Collaborative Research Center"
"Deformation Processes in the Andes" at Freie‘Universität Berlin (Germany). Oil and mining
industry gravity data were reprocessed and included into the MIG RA data base which contains
more than 15.000 gravity data at present. Due to severe logistical problems (terrain access, no
maps, no levelling lines etc.) the overall error of the calculated gravity anomalies results of
approximately 4 —5 mGal which is about 1% compared with the magnitude of ca. 450 mG_alof
the Bouguer anomaly. Under the framework of the interdisciplinary research project CINCA
(Crustal lnvestigations Off- and Onshore Nazca/Central Andes) gravity surveys of the MIGRA
group has been extended to the Pacific ocean. Insummer 1995 MIG RA took part in the ”CINCA"
offshore experiment SO - 104 of the german research Vessel "Sonne" between the latitudes 20°
S and 24° 8.

The entire data base which includes point data and 10 km * 10 km data grids of free-air-,
different types of Bouguer- and isostatic-residual anomalies are presented here in maps of the
isostatic residual field along with a preliminary interpretation by 3D density modelling.
Constraints were mainly taken from modelling results of the seismic research group (C4) of the
”Collaborative Research Center 267". In addition to this our interpretation benefits from intensive
discussions with project C1 (Structural evolution in the magmatic are).

KEY WORDS: Gravity field, geoid, tectonics, 3D modelling, offshore gravity, Central Andes.

INTRODUCTION

From 1993 to 1996 the international MIGRA group with participants from Chile, Argentina and
Germany has surveyed some 3.500. new gravity observations in an Andean geotraverse co-
vering N-Chile and NW-Argentina between 64°- 71° W and 20° - 29° S. MIGRA is a Spanish
acronym for “Mediciones lnternacionales de GRavedad en los Andes" (Götze and Schmidt,
1993). lncluding reprocessed older data of Freie Universität Berlin, South American universities,
oil and mining industry, now there is a data base of about 15.000 gravity values available, which
can be used together with other geophysical and geological information for an interdisciplinary
interpretation of the structure and evolution of the Central Andes (Götze et al. 1995; Götze and
the MIGRA group 1996). In summer 1995 MIGRA took part in the "CINCA" offshore experiment
of the german research vessel "Sonne" between the latitudes 20° S to 24° S. The offshore
gravity data are connected with the onland survey and linked to the IGSN 71 to draw a complete
gravity picture of this ocean-continent transition.
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The previous network of gravity data in the Central Andes [e.g. Dragicevic, 1970] was only
coarse-meshed and suitable for regional gravity field interpretations. In 1982, the departments
of Earth Sciences at Freie and Technische Universität Berlin launched a Research Unit entitled
”Mobility of Active Continental Margins". It was the project's intention to provide more insight
into lithospheric structures and the evolution of the Central Andes in a segment between 20°
and 26° latitude south. An interdisciplinary approach comprised a variety of geophysical,
geological, and petrological studies [Reutter et al., 1994]. Both gravity field research and
reprocessing of older data were done under this project.

This Research Unit was the "pathfinder" of a second scientific project, the ”Collaborative
Research Center 267, (SFB 267)" called “Deformation Processes in the Central Andes" which
was established at the Freie and Technische Universität Berlin, GeoForschungsZentrum
Potsdam and the University Potdam. It is financed by the Deutsche Forschungsgemeinschaft,
the Universities, and the GeoResearchCenter and concentrates interdisciplinary geoscientific
research on the Central Andes crossing the fields of geology, geophysics, geodesy, remote
sensing, mineralogy and geochemistry. Under the umbrella of this longterm project, 17 task
groups are aiming at a better understanding of the crustal processes acting at this convergent
plate margin by both laboratory and field campaigns. Among the task groups of "SFB 267" we
work towards data aquisition, processing and interdisciplinary interpretation of potential fields
including the geoid. In particular, the gravity group focuses on the following subjects: (1) con-
struction of a modern gravity data base tied to international standard networks by reprocessing
existing data and complementing them with new field surveys, and (2) interdisciplinary
interpretation of gravity. As in the case of other foreign research programs, successful work in
this difficultly accessible region is possible only through theassistance and incorporation of
South American colleagues. Toward this end, MIGRA combines and concentrates forces of
experts from both the European and South American sides.

ONSHORE FIELD WORK AND REDUCTIONS

The investigated region covers a 900 km x 1.000 km area in the central part of the Andean
orogenic system (Figure 1). The young Andean orogen between 20° - 29° S comprises different
structures which have evolved on a Precambrian-Paleozoic basement (eg. Reutter et al.,
1994). This beit of ancient rocks was also described as the border of the "Faja Eruptiva Occi-
dental". Two of our gravity surveys obtained structural information with new stations covering
the northern and southern edges of this beit, near Calama (Chile) and in the southern
Argentinean Puna respectively. The investigated area is characterized by its enormous topog-
raphy and remoteness, by its aridity, low population density and limited infrastructure. Other
difficulties Iimiting our field work were the lack of topographic maps and geodetic networks in
some regions. The spacing of stations amounts to approximately 5 km along all passable tracks
aside from some local areas with a higher station density. To complete this data base we
included gravity observations from different sources (Table 1). With the exception of some inac-
cessible regions in the "Eastern" and "Western Cordillera", the gravity coverage for the region
is fairly uniform. All measurements are tied to the IGSN71 gravity datum at base stations in
Oran/Argentina, lquique/Chile and Tucumän/Argentina (Götze et al. 1994; Götze and the
MIGRA group 1996).

The large size of the area and the severe logistical problems did not always allow us to
determine the dritt of the gravity meters by repeating the measurements at each station.
However, even when we used bad tracks, the dritt of the LaCoste & Homberg instruments
(model G) rarely exceeded 0.1 mGal per day. Only about 35% of the gravity sites could be tied
directly to benchmarks, such as levelling lines or trigonometric heights, so we used altimeters
for height determinations. To improve the quality of our barometric measurements, we
calculated time-dependent dritt corrections as it is usually done for gravity measurements, using
as many benchmarks and repeated measurements as possible.



Number Source State

873 YPFB (Santa Cruz, National Oil Company) Bolivia

462 IGM (Instituto Geogräfico Militar, La Paz) Bolivia

4100 FU Berlin/UdChile (1981 - 1985) Germany

3500 FU Berlin/UdChile (1993 - 1996) Germany

2120 CODELCO (Santiago); National Copper Mining Company; Chile
high station density

3427 ENAP (Santiago); National Oil Company; high station Chile
density

344 BGI (Bureau Gravimétrique International, Toulouse) France

311 YPF (Buenos Aires, National Oil Company) Argentina

53 Geodetic Institute, University of Buenos Aires Argentina

Table 1: Data sources of the "Central Andes" gravity data base.

Moreover, the profiles with common altimeter stations of several days were tied together in
order to eliminate systematic errors. The scales of the barometers have been calibrated on
levelling lines with an altitude difference of about 2.000 rn. Error estimations showed that even
in the worst case the accuracy was better than 20 rn, giving an error in the Bouguer anomaly of
about 4 mGal, which is less than 1% of the overall magnitude of more than 450 mGal (Figure 2).

The basis of the calculation of gravity anomaly values are the following equations:

CBA : gabs- \(h+ögtop+ ögbou complete Bouguer anomaly (1)
FA = gabs' Yh complete Free-air anomaly (2)

with:

gabs : absolute gravity at station (measured) tied to the ISGN71 datum,
yh : normal gravity at station level h; Normal Gravity Formula of 1967,
ög„.,p : true 3D topographic reduction,
ögbou : Bouguer reduction.

For the terrain correction (up to 167 km around all stations), a method including calculations of
the earth 's curvature developed for gravity investigations in the Alps was used, after adapting
it to the special situation in the Central Andes. Reduction density was 2.67 g/cm3 and a digital
terrain model (lsacks, 1988) was used to calculate true 3D terrain corrections for each gravity
station including the reprocessed gravity sites of older surveys. For different morphological units
we obtained the following typical values of topographic reduction: Longitudinal valley and Chaco
region: 0.5 - 1 mGal, Coastal, Pre- and Western Cordillera, AItiplano/Puna and Subandean Belt:
1 - 10 mGal and steep coast and Eastern Cordillera: 10 - 25 mGal.
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Figure 2: The Bouguer anomaly of the Central Andes with 10 mGal contour lines. In the offshore
area the Bouguer anomaly was replaced by Free air anomalies. We merged results of the
CINCA1995 campaign of the german research vessel SONNE with results of the onland gravity
research of MIGRA.

OFFSHORE GRAVITY AND DATA ACCURACY

Gravity data at sea were collected along continous survey lines (some 8.000 km) during the
CINCA offshore experiment SO - 104 of the german research vessel "Sonne". The average
density of observational sites amounts of about 15 observations per km. Gravity survey of cruise
SO - 104 was tied to the Chilean National Gravity network of the "Departamento Geoffsico,
Universidad de Chile, Santiago" at reference stations in Valparaiso, Antofagasta and lquique.
The dritt of the KSSS1/32 onboard gravity sensor was law and amounts to —0.048mGal/day, or
-1.44 mGanonth, respectively. The overall dritt of the gravity meter was determined to be 0.47
mGal per 92 days.

Further information about the accuracy of the offshore survey provide the so called "misties".
Misties are crossover errors if the gravity readings of two' crossing lines are compared.
Assuming that this accuracy depends mainly on the gravity sensor several methods have been
invented to minimize crossover errors (eg. Prince and Forsyth, 1984). It has also been argued
that misties are trequently caused by bad positioning (Fritsch and Roeser, 1986). Anyway,
statistical treatments ot misties at intersections of survey lines reveals the precision of the



offshore gravity measurements including auxiliary physical quantities. On the 1st leg of cruise
80-104 about 44 intersections have been obtained. Some 80 % of gravity misties were less than
1 mGal and about 80 % of the water depth misties were less than 9 rn. These data show the
high precision of both gravity and waterdepth measurements on cruise So 104/1. The 2nd leg
of the survey was characterized by a more complicated topology of crossing profiles due to the
wide angle reflection experiments which required gravity measurements at the same line for
three times. Therefore, a more sophisticated algorithm has been used to estimate crossover
errors. In total, the accuracy of the gravity survey is truly better than 1 mGal, and accuracy of
water depth determinations are better than 10 m (Fritsch, pers. comm.).

GRAVITY ANOMALIES AND GEOID

Onshore the Bouguer anomaly drops down to a regional minimum of about - 450 mGal in the
area of the recent volcanic are, related to crustal thickening by isostatic compensation. The
effect of isostatic compensation of topography was calculated assuming the model of Vening-
Meinesz with the following parameters: density contrast of the earth 's mantle and crust ARHO
=0.35 g/cm3, a normal crustal thickness of 35 km and a flexural rigidity of 10 23Nm. The gravity
effect of the isostatic compensation root was eliminated from the Bouguer gravity and the resul-
ting anomaly serves as a residual field (Fig. 3).

The most interesting features of this field (Figure 3) are:
(1) Positive values in the area of the torearc with isolated complexes parallel to the

coastline. They are regionally caused by the presence of the dense subducting plate
(gravity effect of about 50 mGal; density contrast: 0.05 g/cm3) and locally by uplifted
jurassic batholiths intruded into the "Formaciön La Negra". Most surprisingly the belt of
positive residual gravity continues north of Taltal in the shelt area offshore South
America.

(2) The NNW-SSE striking positive anomaly from Calama (CAL) by the Salar de Atacama
to southern Puna extending from the torearc region via the recent volcanic arc into the
backarc region of NW Argentina. We explain this gravity maximum by a highly meta-
morphic and high-density Paleozoic/Precambrian structure, the "Faja Eruptiva Occiden-
tal", which is oblique to the N-S orientation of the recent volcanic belt.

(3) Local minima along the recent volcanic arc point to reservoirs of partly molten material
at depths of 15 - 20 km.

(4) Minima following a line from Ollagüe (OLL) to Calama (CAL) along 69° W, are caused by
the Eocene volcanic arc with low-density volcanic material in the upper crust.

(5) Alternating gravity highs and lows in the backarc region east of 67° W are observed in
wide areas of the Argentine Puna and the Eastern Cordillera with a general NE-SW
trend. The minima point to the position of mesozoic basins which are located in the

Argentine Puna and extend northward to the territory of Bolivia. Gravity highs correlate with
outcrops of Precambrian/Paleozoic basement in the Puna and Eastern Cordillera. 3D forward
modelling of both gravity and gravity potential (geoid) can explain that most of the observed
geoid anomaly (undulation) of 50 - 60 m is caused by Andean topography and isostatic roots.
However, also density inhomogeneities in the downgoing slab and in the asthenospheric wedge
contribute to undulations of the Earth’s geoid in the Central Andes. All 3D density modelling has
been proven by the results of refraction seismics (eg. Wigger et al., 1994; Schmitz 1993, 1994).

SO MODELLING

A large scaled 3D density model was constructed to investigate the regional structure and
density distribution of the Andean lithosphere. The modelled area reaches from 12° to 35° 8 and
from 57° to 79°W comprising large parts of both the Nazca Plate in the West and the Brasilian
Shield east of the Andean orogen as a reference lithosphere. The principal parts of the model
are the downgoing Nazca Plate, Andean crust, continental lithosphere with Brasilian shield crust
and an astenospheric wedge.
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Figure 3: Residual gravity field of the Central Andes. Color shades contour gravity by 10 mGal
intervals. Gravity stations are shown and the 0 - mGal contour line“

The model resembles the new results of refraction seismics based on two WE and two NS
trending ray tracing models at 24° and 23.5° and 68° and 69° W respectively as described
above. Additionally, a balanced cross section at 21° S according to earlier refraction seismics
(Schmitz, 1994) was included. As a preliminary study the velocities of seismic models were
directly converted into densities by using eg. the Nafe & Drake relationship or similar
velocity-density relationships. lnitial.model geometry was slightly modified by the use of
interactive computer graphics to verify regional trends implied by the Bouguer gravity field and
the topography-reduced geoid. Fig. Y shows the major crustal parts of the density model at
23.5° S.

In the torearc a 10 km thick upper crust with a density of 2.85 g/cm3 tops a 20 km thick
high-density lower crust material (295-293 g/cm3), followed by parts with reduced density
(293-290 g/cm°) which are interpreted as serpentinized Pre-Andean mantle material. In the
Precordillera the upper crust thickens to about 20 km with its density decreasing to 2.77 g/cm°.
Itcan be followed to the recent arc with the same thickness and again decreasing density (2.73
g/cm°). Towards the back are the upper crust base rises to 15 km, its density increasing to
Precordilleran values. The Coastal Cordilleran high-density material can also be pursued in WE
direction with decreasing densities down to 2.86 g/cm3 and its base reaching 40 km as it passes
beneath the recent arc. There is a low-density zone of 2.70 g/cm3 underneath the volcanic chain
between 20 and 35 km depth resembling the LVZ detected by refraction seismics.
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Lower crustal bodies are modelled with a density of 2.98-3.00 g/cm3 below 40 km placing the
”gravimetric" moho to a depth of approximately 60 km according to 2D ray tracing models. A
seismically implied second low—density zone is modelled between 44 and 50 km with a density
of 2.92 g/cm‘°'.

The Brasilian shield crust consists of a 4-6 km thick sedimentary cover (2.45 g/cm3) followed by
a 2.88 g/cm3 mid crustal body and a lower crust down to 40 km with a thickness of 10—kmand
a density of 3.00 g/cm". The shield crust lies on top of the continental lithosphere modelled with
a density of 3.37 g/cm3.

The shape of the subducting Nazca Plate is inferred from results“ of Cahill, 1992 and earthquake
hypOcenters of the PISCO 94 seismic catalogue (Asch, Rudloff, Graeber, pers. comm.). For
definition of the descending angle in the torearc there are moho observations by refraction
seismics between 21° and 24° S. The transition of a 2.90 g/cm3 oceanic crust to a 3.5 g/cm"
eclogite layer on top of the downgoing slab, which starts at about 50 km and is completed at 70
km depth, is simulated by a model body with a density of 3.15 g/cm3 of oceanic crustal thickness
within this depth range. In the model we present here the subducting Nazca Plate is modelled
down to 670 km with a mean density contrast to the surrounding asthenosphere of 0.02 g/cm3.

The model also contains an asthenospheric wedge with a density of 3.36 g/cm3 filling the space
between the slab and the shield lithosphere. According to studies on Andean magmatism (Kay,
1994) and P-wave attenuation (Whitman, 1992)it reaches the crustal root beneath the recent
arc with an alongstrike change of geometry.

Measured Bouguer Anomaly\ ‚...-"‚_„_2;/_„w-v;?6’/f_/;S_>'"E:;
Calculated Gravity

. \ ‘ W„ ,. ."ffr‘-.-.*:
.-..—..:;:k_„f_.-

20°S 20°S

22°S22°S

24°S 24°S

26°S 26°S

28°S 28°S

64°W

—so —200 200

30.05.1996(UTMProjection:—69,Scale}:11857142)

Figure 5: Comparison of 3D modelling‘results with the measured gravity data base in the Central
Andes. The fit of both measured and modelled field is fairly good and reflects the coincidence
of the density model and the results of other geophysical methods.
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CONCLUSIONS

The updated gravity data base will play an important role in both local investigations of applied
geophysics and regional interdisciplinary interpretations concerning the evolution and present
state of active continental margins. Modern 3D modelling techniques of both geoid and gravity
in combination with Geoscientific Information System facilities can provide new inside into the
physical behavior of the crust-mantle system and its recent geometry. A preliminary statistical
comparison (Figure 6) of mean topography, Bouguer gravity and isostatic field is shown together
with three typical vertical cross-sections of the topography and Moho surface of the Andes, the
Alps' and the Canadian Cordillera. The gravity field seems to be a sensitive indicator which is
linked to many processes contributing to the tectonic framework of young orogenies.

MIGRA data sets are available via FTP for non commercial applications of universities and
governmental agencies. You may contact H.-J. Götze at Freie Universität Berlin (Germany)
under "hajo@zedat.fu—berlin.de" or refer to the "Gravity Research Group’s" Home page on the
WWW for further information: http://userpagefu-berlin.de/-wwwgravi.
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IN TERPRETATION OF LONG—WAVELENGTH GRAVITY AN OMALIES

MAINLY IN THE WESTERN CARPATHIANS AND PARTLY IN THE

SCANDINAVIAN CALEDONIDES AND THE EASTERN ALPS
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1 Geophysical Institute of the Slovak Academy of Sciences
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Abstract:

Summarization of the results which were obtained in frame of density modelling of the long—wavelength

gravity anomalies over the different types of continental lithosphere in Europe is presented.The Western

Carpathians, the Eastern Alps and the Scandinavian Caledonides represent continental collision regions

and the Pannonian Basin characterize extensional type of continental lithosphere. In spite of different

evolution of these European continental lithospheric parts this gravity study provides evidencefor signi-

ficant influence of the lithosphere—asthenosphereboundary upon the long—wavelengthobservedBouguer

gravity anomalies. Presented gravity models are consistent with different topography, thicknessesof sedi-

ments,crust and lower lithosphere. The results also indicate the interaction of asthenospheric,lithospheric

and crustal processesand their mutual dependenciesduring formation of this continental collisional and

extensional regions. Moreover, the researchillustrates how is important an accuracy of determination of

Moho discontinuity for density modelling of the lithospheric cross-sections.

Introduction

The Western Carpathians, the Scandinavian Caledonides and the Eastern Alps belong

to the continental collision mountain belts. Although their evolutions and ages of collision

are different, they provide an opportunity to study not only how the European crust varies

in thickness due to passive margin development and continental collision, but also how

the lithosphere —asthenosphere boundary has been affected by these processes.

Density modelling of the present lithosphere structure uses existing gravimetric, se-

ismic, seismological, geothermal data, observed topography and bathymetry and other

geophysical and geological observations. The contribution gives a review on the study of

long—wavelegth gravity anomalies in mentioned collisional mountain belts. Some results

have represented a part of single studies. For the purpose to give an integrate view some

modified pictures are also used in this paper.

Simple models in local isostatic equilibrium show a configuration of topography, bat-

hymetry, sedimentary, crustal and lithospheric thicknesses which are consistent with ob-

served free air and Bouguer gravity anomalies. This analysis serves as a basis for refining
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the cross—sections presented in the study. The general motivation for this study is to im-

prove knowledge and understanding of continental crustal formation and evolution, with

special emphasis on modelling the gross structure of the crust and lower lithosphere.

Geology

The Eastern Alps and the Western Carpathians are included in the northern branch

of the young mountain belt stretching from the Alps to the Himalaya (Fig.l). They are

the results of Mesozoic and Cenozoic continental collision between Europe and several

continental fragments to the south, including Africa (Royden et al. 1988).

Or
m 200km M013359Foredeep 7// % InnerCarpathians

”553551 555198?"Alpine OuterCarpathian .
3333333:Interior andAlpineFlysch NeogeneVolcanrcs

Fig. 1
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The Western Carpathians

The fundamental feature of the mountains is its nappe structure (Andrusov 1968),

which was formed from Cretaceous to Miocene. On the basis its geodynamic evolution

the Western Carpathians are divided into the externides and the internides separated

by very complicated tectonic suture of the Klippen Belt. The externides are formed by

neo-Alpine accreation wedge of the fiysch nappes which overthrust Carpathian foredeep

covering flanks of the North European plate. The internides represent paleo and meso-

Alpine consolidated part of the orogene, which is in principle divided into nappes of the

fundament (Tatricum, Veporicum and Gemericum) and superficial nappes (Fatricum, Hro-

nicum and Silicicum). The internides consist of the central Western Carpathians and the

inner Western Carpathians. The fundamental driving mechanism neo—Alpine geodynamic

evolution of the Western Carpathians was retreating subduction of the fiysch basement

of the externides towards the platform margin under overriding plate of the orogene (Ro-

yden 1993, Tomek et al. 1987) and kinematic processes which led to the Oligocene—Lower

Miocene extrusion of the Western Carpathian and North Pannonian crustal fragments

from the Alpine collision zone (Ratschbacher et al. 1991a,b). Characteristical elements of

the Western Carpathians are extensive Tertiary volcanism and evolution intramountain

basins, too (Lexa et al. 1993).

The Eastern Alps

The process of the Eastern Alpine evolution can be divided into five tectonic epochs

(Dietrich et al., 1976). First tectonic subdivision of the Eastern and Southern Alps and

formation of two different rift systems were in Permo—Triassic. During Liassic to Malm

opening of the Penninic Ocean or Piemontais and separation of the Euroasian plate from

the Austroalpine —Southalpine —Adriatic plate took place. Formation of ridge—type oce-

anic crust in the Penninic ocean started from Malm to Early Cretaceous. Senomanian

to Eocene time is characterized by subduction of the Penninic oceanic lithosphere under

the Austroalpine — Southalpine — Adriatic plate. Collision of the two continental plates

and vertical uplift took place during Late Eocene to Miocene. After the end of alpine

tectonic movements were formed the inneralpine neogene basins with miocene volcanics,

interpreted as a result of alpine subduction. Young dislocations form a distinct lineament

which is still partly active today.

The Scandinavian Caledonides

The Scandinavian Caledonides (Gee et al. 1985, Hurich et al. 1989) are a classic

example of a deeply eroded, collisional orogenic belt. Early Paleozoic convergence and

collision between the Laurentian and Baltic continents produced large-scale thrusting
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of the sedimentary and crystalline rocks of the Baltic shelf and obduction of outboard

eugeoclinal and oceanic terranes. Structural and petrologic data indicate that continent-

continent collision resulted in intracontinental (A-type) subduction of the Baltic shelf

beneath Laurentia. Present erosion levels expose Caledonide mid—crustal geology. The mid-

Proterozoic crystalline basement and overlying lower Paleozoic strata have been defined

previously as autochthonous crust. The latter interpretations suggest that crystalline rocks

exposed in the windows are allochthonous.

The Caledonides generally consist of sequences of thrust sheets displaced west to east

onto the Baltic shield. The upper thrust sheets, derived from eugeoclinal and oceanic

terranes, have undergone several hundred kilometers of eastward translation. The general

structure across the belt, as currently exposed, is a transition from relatively thin foreland

thrust sheets in the east to steeply dipping complexes of infolded basement and cover in the

west. Penetrative crystalline rocks generally interpreted as Baltic basement are exposed

throughout the orogen in a series of antiformal windows.

Seismic reflection profiling in the Western Carpathians

An analysis of deep—seated structure and lithosphere of the Western Carpathians acce-

lerated mainly after for realization deep seismic reflection profiles crossing the mountain

belt. It was done in framework of the Czechoslovak project ÖESLOKORP. Majority of

the profiles of this project has so far been situated in the Western Carpathians and along

the contact of the Western Carpathians with the Bohemian Massif. Until now, data have

been obtained along more than 1000 km of profiles (Ibrmajer et al. 1994).

From geological point of view the Profile 2T and the Profile 3T are the most important.

They belong to the specially conducted transects intersecting basic geological units of

the Western Carpathians. The results proved the fundamental feature of the Western

Carpathians —its nappe structure.

Profile 2T also brought a new insight into the understanding of the history of the

Tertiary deformation processes in the Western Carpatians. The whole crust flexure of the

lower European plate can be explained as a result of subduction movements when passive

continental margin of the Krosno sea was subducted beneath the Carpathian-Pannonian

plate (Tomek et al. 1989).

Profile 3T runs from Vienna basin over the Little Carpathians to the Danube Basin.

The profile showed collisional and extensional samples like thrusts, normal and strike-slip

faults, which were active at different times. It was interpreted long-angle normal faults

beneath the Danube Basin. The thrust fault have been observed beneath 20 km of the

profile. The transtensional sinistral strike-slip fault, running along the western margin of
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the Malé Karpaty Mts., so called Zähorskjt fault is the youngest tectonic phenomenon in

this section.

Local isostatic modelling

At the beginning of this study the simple gravity models which are kept in local

isostatic equilibrium were calculated. For finding clues to the recent lithosphere structure

in European region topography, bathymetry, free-air and Bouguer anomalies were used

together. In case of the long—wavelength gravity anomalies it is useful to simplify models

into elements which represent major density contrasts. The contrasts assumed are relative

to „typical crustal” materials. Topography (—2.67 g/cm3), sea (—1.87 g/cm3), sediment

(—0.20 g/cm3), lower lithosphere (0.3 g/cm3) and asthenosphere (0.27 g/cm“°’) represent

the major anomalous bodies in the lithospheric cross-sections (Lillie et al. 1994). The

contrast for sediments is relative to upper crustal materials, while the lower lithosphere

and asthenosphere density contrast are relative to the lower crust.

On the basis of local isostatic modelling the density contrast (—0.03 g/cm3) between

asthenosphere and lower lithosphere was estimated. This density contrast due to local

isostatic equilibrium:

a) for approximately 9 km updoming of the Moho and 60 km shallowing of the lit-

hosphere —asthenosphere boundary in the Pannonian Basin region as compared to

„normal lithosphere” of the area;

b) for about 20 km thickenning of the crust and 70 km deepening of the lithosphere

beneath the Eastern Alps;

c) for about 23 km crustal thickening and almost 100 km lithosphere deepening in

the Caledonides. The values of crustal and lithosphere thicknesses quite agree with

depths of these boundaries which were determined by seismic and seismological

research (Babuéka et al. 1988, Lillie et al. 1994, Horväth 1993).

The figure 2—4 shows the contributions of the major density anomalous zones to the

long—wavelegth gravity anomalies in the Western Carpathians, Pannonian Basin, the Eas-

tern Alps and Scandinavian Caledonides. The models are in local isostatic equilibrium.

From analysis of these gravity contributions follows that total gravity anomalies can

not be explained fully without considering large relief on the lithosphere —asthenosphere

boundary. In the Western Carpathian — Pannonian Basin region, the Eastern Alps and

Scandinavian Caledonides, the present topography including bathymetry in the N orwe-

gian Sea and sedimentary thicknesses is not sufficient to compensate, isostatically the
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crust—mantle boundary. It seems to be that influence of this boundary has a large scale

range on the observed gravity anomalous field. This study is in accord with the results

which were obtained by Hoernle et al. (1995). Their research gives seismotomographic and

geochemical evidences for large—scale asthenosphere upwelling spreading from the Eastern

Atlantic region (from about 500 km) towards NE to the Western, Central and Eastern

Europe (to about 100 km and less). They also reason that asthenosphere shallowing must

be taken into account in regional geophysical and geological studies of the lithosphere

structure.
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Lithospheric cross—sections

The study and perspective of the present lithospheric structure has been done along

profiles extending perpendicularly across the Western Carpathians, the Eastern Alps and

Scandinavian Caledonides.

The Western Carpathian Profile 2T (Fig. 1) runs along the line Tworog (Poland) -

Battonya (Hungary). Its length is 500 km. The Slovak part of the profile is identical with

the seismic reflection Profile 2T. From geological point of view the profile begins in the

area of the Eastern European Platform (Poland), and towards the south east crosses the

basic units of the Western Carpathians, to end in the Neogene of the Pannonian Basin.

The cross-section of the Scandinavian Profile 2 (Fig. 5) is identical with old the Blue
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Road Geotraverse (Hirschleber et al. 1975).

The lithospheric cross—section in the Eastern Alps was constructed along line 13° E

longitude (Lillie et al. 1994).

The initial models showed that agreement between the observed and calculated gravity

anomalies was not great, and it changes along the profile. For good correlation between the

observed and calculated gravity anomalies, it was necessary to adjust the initial density

model. On the basis of study of the contributions of individual anomalous zones and the

validity of local isostatic equilibrium, it was found that the overall gravity field is most

influenced by Moho. Substantially smaller gravity contributions mark other anomalous

bodies. Therefore good correlation between observed and calculated gravity anomalies was

obtained mainly by adjusting depths of Moho boundary. In the Norwegian sea, partly, the

thicknesses of sediments were also corrected.

SCANDINAVIAN CALEDONIDES

ISOSTATIC MODEL
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The Carpathian gravity low (Fig. 6) is associated with underthrusting of the lower Euro-

pean plate under the upper the Carpathian —Pannonian plate, and its flexure as a result

of loading of the passive margin of Krosno sea (Bielik 1995). The increase of the observed

Bouguer anomaly towards the Pannonian Basin is connected with shallowing of the Moho
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boundary. In the Carpathian — Pannonian Basin both shallowing Moho and updoming

of the asthenosphere is observed. This configuration is typical for extension area. Note

that area of Moho shallowing is smaller than updoming of asthenosphere. It extends much

more outward within the European craton (Lillie et al. 1994). The Eastern Alps gravity

minimum (Fig. 7) is much broader than that observed for the Carpathians. It is connec-

ted with both the crust and lithosphere thicken beneath the highest topography of the

Eastern Alps (Lillie et al. 1994). This interpretation is similar with results obtained by

Kissling et al. (1983). The lithospheric root is nearly coincident with the crustal root, a

small offset to the south of the crustal root, perhaps indicate of southward subduction.

Note too, that without any adjustment of published thicknesses, there is close agreement

between observed and calculated gravity anomalies.

The cross—section of Profile 2 (Fig. 8) shows changes in the topography, bathymet-
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ry, thicknesses of sediments, crust and lithosphere and free-air and Bouguer anomalies

connected with the present structure of the Scandinavian Caledonides and its adjacent

areas.

The results of interpretation of gravity field suggest that in the Caledonides the Moho

depth deepens from 20—22km in the Norwegian sea eastward to the Caledonian mountain

belt (about 44—47 km). Note that the highest topography of Scandinavian Caledonides is

not characterized by any significant crustal root if taking into account the gravity effect

of the lithosphere — asthenosphere boundary. This conclusion is in accord with seismic

results (Hirschleber et al. 1975, Kvaerna 1984, Lund 1979, Luosto 1991, Vogel 1976). They

argued against older geophysical interpretations, which assumed the crustal root beneath

the Caledonides. A sharp slope of Moho deepening beneath the boundary between the

Norwegian sea and the Caledonides seems to be very real. Lithosphere thickening also

occurs eastward. But the gradient of asthenosphere dipping is striking smaller than in

case of Moho boundary.
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Study of the gravity field in different areas in Europe has shown a significant influence

of the lithosphere —asthenosphere boundary upon a gravity anomalies with long period.

In regions where relief on the lithosphere —asthenosphere boundary is not large, or where

the course is confined to narrow Zone it may be possible to ignore the resulting, low -

amplitude contribution in the modelling crustal structure. But if the lithosphere —asthe-

nosphere boundary is located in relative small depths (from about 40—50 km to 120—150

km extension regions), or asthenosphere has large vertical relief and width, or gradient of

its upwelling and/or deepping (collision and passive continental regions) is very large then

the gravity effect would be taken into account in density modelling of long—wavelength
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gravity anomalies.

The density contrast (—0.03 g/cm‘°’) was determined on the basis of models which are

kept in local isostatic equilibrium and we are aware of a imperfection of this estimation.

There is a possibility to discuss about quantitative estimation of density contrast between

lithosphere and asthenosphere. Density can be affected by many conditions —rheology or

mechanical properties of the lithosphere. But the negative density contrast is very pro-

bable. In spite of this imperfection, the determined gravity contrast is supported by other

geophysical data. The seismic and geochemical evidence for large—scale mantle upwelling

(large-scale low velocity region) beneath the Eastern Atlantic and Western and Central

Europe were published by Hoernle et al. (1995). Moreover, beneath the lower lithosphere

in the intra—Carpathian region it was found out the existence of positive residuals [i.e. the

observed arrival times minus the theoretical arrival time of P-waves (Babuéka et al. 1984,
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1994)] and thus by relatively low P—wave velocities, zones of low resistivity (Adam 1992,

Adam and Steiner 1993) and extreme of heat flow - probably characterizing partial melted

asthenosphere (Cermék and Hurtig'l979, Majcin 1993). The zones of low S and P—waves

was interpreted also along EGT geotraverse (Spakman 1986, Ansorge et al. 1992).

Moreover, this study revealed again that an accuracy of determination of Moho is the

most important boundary for density modelling. It is known very well that influence of

Moho has, in major cases, the largest gravity effect for observed Bouguer gravity anoma-

lies. The conclusions of our gravity study in the Scandinavian Caledonides supported, for

example, a decision to create CABLES project (Caledonian and Bothnian Lithosphere

Elucidated by Seismics) in Sweden, which main goal is to define the Moho boundary in

this mountain belt more precisely.
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GEOLOGICAL INTERPRETATION OF THE GRAVITY SURVEY

IN THE SOUTH MORAVIA

Jifi Sedläk

Geofyzika as.

Zusammenfassung

GEOLOGISCHE INTERPRETATION DER SCHWEREMESSUNGEN IN SÜDMÄHREN

Im Artikel liegen die ErgebnissedergeologischenInterpretationder Schweredatenaus dem südlichenTeil der
TschechischenRepublikvor. DasInteressengebietliegtanderBerühmngsliniedesBöhmischenMassivsund der
Westkarpaten.Die InterpretationdesSchwerefeldesumfasstauchzwei quantitativeSchwereschnitte,diedenBau
der Depressionenvon Nesvaöilkaund Vranovice lösen. Die ausgeprägtenLinearstrukturenRicht1mgNW-SO
entstandendurcheineErosionin densüdöstlichenAbhängendesBöhmischenMassivs.Nachherwurdensievon
einermächtigenAufschichtungautochthonenPaläogensausgefülltund spätervonjüngerenSedimentkomplexen
desMolassenzone,FlyschzoneundneogenerAusfiillung desWienerBeckensüberdeckt.

The study area is located in the southeastem portion of the Czech Republic. In terms of regional
geology it encompasses the border area of the Bohemian Massif and West Carpathians (Fig. 1). The
Bohemian Massif is in the surroundings of Brno representedby igneous rocks of the Bmo Massif and
its platform cover. Towards the sduth and southeast the massif plunges beneath the sedimentary
sequences of the Carpathian Neogene Foredeep, Carpathian flysh nappes and the Vienna Basin.
Average primary rock densities in main tectonic and regional geologic units in the area of interest are
the following:

Granitoids of the Brno Massif 2.67 gcm'3
Metabasite Zone of the Brno Massif 2.90 gem“3
Moravian Paleozoic 271 gcm'3

Boskovice Furrow 2,68 gcm'3
Flysh Nappes 245 gem“3
Neogene Deposits of the Carpathian Foredeep 2.30 gern“3
Neogene Deposits of the Vienna Basin 2.00 gem“3

The gravity map of the study area is shown on Fig. 2. During 1960’s and 1970's the discussed territory
of 4,000 sq km was covered by 16,000 data points. The Bouguer anomalies vary here from -42 mGal
in the area of the Central Moravian Depression of the Vienna Basin to +32 mGal at the Metabasite
Zone of the Brno Massif in the proximity of the city of Brno. Maximum gravity gradient of up to
150 E has been observed in Brno at the northeastem edgeof the Metabasite Zone.

The metabasites of the Brno Massif account for a positive gravity anomaly trending generally to the
north-north-east betweenHust0peöe and the western edgeof Brno. The maximum of the anomaly (+32
mGal) coincides With the area of the plunge of the massif beneath the Carpathian Foredeep. The
anomaly rapidly diminishes towards SSB and its relative amplitude in the vicinity of Hustopeöe does
not exceed +7 mGal. This configuration is brought about by increasing thickness of Carpathian
sedimentary sequences.
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The gravity effect of the Metabasite Zone corresponds with its expression in the map of magnetic
anomalies. Numerous magnetite-rich outcrops have been identified within the lirnits of Brno. The
decrease in the magnetic values towards SSB is less pronounced than that observed in the gravity map.

In addition to the density variations within the crystalline basement the gravity map reflects the
configuration of the pre-Tertiary surface as well. The Neogene fill of the Vienna Basin and of the
Carpathian F oredeep accounts for negative gravity anomalies of the northeastem trend. Perpendicular
negative anomalies extending towards NW are associated with the Nesvaöilka Depression (gravity
minimum with the axis Brno - Hodonin, relative amplitude up to -8 mGal) and the parallel to it
Vranovice Depression located further southwards. Both depressions are filled by autochthonous
Paleogene deposits marked by law densities similar to those of Neogene formations.

On account of the higher thickness (up to 1,500 m) of the sedimentary fill and due to the situation of
the depression at the northeastern edgeof the Metabasite Zone of the Bmo Massif the gravity effect of
the Nesvaöilka Depression is stronger. The position of the depression was most liker pre-deterrnined
by the structural configuration of the Precambrian basement. The southwestern edge of the depression
coincides with the northeastem limit of the Metabasite Zone in the basement.

The gravity and seismic effect of the Vranovice Depression is less distinct. This could be explained by
the presence of numerous transversal faults and by lower thickness of the Paleogene sedimentary fill
at the same time. The gravity display is also influenced by the intersection of the southeastem part of
the anomaly related to the Vranovice Depression and the anomaly of the Metabasite Zone in the
deeperbasement.

Quantitative interpretation of the gravity field has provided important information for the better
understanding of the deep structure of the study area. It has been concluded that the Metabasite Zone
in the area of the city of Brno plunges abruptly to the depth of 3 - 4 km (Dvofa'k, Rejl, Sedla'k, Valeä
1992 and Sedläk, Srämek 1995) while its width at the surface varies fiom 2.5 to 7.0 km. Further west
the basic rocks dip more gently and build the basement of the granitoids of the western part of the
Brno Massif, practically as far as the edgeof the Boskovice Furrow. In this areathe lower boundary of
basic rocks has been identified in the depth of about 6 km. The author believes that the total width of
the belt of basic rocks is in the rangeof 15 km. This includes both the steep and the gentle parts.

The author has constructed detailed gravity cross-sections A-A' and B-B' along the profiles Pohoielice
- Slavkov (Fig. 5) and Mikulov - Zdänice (Fig. 6). This area is marked by a good level of the
geological-geophysical knowledge based on abundant drilling results and seismic data. The
cross-sections display the upper limit of the Metabasite Zone below Paleozoic - Tertiary sedimentary
sequences in the depth from 1.5 - 2.7 km (A-A‘) or 5.5 - 6.6 km (B-B'). The lower boundary of
metabasites occurs in the depth of 4.5 km and 9 km respectively. The total width of the zone is 15 to
23 km. The gravity effect of deeper structural levels is considered to be of secondary importance and
has been included in the linear regional background (0.2 mGal/km). This was not taken into account
in the calculations of gravity sections. The character of the gravity curve on both cross-sections has
significantly been influenced by the presence of light autochthonous Paleogene sedimentary fill of the
Vranovice and Nesvaöilka Depressions. The cross-sections clearly substantiate the dominant position
of the Nesvaöilka Depression in the region and the importance of the tectonic configuration of the
crystalline basementfor the formation of this depression.

Both depressions have seen exploration for hydrocarbons (Adémek, Sedläk 1995). Commercial
accumulations of oil and gas have been discovered prirnarily in the central portion of the Nesvaöilka
Depression. In 1991-1994 several segments of the Nesvaöilka Depression were selected for high
resolution gravity survey with the areal density of 25 datapoints/sq km.
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GEOLOGICAL MAP Fig. 1
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Fig. 3
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Fig. 4
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GRAVITY MAP OF THE WESTERN SLOVAKIA AND ITS POSSIBLE

INTERPRETATION

Viktöria Szalaiovä1 Jaroslav Santavy?1 and Jozef Vozär 2

1 Géocomplex a.s.‚ Geologiokä 21, 822 07 BRATISLAVA, SLOVAKIA

2 Geological survey of Slovak republic, Mlynskä dolina. 1, 817 04 BRATISLAVA, SLOVAKIA

Abstract:

The aim of thispaper is short characterization of the expressive gravity anomalies in nw. part of

Panonian basin as well as in Vienna and the Danube basin. The paper contents results of

quantitative interpretation along two profiles, too. We call attention to Kolärovo anomaly problem

as well, which is the most expressive structural phenomenon in the area of interest from

demonstration intensity point of view. The total picture of the gravity field is presented by Bouguer

anomaly map, residual anomaly map and by indication map of gravity horizontal gradients.

Key words:

gravitymeasurements,gravityanomalies,Bougueranomalies,gradient,geophysicalandgeologicalinterpretations,

Danube basin

INTRODUCTION

In the area of study, great amount of the geophysical observations has been performed.

From gravity measurements and interpretations, it is necessary to mention about works, concerning

regional gravity mapping in 1 : 200 000 (Ibrmajer,l,l963) and 1 : 25 000 (collective of authors )

scales. During last years the field geophysical observations have been carried out with a target of

direct prospecting for hydrocarbons (Milméka, J.,et al 1992 - 1995). Moreover, some works have

been realized in frame of "Maps of the geophysical indications and interpretations (MGU) "

projects: MGII of Danube basin - NE (Panäöek,A.,l987), MGII of Chojnické pahorkatina downs

(Szalaiovä,V., et al.,l994) and MGII of Tribeö Mts. (Lanc,l, et al. 1995). In the northern part of

the area, the interpretation of Danube lowland has been performed within DAN'REG project,

which now terminated. In the year 1996 , the phase work "Synthesis of deep structure of the
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Western Carpathians Mts. - western Slovakia region (Szalaiovä,V.‚ and Santavy,J .,) was realized.

In this study, the basic results of gravity surveys, performed for various purposes have been

summarized. In the frame of "Bratislava - abiotic components of the environment (Hdcko,J ., et al.

1993) the detailed gravity measurements have been executed besides other geophysical

observations.

PRE-TERTIARY BASEMENT OF THE DANUBE BASIN - SLOVAK PART

The map of Pre-Tertiary basement of Danube Basin - Slovak part (fig.l), constructed in

accordance with the criteria, accepted by the participants of the DANREG, i.e. the GBA Vienna,

the MÄFI Budapest and the Dionyz Stür Institute of Geology Bratislava, displays the actual state

of knowledge on Pre-Tertiary basement. Delineated Units of the Hungarian Central Mountains are

separated in the north from the Central Western Carpathian Units by Räba - Hurbanovo fault belt.

This is a new concept to explain the function of the Räba line and the Hurbanovo fault. The units

within the Gabör'kovo depresion, which displays all the features typical for a "pull-apart" basin, are

defineated different way . Within the fiamework of this space, the low metamorphosed volcanic

and sedimentary sequences correlate well with the metamorphics of the Mihalyi phyllite formation

as well as with the Paleozoic at Graz. The metamorphics and basic to ultrabasic rocks are

considered to occur in the central part of the Gaböikovo depression and are conelable to the

problematic Penninic zone of the Western Carpathians. In the eastern part of the region, the

Southern and Northern Veporicum are defineated, with a distinct diflerenfiaüon of the two zones.

This division refers to both, the crystalline rocks and the cover sequences. The Veporicum, as an

entirety, is overlain by the Hronicurn nappe and the Mesozoic nappe, correlable to the Silicicum.

The Tahicum is, in a wider sense, divided in the map into three groups: The Male' Karpaty Mts.,

the Povaäsky Inovec Mts. and Tn'beö Mts.. The cover sequences, wich occur within the Tatricum

Unit, are defineated at the surface _as well as inferred in the underlier. There is a separater

defineated area in the region of the Povaäskjw Inovec and Tribeö, underlain mainly by Permian and

to a lesser extent by Triassic of the Hronicurn nappes (the Maluäinä formation). Of the whole

Maluäinä formation, the Permian basalts display the most distinct magnetic anomaly. Continuation

of the cover sequences of the Tatricum of Male’ Karpaty Mts. including the Vysokä nappe into the

area of Pre-Tertiary basement is found within the Vienna basin (its southeastem part only).

Contact of the Vysokä nappe with the Paleozoic of the Grauwacken-zone is tectonic (a fault).

Continuation of the "Grauwackenzone" is continuous from the Austrian territory, but wedges out

towards the northeast. The area underlain by higher nappes of the Male' Karpaty and Biele Karpaty
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MAP OF PRE-TERTIARY BASEMCENT OF THE DANUBE REGION ON THE

TERRITORY OF SLOVAK REPUBLIK

Compiled by: J.Vozär,l994

Explanations:

l. Units of the Hungarian Central Mountains - prevailingly Mesozoic

2.-3. Units in the Gaböikovo depression area

2. Undivided Paleozoic metasediments and metavolcanics - Mihalyi Formation

3. Ultrabasic rocks - ? basic metamorphic rocks correlated with the Penninic zone

4.-5. Units of the Inner and Central Western Carpathians

4. nappes of the Silicicum - prevailingly Triassic

5. nappes of the Hronicurn - prevailingly Permian: a) sediments, b) volcanics - basalts,

andesites

6.-7. Units of the Southern Veporicum

6.a. Late Paleozoic -Mesozoic envelope sequence, Revüca Gr. -Rimava and Slatvinä Frms.

correlated with Ipoly complex in Hungary

6.b. Inferred occurrences of the Southern Veporic, Early and Late Paleozoic with penetrations

of Alpine granitoids (contact thermic metamorphism)

7. Early Paleozoic, prevailingly metamorphites with local occurrences of the envelope

sequence (Late Paleozoic: Slatvinä and Rimava Frms, Mesozoic: Tuhér development)

8.-l3. Units of the Northern Veporicum and Tatricum

Northern Veporicum

8. Group of Räzdiel massif - Early Paleozoic (mestasediments, metavolcanics, mica schists,

partly volcanics of the Skycov and Slopfia Frms.), Mesozoic - prevailingly Triassic
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9.- 12. Tatricum

Group of the Tnbeö Mts.

9. Undivided Mesozoic - envelope sequence (prevailingly Triassic) of the Tribeö Mts.,

Mesozoic partial nappe units overlying it (Kriäna nappe) - a) at the surface, b) in the Pre -

tertiary basement

10. Early Paleozoic: crystalline rocks, prevailingly granitoids of the Zobor massif (Tn’beö

Mts.)

Group of the Povaisky’1 Inovec Mts.

ll. Early Paleozoic: crystalline rocks, mainly granitoids

Group of the Malé Karpaty Mts.

12. Early Paleozoic: granitoids (Bratislava and Modra massifs), metamorphites

(metasediments and metavolcanics of Pezinok - Pemek and Harmönia Frms.)

13. Envelope unit of the Malé Karpty Mts.: Devin sequence -Mesozoic, partly Permian,

Borinka sequence - Mesozoic, a) at the surface, b) in the Pre-Neogene basement

Nappe units in the basement of the Vienna basin - Slovak part

14.—15. Western Carpathian units

14. Mesozoic of the Vysokä nappe

15. Mesozoic of the Hronicurn nappes

16. Eastern Alps - Paleozoic of the Grauwacken Zone

17. Raba - Hurbanovo fault - zone

18. Significant faults, faults, strike-slip faults, inferred faults
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continues into the basement of the Vienna basin and they appear in a synthesized form in the map,

covering but a small area.

QUALITATIVE INTERPRETATION

For qualitative interpretation of the field, the Bouguer anomaly (BA) map for 2.67 kg.dm“3

density (Fig.2) has been caltulated from regional gravity mappig (] : 25 000 scale) data. These

gravity measurements have been processed in individual technical reports. These reports content

description of field works methodology, values of the measurements accuracy and short

assessment of the gravity anomalies. The list of individual stages of the regional gravity mapping in

1 : 25 000 scales is presented in the report of Szalaiovä,V., and Santavy'gl, 1996.

Besides Bouguer anomaly map following derived maps have been calculated: residual

anomaly map for R = 4 000 m, regional map and map of horizontal gravity gradients, calculated

for R = 4 000 m by Blakely's method (see Fig.3a,b).

In Bouguer anomaly map (Fig. 2) we can distinguished several intense regional anomalies.

The possitive and negative anomalies regularly alternate. It is important to see nearly parallel

courses of main anomaly axises, the positive or negative ones.

The positive gravity anomalies represent the Tatricum rocks complexes of core mountains:

Malé Karpaty Mts., Povaäsk3'r Inovec and Tn'beö Mts.. The elevation of Pre-Tertiary basement in

the Kolärovo surroundings, hidden so —called "Kolärovo anomaly" is caused by heavier rocks

(with density of 2.9 —3.0 kg.drn'3 ] probably by alkaline ultramafic rocks as amphibolities
(Bielik,M.‚ et al. 1994). Bielik (1994) performed quantitative interpretation - modelling of the

Kolärovo anomaly. This anomaly reaches the amplitude of +28 mGal in Bouguer anomaly map for

density of 2.67 kg.dm. In stripped gravity map, after removal of Tertiary complexes effect, the

amplitude increases up to +74 mGal. The correlation between gravity field amplitudes and

basement depths after drillings, is good. This correlation is locally worser in Kolärovo, Komärno

and Calovo areas due to presence of deep alkaline body. The certain role plays the elevation

presence of C and MOHO discontinuities in these places, too.

Another positive anomaly is located on the Medved’ov - Sahy axis approx. It is afiected by

filted block of Hungarian Central Mts.. This block is frequently names as Pelsö unit, which is

divided by Räba - Hurbanovo line from Tertiary fill of Danube basin. If is namer built by

Mesozoic complexes. The possitive gravity anomaly, situated to the East of Stürovo - Zefiezovce -

Levice line, is evoked by effect of the Pre-Tertiary rocks of Povazfsky'7Inovec Mts.. In the map of

Bouguer anomaly and in maps derivated, one can see sharp linear gradient of E - W direction in
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north part of this anomaly. The gradient marks "strike - slip" tectonics between Abrahäm and

Trnava towns.

The negative gravity anomalies correspond to light rock complexes of Tertiary filling of the

Danube basin, built mainly by graver - sandy and clayey sediments. Accordingly, fiom intensity

and geometry of the gravity field isolines, one can assumed thickness of the sedimentary

complexes and their areal distribution. But it is no rule. This phenomenon will be explained in

Gaböikovo anomaly case. In its surroundings, as it is clear from Bouguer anomaly map, there is

relatively positive anomaly, but from drilling results and seismic survey the Pre-Tertiary basement

is at great depths. This phenomenon should be explained by presence of the neo-volcanics into

Tertiary basin filling. This opinion confirms results of the magnetic observations (Gnojek, I.,

Putna‚L.‚ in Diuppa,P., 1993). The most expressive negative anomalies correspond with following

depressions: Blatnä, Riäfiov, Bänovce, Komjatice and Dubnica. The gravity anomaly around

Tmava town, which is a part of Blatnä depression, has regional character and its source

accordingly regional gravity map for R = 12 and 20 km, lies very deep (Planöeir,l ., in Fusän,0. et

al, 1971). The neogene depressions among core mountains and depression on e. side of Tn'beö

Mts., exhibit amplitude of -10 to -20 mGal, while in other part of the Danube basin in their

continuation to the south is -2 to -6 mGal only.

The gravity field is afl°ectes by presence of the heavy masses in basement (core). The

MOHO - discontinuity is in whole area of interest in the same depth. We can state that

morphology of the Pre-Tertiary basement geometry is very well reflexed in the gravity anomalies

picture.

The faults in filling manifest in gravity field are expressive gravity gradients and sigmoidal

bend of the isolines on greater distances. In the residual anomaly and horizontal gradients maps

(Fig.3‚ Szalaiovä,V., and fiantavy'7,J., 1996) one can see expressive demonstralion of the density

boundaries of NE - SW orientation, mainly corresponding with known tectonic lines. We can also

see a large difference of density between Komärno lifted block and Dubnica platform. The picture

around Levice town is more complicated. It is caused by neo - volcanics and mainly by decreased

thickness of the Tertiary fill.

The Vienna basin is one of the regions which is well investigated by geophysical methods,

mainly by seismic measurements. We will mention shortly about major gravity anomalies in this

area.

The most expresive gravity anomaly (fig. 4) is located in the area of Küty depresion (up to -

40.5 mGal). Its centre is in Kitty village surroundings. The depression is tectorrically bounded. In

the north, it is bounded by Hodonin - Gbely fault, which creates - together with Luiice - Brodske'

fault - the Hodom'n - Gbely horst. The depression is limited by Sväty Jän fault.
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Another expressive negative anomaly (-34. 5 mGal) - Kopöany depression is situated near

Kopöany village. We suppose its tectonic limitation, because it has in southern side the expressive

gravity gradient . In South- West part of the area, around Saétin - Strääe town, there is relatively

positive anomaly (-24 mGal). Its North limitation is nonunambiguous by Bouguer anomaly map.

This anomaly is affected by presence of the Choö unit rocks. They have higher natural density,

which is proved by results of Sa -9, 10 and 11 boreholes. The Stefanov elevation coincides with

Saétin anomaly of the gravity field which has deep base and it influences the structural form of this

area. Between Stefanov and Saätin, the tectonic contact of flysch, nappe outher and Mesozoic

nappes zones occurs. The areally large anomalies are in east and west of Smrdäky village. By

interpretation (Tomek,Ö., 1975) and drilling results, the basement is built by nappe outlier zone

there. In the Bouguer anomaly map, the crossing of several tectonic lines is evident in this area.

The region west of Osuske' village up to Saitin - Stzrääetown is characterized by gravity

gradient, which represents downthrow of the Neogene basement along tectonic lines of N - S

course to the Brezovo depression. The downthrows along these faults are synsedimentary and that

is why the thickness of the sediments on blocks of the same age could be difierent.

QUANTITATIVE INTERPRETATION

As examples of the quantitative interpretation we can show the profile which is

interpretated in the Vienna basin - the part of Chvojnickä pahorkatina downs (Fig. 5) and the

profile situated through the Tribeö Mts. (F ig.6).

The profile in the F ig.5 passes from N - W direstion via the Gbely - Hodom'n horst,

Kopöany depression and continues S - E direction towards over the klippen bett zone. Practically it

means the seismic profile 531/70, 75, which is lenghtened to borehole T -13A . We can gradually

see the gradual downthrow of the structural elements of Gbely - Hodom'n horst towards Kopöany

depression. The profile 531/75 passes by the axis of Kopöany depression and characterizes its

deeper part. In the region of Radimov it links with the profile 531/70, which continues to Stefanov

elevation and towards Kovälov depression. The surface of flysh horizont to the mentioned

elevation rises gently from depth of 1250 m on dropped block of Jänsky fault up to approximatelly

600 m in the borehole St - 205. In the section it is interpreted crossing the Farsky and Jänsky fault.

The profile in the Fig.6 passes N - S direction aproximately from Partizänske town via

Vel’ky Klii village to Lovce village. It ‚was found out by gravity regional mapping that there is

expressive positive anomaly situated (BA for density 2.67 kg.dm"3 ) with expressive gradient on

the south side of Tribeö Mts.. It is possible to interprete quantitativer this anomaly only in the case

of presence of granite rocks of big thickness resp. by thinking of heavy block under the granite.
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Because we do not have the exact information about the thickness of granites in this region there

are no information about any deep borehole, we interprete in a model the thickness of granit rock

block aproximately 2000 m with density +0.03 kg.dm'3 and it litologicaly could refer to quartz

diorite. Under the diorite we interpreted the block with density +0.22 kg.dm“3 (Santavy'1,J„Lane, J-
et 3.1.1995).It is origjn and the consistence is unknown, but it could be mice shist and amphibolite

with thickness of 2500 m. Mentioned heavy block is supposed to be under the whole Tribeö Mts.

with continuing and wedging down into Komjatice depression in the south. In the west it wedging

down into Topol’öany depression and towards the north is thickness decrease to 1500 m.

Boundary on position 40.5 km refers to Sky’1covdeep line.

CON CLUSION AND DISCUSSION

In this article we tried to characterize the main gravity anomalies of the region of

Podunajskä panva basin. In the map BA there are the mountains which are built by crystalline

complex of Tatricum and covering sequention , also as anomaly of the region of Kolérovo, which

are probable sources of ultrabasic rocks. By interpretation the modeling the results about probable

space decompose of the Kolärovo anomaly were obtained. It was found out that the anomal block

is asymetric stretched in the course of east - west direction with the top border in the depth of 5 - 6

km and the lower border in the depth of 13 km. According to Bezäk‚V.‚ et al. 1995 the Kolzirovo

anomaly is interpreted as suture of meliatikum unit used in disintegration orogene for the ascent

of anomaly masses of astenosphere. The problem of Kolärovo anomaly interpretation was

discussed by many experts and probany with knowledge increase and obtaining new exact

information we will come back to this problem.

Besides Kolärovo anomaly it is need to notice the organization of positive and negative

anomalies whith north - east direction, which is clear very well also in residual maps - the map of

horizont gravity gradients and in the map of residual anomalies. In the map BA we can also follow

probable strike slip of south block continuing of Povaäsky Inovec Mts. between Abrahäm village

and Tmava town. We think it is interesting and the new results of interpretation would bring the

modeling, on seismic profiles measured by firm MAXUS DALLAS, which were realized for the oil

- gas prospection.
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GRAVITY ANOMALIES CAUSED BY THERMOELASTIC

DEFORMATIONS IN THE VICINITY OF MAGMATIC BODIES

Ladislav Brimich and Milan Hvoédara

Geophysical Instituteof the SlovakAcademy of Sciences

Abstract:

The paperpresentstheoreticalformulaeforthecalculationofthesteady-statethermoelasticdeformation

fielddueto magmaticbodiesapproximatedby a threedimensionalprismembeddedin an elastichalf-

space.Theformulaefor thegravityanomalydueto non—uniformextensionconnectedwiththermoelastic

deformationisderivedaswell.A setoffigurespresentstheresultsofthepertinentnumericalcalculations.

Theresultshaveshownthatthemainpartofthenegativegravityanomalyisduetotheverticalelevation

(doming)ofthesurfaceabovethemagmaticbody. The free-airandBougueranomalyareoftheorderof

10“6ms”, whilethepart dueto extensionalchangesof thedensityis 3 ordersless.

Introduction

The magmatic intrusion in the Earth’s crust will cause a series of effects related to

its mass as well as to the pressurization of the chamber due to overfilling or temperature

changes. In the deformation modelling and prediction the most interesting effects are

those which in principle could be detected on the surface before the eruption, including

surface gravity changes and deformation. In consequence, the theoretical problem lies in

calculating the gravitational potential and gravity changes,and the deformation produced

on the Earth’s surface by a magmatic intrusion in the crust.

Point source allows us to make adjustments and interpret data using simple models,

although these present problems as ambiguities of the source solution (see e.g. Delaney

and McTigue, 1994). The simplest model of volcanic intrusion is the classical model Mogi

(1958);it representsa center of expansion buried at depth ( in an elastic halfspace. Pressu-

re changeswithin the magma chamber produce a deformation and gravity changes at the

surface of the Earth. The effect of layering in an elastic medium was discussedby Rundle

(1980, 1982, 1983). Gravitational effectsare not significant for surface displacements and

tilt. Rundle (1980) showed that gravitational effectsin ground deformation become signi-

ficant at wavelenghtslarger than 1000 km, but have little relevance to deformation in the

near—sourceregion. The effect of vertical structure in gravitational media was discussedby

Fernandez and Rundle (1994),who show that the deviations of displacements in a layered

medium from those in a homogeneous halfspace are more strongly affected by variations

in elastic moduli than by changes in layer referencedensities.
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In the geodynamic theory, it is well—knownthat the thermoelastic stressesplay a con-

siderable role in the stress state of the lithosphere and its dynamics, especially in locali-

ties with pronounced positive geothermal anomalies (Combs and Hadley, 1997; Teisseyre,

1986). This is what spurred Hvoédara and Rosa (1980) to carry out a theoretical analysis

of thermoelastic deformations of a homogeneoushalfspace due to a point or linear source

of heat, located at a particular depth in the halfspace. The theoretical formulae for the

gravity anomaly due to non—uniformextension connected with thermoelastic deformations

were derived by Hvo:ädaraand Brimich (1995).

In Brimich et al. (1996) the computation of simple analytical models of surface disp-

lacements and gravity changes in layered elastic-gravitational medium and in an elastic

halfspace with point source of heat is presented. The comparison of the radial and ver-

tical components of the displacement and gravity changes indicates that the horizontal

changes of these quantities are smaller for the thermoelastic model than for the elastic-

gravitational.

This paper presents an advanced analysis, extended to the case of sources of heat

uniformly distributed in a finite volume V of the halfspace, which corresponds to a model

of magmatic body.

Thermoelastic deformation of the halfspace due to a point source of heat

It is proved (Nowacki, 1962) that the static non—uniformtemperature field T(:c, y, z)

in an elastic medium corresponds to the thermoelastic displacement field u which satisfies

Lamé’s equation:

(A + ‚a)graddivu + „V2u — ygradT : O, (1)

where /\„u are the Lamé elastic parameters, 7 = (3). + 2u)aT, aT being the thermal

coefficientof the linear expansion, V2 E divgrad is the Laplace differential operator. We

can seethat the term —7gradT plays the role of a body force in the equation of the elastic

equilibrium (1). For the Carthesian components of the stress tensor J.,-jwe have Duhamel

—Neumann relations:

0'gj: (Ä®— 7T)6,'j + 2‚U‚Cij, Z,j : 1,2, 3 (2)

where@ : divu, 6,-,—being Kronecker symbol (ä.-,—: 1, i # j, (i,-,-= O). Components of the

]. [3Ug+ ÖUj] . (3)

62725 am,. an..

The temperature field is considered to be static, i.e. in homogeneousmedium it satisfies

strain tensor e,-jare defined as follows:

equation:

ÄTV2T = —8(x. y‚z)‚ (4)
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where /\Tis the heat conductivity and s(x, y, z) gives the heat production per unit volume

in the point (cc,y,z).

Heat production of point source of heat located at the point (0,0, C) satisties equation:

s(x, 31;Z) = w5(fö)5(y)5(z— C)‚ (5)

7.0is the heat power of the source (in Watt). Then the temperature due to this source is

axially symetric with respect to the z—axisand satisfiesboundary condition T(r, z) |;;=o: 0.

It is expressed by the formula:

w
4wa (R.—1— R?) . (6)T(r, z) :

where R1 = [T2+ (z — C)2]1/2,R2 = [r2+ (z + C)2]1/2,r2 = 332+ 312.The thermoelastic

displacement ”W;as the solution of Eq. (1) has the components:

(»...)T : A+ {R,-1 + R;1 — 2Cz R;3 + 4g(1 _ u)R;1(R2 + g + z)-1} ,

(...). = A {(z — GR.—1 — (z + <>Rgl — 2<<1— 2v>Rä — 2<z<z+ 01253}, (7)

where A : wy[87r).T(). + 2p)]'1 and 1/= being the Poisson ratio. The thermo-

elastic stress tensor has the components:

1

5(A+‚u)

% = — 2MA((1 + r2R1‘2)le—(1+ .2R;2>R;1_

— 2< [4z + 24— 3z<(z + <)2R52]R? + 4C(1— V)R;1le + z +<l'1}‚

U<P<P: _ 21”A{R1_1 _ R:;1 _ 29f(21/_1)Z + 2VClR53-

— 4C(1— „>R;1(R,+ z + <>-1}‚ (8>

"” = _ 2”Ai(2 - r23;2)R.* — (2— rZR;2)R;I +

+ 22<[1— 3<z+ 02351 Bag}.

a.. = _6‚.A. {(z — <)Rf — [z— <+ 6zt(z + C>Rfi Bf}.

The surface heat flow anomaly qz : ).T [all] is:
z=0Öz

_ w2{

qz_ 47rR87

where R0 = (T2+ (2)1/2.
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Thermoelastic deformation of the halfspace due to & finite volume source

of heat

According to the principle of superposition we can employ the solution for the point

source of heat such as the Green function, in order to calculate the effect due to the finite

volume source of heat, i. e. for a certain magmatic body which occupies the volume V of

the halfspace z > 0.

Let us suppose that the heat power due to the unit volume of the magmatic body is

constant in the region V and equals to fo. The temperature field outside the body is then

given by the integral:

T(:.:, 31,2 24wa ///[ [R; 1],dV’ (10)

where now

I I I 1/2
R+=[(x—x>2+(y—y>2+<z—z>2l .

I I I 1/2
...:[(.-.)2+(y_y)z+(z+z)zi ‚ in)

The calculation point P E (x,y,z), z > 0, a source location point Q 5 (:c’,y’,z’) is

now an arbitrary point inside V. Formula (10) was generalized from (6) where we put

general coordinates of a point source of heat and its heat power w : fodV’ and then we

integrated the temperature effect of all the point sources in V. In this way we can also

obtain displacements and stresses, but first it is necessary to determine the Carthesian

components of displacement (7) and stresses(8) which have been given in the „privileged”

cylindrical coordinate system. In (7) and (8) wenow replace w in the factor A by fodV' and

integrate over the volume of the sourceregion V to obtain the total effectfor displacements

and stresses. We denote the integrated values of displacements by U.;, U.„ Uz and the

interated stress tensor components by S.,-,where i,j : a:,y, z. Then we have:

U, : B///v(x _ ...!){R,-1 + 351 _ 2z'zfz,-3+ 4(1 _ „)Z'Rgl(32 + z + z')-1}dv', (12)

U, = B /// (y _ y') {R,-1 + R;1 _ 2z'zR,-3 + 4(1 _ „)z'rzgluzz + z + z')_1}dV', (13)

U— B///V( (—z z')){R;- z(+z' )B;1 —2z'(l _ 2V)Rgl _2z'z(z+z')ßg3}dl/', (14)

where we introduced the factor B : fofy[87r)\gr()\+ 2/1)]'1 instead of the factor A in

formulae (7) and (8).

For the component of stress tensor we obtain:

S“ = B ///v ”1 („fl(_w—szj + <fw£y;,—yl)z]dV’.
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/2 /2
_ y_y iii—33 /g„ZB/UVA [,L__>„wl___> dv,

_ w—w’y—V .s.,=B///VA 1(0„—0w)( 32 )dV, (15)

5„=B/// A-la.f
V

_ —1 y_yl /Syz—B///VA 0„ + dV,

S„=B///V A_1azde',

where a„, 0„ and an are given by (8).

3”dV’,

We are mainly interested in the surface values of displacements and stresses.As regards

the stress tensor we are interested in the principal stressesand the maximum shear stress.

We performed this analysis on the 2:= 0 plane where S„, S„2 and Szz are zero. According

to the tensor analysis the formulae of the principal stressesin the x, y plane are given by

the formula:
1/21 1

51,2 : '2'(Sa:x+ Syy) i 5 [(gut " Syy)2 + (2Scry)2] (16)

51 and 52 being the maximum and minimum stresses,respectively. The maximum shear

stress 7'maxis given by the difference:

T.,... = %(51_ S.) = [(S... _ .9„„)2+ (25.,)?]“? (17)
t\1>li-l

(By application of (16) to the point source of heat at :c’= 0, y’ = 0, z’ = ( we can prove,

in this simple case, that 31 : JW, 32 = a„ since coscp: :r/r and sin cp: y/r). Directions

al, 012of the principal stress are given by formulae:

(SI _ 51333)
t : —-anal 512 ,

tana2 : (SZ _ Sa:z)5127 (18)

az : 051+ 7r/2.

Thermoelastic displacements on the surface of the halfspace can be calculated by means

of simplified formulae:

+++o=++—v///;géf...2

+++//1.12532 „ ++

[U-]z_0=-4.B(1_1/) /—//Ro—dV’,
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where R0 : R1(z=o : R2lzzo : [(x — 33’)2+ (y — ;i,/’)2+ (z’)2]1/2. It is also interesting to

evaluate the associated anomaly of the heat flow which is due to the temperature field

(10). According to the expression qz : AT —Ö—— we obtain:
z z=0

g:, 2£-2///R0 —dV’. (20)

For“non—zerocomponents of the stress tensor we have:

S„|Z=O:_8B‚u{u///V %dV'+ (1— 1/)///V Ro(Rf1/+Z,)dV'-

w ..;h’ii°>izldvlv

52.1.-. : SB. ( „) <_Z„'.gidvr+ (. _ .) ///V R.(Rf+ Z,)..Vf_

_V)//v y —Ri.l()zR..(fi?)+ Z>”) (21)

S..,IZ-o—_ —8B+(1 —V)///( $ _ $),%(RO+)+Z)?,R°+ Z)dv'.

Components S„, 5„, SW are zero at z = 0. Formulae (19)—(21) require calculation of

triple integrals since dV’ : dx’dy’dz’ . If we suppose that z' 6< zi; z£ > then we can carry

out the integration with respect to z’ analytically.

By using Hook’s low we can expressthe strain components for the surface of the Earth:

1 ).
:D:I:: _Sx:c _ ___—_ S$$ S ,
€ 211 u(6Ä + 4u)( + „)

5 — —1-S )\ (S + S ) (22)1432_ 2,u yy ,a(6).+4u) mt yy >

zz : ___— S:ca: S 7

1
Sa,—y_ $$$—y

Dilatation @ : divu can be expressed:

1
: 3.7) S ' 23

In this formulae we have accounted that for the free surface of the Earth the stress tensor

components S„„ 5”, SW are zero.

In calculating the perturbation of gravity due to a heat source, there are two principal

reasons for the gravity change:
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a) The free—airvariation and Bouguer correction as the effect of vertical uplift of the

surface above the heat source. This effect can simply be calculated as:

Ö
A9TFB = [gi—0_ 27TGP0] (%)T. (24)

Ö ' . . .
where __9_0: +0.3086 ><10_7s—2is the vertical gradient of normal grawty, G =

z
6.67 x 10“111<g'1m3s“2is Newton’s gravitational constant‚ ‚00is the density and

(%)T is the z component of the displacement.

b) The change of density Poby increment ApTE due to the divergenceof thermoelastic

displacement UT:

APTE : —podivuT. (25)

The gravity change AgTE due to the thermoelastic density change Ap : —podivuT

can be expressed as [ÖQOTE/ÖZ]ZZOwhere the perturbation potential satisfies the

Poisson’s equation:

V2’QÜTE(T‘‚z) : 47erodivuT, z Z 0 (26)

and in the upper halfspace Laplace equation:

V2$0TE(T‚Z) : 0, z < 0. (27)

The divergence of the displacement components (7) is simply calculable and leads

to result:

divuT : 2A {RI—1— R;1 + 2(1— 2.)4(.« + 01253} . (28)

The potential rbTE and ÜOTE must fulfil the continuity boundary conditions at the

surface z = O:

lüTEl z=0: [$OTE]z:0‚

3 Ö[ 'ßTE] : [ %TE] (29)
32 2:0 Öz z=0

The solution of this boundary—value problem showes that:

ÖTPTE (= A = —8 G A 1 — —. 30
l .. l..-. g” “ "° ( ”Nm—cz ( )

Numerical results and discussion

Results of deformation characteristics for the surface due to a point sourceof heat are

plotted in Fig. 1. It showessurface displacements and stresses due to the point source of
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Fig. 1 Computedheatflowgzandassociatedthermoelasticdisplacementsu., uZandstresscharacteristics
a„, amp,Tmaxon thesurfaceof thehalfspacein whichthestaticpointheatsourceis located,in the
depth( = 50km, its heat poweris w = 6.6)( 108W,Laméelasticparametersof the halfspaceare
A : 7.5x 1010Pa, # : 6.075 x 1010Pa.The coefficientof linearthermalexpansionis 071: 10'6K_1,
thermalconductivity/\T: 3Wm"lK'1 (9; is in me_2, u., U. in metres,stressesin Pascals).

heat in the depth ( = 50km of the elastic halfspace which gives the maximum surface heat

flow anomaly q.|‚.=o%—42mW/m2, i. e. about 1 H.F.U. We can see that the surface of the

halfspace is swollen most in epicentre of the heat source (uz is negative). The horizontal

displacement u. is zero in the epicentre, it increases to maximum at about r % ( and then

decreasesslowly. On the surfaceof the halfspace z = 0 only 0„ and JW are non—zero,since

G.., and O'zz are zero at this free boundary according to the theory of elasticity. The JW

component is positive, i. e. the stress is expansive over the whole surface; 0„ is positive

only for r S 1.7C, then it attains small negative values, i. e. the stress is compressive for

7"2 1.7( . It can be easily shown that the stressesJW "anda,... are principal on the surface

z = 0, OW being the maximum and a.. minimum stress. The maximum shear stress is

Tmaa;: %(JW—0'„). lt attains its maximum at the circle r % ( which is the region where

circular faults can first arise.

We considered the magmatic body of a prismatic shape elongated vertically and

horizontally which allows the numerical integration to be easily programmed. For the

vertically elongated prisma of a square horizontal cross—sectionof the body we have:

(’ 6< —a/2; a/2 >, y' €< —b/2; b/2 >, z’ €< z(,zé >, where a = b : 4km, z( :

hT —c/2, zf, : hT + c/2, c = 10km. For the horizontally elongated prisma we have chosen

a = b : 8km, c = 2.5km so the volume of the prisma was the same in both cases. The

depth of the prismatic body centre was taken to be hT : 50km. We confined our calcula-

tions to determining surface deformation characteristics and associated heat flow anomaly
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only. At the same time we also performed the calculation of deformation characteristics

due to an equivalent point source of heat located in the depth ( : hT, its heat power

being w : fo V, where V : abc is the volume of the body. The result of calculation have

shown that both the pattern and values of the deformation field due to a column — like

magmatic body and to the equivalent point source of heat are very close (within accuracy

range of 10% for the depth hT : 50km). In our calculation we assumed the thermal

conductivity of the lithosphere AT to be 3Wm‘lK'l, and for the heat power fo of the

unit volume of the body we have chosen:

f0 : 42.1(2. h%)/V (31)

in order to keep the same epicentral heat flow anomaly for the equivalent point source of

heat for all prismatic models. Curves of the surface heat flow anomaly were calculated by

means of formula (20). These curves of a well-known bell-like form can be seen in Figs

2a and 3a. The maximum of qz is above the centre of body, it attains about 40me—2

so the shape of the prisma is not clearly expressed in qz curves. Here we have chosen

the following Lame’s elastic constants for our lithosphere model: /\= 7.05 x 1010Pa,

‚u = 6.075 x 1010Pa. The coefficient of linear heat expansion /\Twas assumed to be

10“6K'1. The curves of Umin Figs 2a and 3a illustrate the horizontal displacement on

the surface for the profile y = 0, i. e. 90: 0°. We have found that values of the horizontal

displacement U. = U.,;coscp+ U., sin 99[cp: arctan(y/x)] differ from those of U... less than

by 1% for all profiles cp,clearly because of square cross-sectionof the prismas. The vertical

displacement UZ is negative, so we plotted —Uz for the profile y = 0. The values of —Uz

for other profiles cpare very close to the plotted one (within an accuracy range of 10%).

The field of the stress tensor is shown by curves of Smaa:and Sm.—n(Figs 2a and 3a),

which correspond to the principal stresses 51 and 52 given in (16). The values presented

are multiplied by the factor 10”. The maximum shear stress (multiplied by the factor

1O'6) is given by the curve Tma$.The plotted curves are for the profile y = O, 99: 0°, but

these stress characteristics are almost axially symetric for our model.

We calculated the directions of principal stresses as well using (18). The direction

of S'„.„„_.Cis close to go+ 7r/2,i. e. Smax corresponds to 0„. The calculated values of JW

and a,... for the equivalent point source are very close to the values of Sma:cand Sm.-„ for

a flnite—volumemagmatic body. The stress Smax is positive (expansive) over the whole

surface and Sm.-n is positive for r 5 1.7hT. So in the epicentral region ?"£ 1.7hT we can

expect the system of tensile fractures perpendicular to direction of Sm”. According to the

fracture theory radial fractures and associated circular fractures can arise in this region.

The most critical fracture region is at 7"% hT, where Tmaxattains its maximum. Such

a system of radial and circular fractures is quite often observed in regions of recent or
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Fig. 3a

6.„„ ezzattain the maximum values in the epicentral region of the body. They are of order

10‘4 and are negligible in the horizontal distance 332 1.2hT. It is interesting that the

component em is negative in the distance :::S 1.5hT which corresponds to compression.

It is of order 10'5.

\/X10-
. .]

_ 5=8/<m
=8/<m

c= -5km
!}=50km

A-’IO"5

U]

Fig. 3a,bThe sameasF igs2a,bforthehorizontalprisma.
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Fig. 4 Computedvaluesof AgTE andAgTEB in ms“?

In Fig. 4 we have plotted two curves of gravity anomaly connected with the thermo-

elastic deformation field. We can see that AgTE is of order 10'9ms'2 (z O.1pgal), but

the free—airand Bouguer correction AgTFB is three orders greater 10'6m s"2 (0.1 miligal).

Both of them are negative, which is in agreement with intuition. It is clear, that the sum

of AgTE + AgTFB is in essenceequal to AgTFB, because the later is prevailing.

Conclusions

In this paper we present basic formulae and results of numerical calculation for simpli-

fied mathematical models of the static thermoelastic deformations (the magmatic body

is approximated by both the point source of heat and the finite volume source).

Even though the models are a considerable idealization of the real situation (since

e. g. we do not consider the gravity effect of magmatic mass transport more close to

the Surface), we have obtained useful results, which approximately agree with actual

observations in geothermaly disturbed areas, e. g. Okube and Watanabe (1989). In the

last cited paper we can find experimental data which show the vertical displacements

(doming) of about —30 cm in the epicentral area. The observed negative gravity anomaly

is about 8 x 10'7m s“2 in the neigbourhood of the magmatic body however it changes to

a positive values of about 3 x 10'7m s'2. This change from negative to positive values

can be explained by the mass density changeswhich are not considered in our paper. The
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displacement direction and their values result in a pronounced dome in the epicentral

region of the magmatic body. Horizontal displacement is directed radially away from

epicentre. The surface stresses are positive (i. e. expansive) and in the epicentral region

a: S hT they attain values of about 10‘3 of the shear modulus ‚u which is sufficient

stress to produce tensile fractures and faults. A gravity anomaly of the order of tens of

microgals connected with the thermoelastic deformation field offer a valuable tool for

understanding the geodynamic processes connected with magmatic activity at an early

stage. An additional gravity effect can be expected due to transport of magmatic material

of density different from the cruStal density (this effect is not subject of this paper).

These results are in good agreement with known patterns of the displacements, the

stresses and the fault observed in the regions of near—surfaceigneous bodies (e. g. lac-

colithes or diapires) Park (1983). In summary, our theoretical analysis suggest that the

combination of observations of surface deformations and gravity change are a powerful

tool in the study of preparattory stages before volcanic activity. The theoretical results

obtained in this paper were utilised in Majcin and Hvoädara (1995) for an approximation

of slow diapiric heating of the lithosphere.
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ÜBERSICHT DER SCHWEREMESSUNGEN

IN DER TSCHECHISCHEN REPUBLIK

Jii'i Sedläk

Geofyzika as.

Zusammenfassung

Dieser BeitragenthälteinekurzeaktuelleÜbersichtderaufdemGebietderTschechischenRepublik
durchgeführtenregionalenSchweremessungen.

Schweremessungen 1:200 000

Bis 1956 wurden Schweremessungen auf 45 000 km2 der Fläche der

ehemaligen Tschechoslowakei durchgeführt. 1957 bis 1960 wurden

auf den übrigen 83 000 km2 der Fläche Ergänzungsmessungen im

Maßstab 1:200 000 vorgenommen, und dadurch wurde das ganze

Gebiet der Tschechoslowakei mit der Durchschnittsdichte

1 Punkt/5 km2 umfaßt. Die durchschnittliche Entfernung zwischen

zwei nebeneinander liegenden Schwerepunkten betrug 2,5 km.

1961 bis 1964 wurden die Daten verarbeitet und Schwerekarten

11200 000 in Einzelblättern gedruckt. 1965 wurde schließlich

unter der Führung des wissenschaftlichen Redakteurs J. Ibrmajer

die übersichtliche gravimetrische Karte der Tschechoslowakei im

Maßstab 1:500 000 herausgegeben.

Schweremessungen 1:25 000

1965 bis 1995 wurden auf dem Gebiet der heutigen Tschechischen

Republik detaillierte Schweremessungen im Maßstab 1:25 000

durchgeführt. Die durchschnittliche Entfernung zwischen zwei

nebeneinander liegenden Punkten betrug ca. 500 m, und das

Gebiet wurde mit der Flächendichte von 4—5 Punkten/km2 umfaßt.

Bis heutzutage wurden Schweremessungen auf 75% der Fläche der

Tschechischen Republik vorgenommen (Bild 1). Die Ergebnisse der

Messungen und ihre Interpretation beinhalten 200

Etappenteilberichte. Im Laufe der Messungen wurden 250 000 neue
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genaue Schwerepunkte vermessen. Die Qualität der Schweredaten

überstieg den ursprünglichen Maßstab 1:200 000 nicht nur dank

der Dichte der Messungen, sondern vor allem dank der besseren

Geräteausstattung und der verbesserten Methodik der

Datenverarbeitung, besonders im Rahmen der topographischen

Korrekturrechnungen

Schwereuntersuchung im Maßstab 1:25 000 findet in der/ Praxis

die größte Ausnutzung bei der Erforschung der Vorkommen von

energetischen Rohstoffen (Erdöl, Erdgas, Kohle, Uran), von

Erzen, in der hydrogeologischen und ingenieurgeologischen

Erforschung und neulich auch bei der Erforschung für den Bedarf

der Kernenergetik im allgemeinen. Die Ergebnisse "der

Schweremessungen können auch auf dem Gebiet der regionalen

Planung und des Umweltschutzes verwendet werden.

Schweremessungen 1:10 000

1987 bis 1995 wurden auf die Erdöl und Erdgassuche gerichtete

detaillierte Schweremessungen im Maßstab 1:10 000 durchgeführt.

Zum großen Teil lagen sie im östlichen Teil der Tschechischen

Republik. Es handelte sich um Messungen in ausgewählten

Abschnitten des Molassenvorlandes, in der Flyschzone der

Westkarpaten und im Wiener Becken. Es wurden an die 30 000

Schwerepunkte mit der Flächendichte von 25 Punkten/km2

vermessen, so daß die durchschnittliche Entfernung zwischen

zwei nebeneinander liegenden Punkten ca. 200 m betrug.

Zukünftig geplante Aktivitäten

Verwalter der Datenbasis der Schweremessungen ist Geofyzika

a.s., mit dem Sitz in Brno. Gegenwärtig wird die elektronische

Datenverarbeitung durchgeführt mit dem Ziel, die bestehende

Schweredatenbasis im Einklang mit den internationalen

Referenzstandards IGSN 71 und WGS 84 zu gestalten. Das Endziel

der Arbeiten ist es, 1996 die neue gravimetrische Karte der

Tschechischen Republik zu erstellen und zu drucken.
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ESTIMATE OF SALT DEPOSITS IN THE ALPINE AREA
BY THE USE OF GRAVIMETRY

Alexander Radinger
Instituteof Applied Geophysics, Joanneum Research, Graz

Abstract:

Gravimetryhas alwaysbeen a substantialpartof appliedgeophysicsand is thereforeused for
explorationas well as engineeringsurveys.There are a few pointswe willthinkaboutwhichare
importantfor obtainingfielddatathatcan be usedto producea realisticmodelof the deposit.The
estimateof volume and site of a salt depositin the alpine area was used to think aboutthe
possibilitiesofgravimetryinsimilarsurveys.

Dem Prinzip der Vielfalt der Methoden und deren Vernetzung verpflichtet,zieht der anwen-
dende Geophysiker in geeigneten Fällen die Gravimetrie für prospektions- und ingenieur-
geophysikalische Fragestellungen in Betracht. Wesentliche Voraussetzung für die Anwen-
dung jeder geophysikalischen Technik, natürlichauch der Gravimetrie, ist ein Abschätzen
der Möglichkeiten entsprechend den Anforderungen eines speziellen Falles (z.B. Salz-
prospektion). Es geht also darum, nicht nur einen gangbaren Weg für Durchführung,Aus-
wertung und Interpretationgravimetrischer Messungen unter Berücksichtigung teilweise
extremer Bedingungen im inneralpinen Bereich zu finden. Auch muß primär im Zuge der
Planungsarbeiten eine realistische. Abschätzung der zu erwartenden Signalamplitude
durchgeführtwerden.
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Abb. 1:ÜbersichtslageplanmitdemUntersuchungsgebiet
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"' " " vermuteteUmgrenzungdes Salzlagers
unterQuartärbedeckung

—° — ' Profillinie

% Produktions-Sondenfeld

Abb. 3: Lageplandes Trauntaler
Salzlagers
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Als Fallstudie dient das TrauntalerSalzlager im Traun- und lschltal. Die Anforderung an die
Gravimetrie sei das Modelliereneiner vermutetenSalzlagerstätte,an Hand einer gravimetri-
schen Detailuntersuchung.Ziel muß es sein, Lage und Volumen der Lagerstättezu kennen,
um eine Kosten- Nutzenrechnungfür die Rohsolegewinnung anstellenzu können.

Für das vorliegende Prospekt und unter Berücksichtigungder im inneralpinen Bereich auf-
tretenden starken Oberflächenreliefs und inhomogenen Dichteverteilungen, kommt der
Planungsphase besondere Bedeutung zu. Es muß geklärtwerden, welche bzw. ob die vom
Auftraggeber vorgeschlagene Technik geeignet und zielführend ist. Es geht nicht darum
einer speziellen Methode die Kompetenz abzusprechen, aber es muß doch gewährleistet
sein, daß entsprechend der Zielsetzung die geeignetste Methode zum Einsatz kommtbzw.,
daß eine Kombinationverschiedener Methoden (Komplexinterpretation)angestrebtwird.

Ausgangspunkt für das Prospekt sei eine großräumige, regionale Aufnahme der Schwere
(Abb. 2). Andere Ergebnisse, wie bohrlochgeophysikalische Meßdaten stehen nur zum Teil
zur Verfügung. Aufschlußbohrungen und Produktionssonden, die im Gebiet zwischen Bad
Ischl und Lauffen niedergebracht wurden (Abb. 3), dienen als Randbedingungen für die
Modellierungdes Untergrundes.

Geologie:

Im höheren Perm wurde das sogenannte Haselgebirge mit seinen Salz- und Gipslager-
stätten in den mittlerenund östlichen Kalkalpen abgelagert. Als Haselgebirge bezeichnet
man im alpinen Salzbergbau ein sedimentär gebildetes Gemenge aus fein zertrümmertem
Ton, Anhydrit, Gips und Steinsalz als Grundmasse. Schauberger (1984) unterscheidet im
Bereich der Salzberge vom Liegenden weg

a) Rotsalzgebirge
b) Grüntongebirge
c) buntes Salztongebirge: durchschnittlich50 % Salzgehalt
d) Grausalzgebirge: durchschnittlich60 % Salzgehalt

Das Trauntaler Salzlager besteht aus buntem Salztongebirge in Wechsellagerung mit
anhydn'tischem Grausalzgebirge. In dieser Zusammensetzung ist es der Reichenhaller
Salzfazies zuzurechnen.

Imunteren Teil der Lagerstätteherrschtmeist das salzreiche Grausalzgebirge vor, was den
Laugbetrieb erheblich erleichtert. Das Liegende des Salzlagers wird von der Überschie-
bungsbahn der das Salzlager einschließenden Hallstädter Decke über das Tirolikum
(Neokom und Malmkalk) gebildet (Abb. 3). Das Gebiet um den Wolfgangsee (lschltal)
wurde von einem Zweig desTrauntalergletschersdurchflossen. Wir finden daher heute eine
zum Teil mächtige Grundmoränenbedeckeung (Sand, Ton, Kies, Schluff) von durchschnitt-
lich 50m.

Ausgehend von diesen geologischen Vorstellungen und veröffentlichtenBohrergebnissen
wirdein 2-D Modell des Untergrundeserstellt.Die Berechnung der Schwerewirkungbeliebig
geformterzweidimensionalerKörper mit polygonalem Querschnitt erfolgtbasierend auf den
Überlegungen Talwanis. '

Der Versuch eine Saizlagerstättewie die im lschltal zu modellieren,wirfteinige Fragen auf.
Ist der Dichtekontrast zwischen den salzführenden Schichten und ihrer Umgebung groß
genug, um verwertbareSignalamplitudenzu erhalten? Im Idealfallwürden wir einen Dichte-
kontrast von 0.4 - 0.5 g/cm3erwarten, der eine relativ scharf begrenzt negative Anomalie
(Abb. 5) im Bild der Bougueranomalie hervorrufenwürde.
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Abb. 5:VerlaufderBougueranomalieübereinemhomogenemSalzkörpermithohemDichtekontrast
gegenüberdem Umgebungsgestein.

Neben den schwierigen topographischen Verhältnissen im inneralpinen Bereich sind es
zwei Dinge, die die Möglichkeitender Gravimetriezur Salzprospektion beeinträchtigen.Zum
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einen die starken auch innerhalbder salzführenden Schichten auftretendenDichteinhomo-
genitäten. Im vorliegenden Fall ist das anhydritische Grausalzgebirge mit relativ geringen
Dichtewerten (ca. 2.2 g/cm3)als Liegendes des Salzlagers vom bunten Salztongebirge
überlagert, das zwar auch prospektionstechnisch interessierende Bereiche enthält, in
Bezug auf die Dichte aber wesentlichgeringere Kontrastezum Umgebungsgestein zeigt.

Zum anderen läßt der Typus des Trauntaler Salzlagers mitseinen Schmier- und Überschie-
bungshorizonten des Haselgebirges keine Vergleiche mitdem klassischen Salzstock zu, für
dessen Auffindung die Gravimetrieim besonderen in Norddeutschlandgroße Erfolge feiern
konnte (Abb. 6).
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Abb. 6:VerlaufderBougueranomalieübereinemSalzstockinNorddeutschland(Torge1989)

Abb. 7 zeigt den Verlauf der Bougueranomalie über dem Salzlager modelliertnach den
geologischen Vorstellungen aus Abb. 4.

Dolomit 2.80 - 2.90 g/cm3
Mergelkalk 2.65 - 273 g/c.m3
Gips 231 - 233 g/cm3

Ausgelaugtes (Dolomit,Gips, Ton Gebirge)
buntes Salztongebirge (Salztone, Melphyr-,Tuffiteinlagerungen)
anhydritisches‘Grausalzgebirge (2.1 - 2.4 g/cm3)

Morphologische und gesteinsphysikalische Parameter im Traun und lschltal beeinflussen
die Erfolgsaussichten gravimetrischerDetailuntersuchungenin hohem Maße. Ein gangbarer
Weg wäre daher die Kombination mit anderen geophysikalischen Methoden. Man könnte
die Gravimetrie mit großen Punktabständen anlegen, um rasch Vorinformationenzu erhal-
ten. Diese könnten dann z.B. Ausgangspunkt für die Planung von reflexionsseismischen
Profilen sein. ImLaufe des Jahres 1996 sind im Gebiet des Trauntaler Salzlagers gravime-
trische Feldmessungen geplant, die die bisherigen Überlegungen ergänzen werden.
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ModellierungentsprechendAbb.4
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'LABORATORY GRAVIMETRY

LABORATORY CALIBRATION OF GRAVIMETERS
AND PROBLEMS RELATED TO THE GRAVITATIONAL CONSTANT

Peter Varga

Geodetic and Geophysical Research Institute of the
Hungarian Academy of Sciences, Sopron, POB 5, H-9401 Hungary.

Abstract

Three severeproblemsof recentlaboratory gravimetryare described. First of all the cali-
bration of the gravimetersis discussed.On this basis a questionof non—Newtoniangravimetry
can be answered.Finally problemsrelatedto the gravitationalconstantsG are describedand a
new methodto determineits valueis proposed.

l. INTRODUCTION

Laboratory gravimetry is concerned with experiments where the experimental condi-
tions are under control, in contrast to observations where they are not. The experiments
of this type can be done in rooms, in cavities under the Earth’s surface. Instruments
can be placed into carefully controlled enclosures and left undisturbed for long periods.
Measurements which belong to the laboratory gravimetry are among others:

— observation of temporal variations of the gravity field

— determination of the gravitational constant

— determination of the absolute value of gravity

— calibration of gravimeters

— tidal gravimetry

— gravitational problems related to Earth rotation

— influenceof external forceson the gravity field (e.g. hydrogeologicaleffects;influence
of air pressure)

— gravitational effect of the liquid core

The aim of present study is to discuss a possible way to obtain accurate and reliable
calibration values for gravimeters in a laboratory.

On the basis of laboratory calibration it can be proved that the gravitational constant
obtained in a laboratory has a more realistic value than that determined by means of the
gravity field of big geologicalmasses. Another experimental and theoretical considerations
show that there is no realistic temporal variation — in geological time scale — of the
gravitational constant G. The gravitational constant was the first fundamental constant
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of physics. Nevertheless, its value is known with less accuracy. The torsion balance
used in experiments to determine the value of G may not be the best way in which this
unfavourable situation can be altered. Possibly the solution can be the use of the special
gravimeter calibration device equipped with a heavy cylindrical ring (Varga 1989, Varga
et al., 1995) with superconducting gravimeters calibrated along calibration lines where
gravity values were determined by means of absolute gravimeters.

2. LABORATORY CALIBRATION OF GRAVIMETERS

Beside the gravimeter manufacturers the first high precision laboratory absolute cal-
ibration device was prepeared by Brein (1962). We can speak about three different cali-
bration methods:

a. Parallel recording with two or more devices. In this case the gravity record of a well
calibrated gravimeter is compared with the ones to be calibrated. The calibration
obtained in this way, however, is not an absolute determination of the instrumental
scale. The accuracy obtained with this method can reach 0.1 %. To make the
calibration of this type absolute for the calibration an absolute ballistic instrument
must be used. Up to the present with the use of them an accuracy better than 0.5%
was reached (Varga & Hegymegi, 1985; Hinderer et al., 1991).

b. Vertical acceleration of the gravimeter. This method was proposed by Brein (1962),
realized by Valliant (1973), later by Van Ruymbéke (1989) and Richter (1990).
These authors used an oscillating platform and reached a relative accuracy of 0.25 %
(VanRuymbeke, 1989). _

c. Artificially induced gravity changes can be generated on different ways. Earlier it
was common practice to calibrate gravimeters by the tilt of the instruments. In
this way high quality and realistic calibration values cannot be achieved in principle
because the instrument’s system is in a deformed state during this operation. The
other possibility of the generation of gravity changesis the vertical displacement of
the gravimeters. In this way, however, only very small (N 10 ‚uGal = 100 nmsz)
gravity changes can be generated (Bonatz, 1971), the vertical gradient is very sen-
sitive to the local mass disturbances and cannot be measured directly. An other
possibility of calibration experiments of this type is: exposing the gravimeter to the
influence of a big and well defined mass (see for e.g. Groten (1970) or Goodkind
(1991)). In this way gravity variations (Ag) of the order of 100 ‚uGal can be gener-
ated. This change in gravity is sufficient for an acceptable calibration accuracy, if
no deformation occurs during the calibration process, and if both the geometry and
the masses participating in the experiment are known with very high accuracy.

A calibration device of Iatter type was proposed and designedby Varga (1989) and it
was installed in the Geodynamical Observatory Budapest in 1989—1990.

The principle of the equipment is simple: a suspended cylindrical ring with an inner
diameter somewhat bigger than the width of the instrument to be calibrated is raised and
lowered vertically and moved over the gravimeter equipped by a distant reading device
and installed on a column of suitable height.
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The advantagesof this calibration procedure are as follows:

— the homogeneity of the generated gravity field at the extrema is very high;

— the raised and lowered ring does not load the ground around the instrument;

the gravimeter remains stationary during the procedure what is a necessary condi-
tion for a small instrumental drift;

the experiment is symmetrical with respect to the gravimeter and owing to technical
reasons the gravity change brought about by the ring is greater than that caused
by another geometrically regular body.

The disadvantagesof the method are:

— this solution is immobile, it can be used only at the place where the device has been
installed;

— the device in his recent form is rather sensitive to seismic noise.

All technical problems and the results of calibrations are described in Varga et al.
(1991) and in Varga et al. (1995).

It is worth to mention that this device allows absolute calibration with an accuracy of
0.1—0.2 % and it can be used to solve different problems of gravimetry:

— to study the non—linearityof the gravimeters (Götze & Meurers, 1983; Becker 1984)
and to detect small instrumental imperfectnesses(Meurers, 1996);

— a calibration of tidal gravimeters is necessary with an accuracy of 0.1 %. This
condition is important to prove the latitude dependence of earth tidal parameters
and to discover mantle heterogeneitieson the basis of gravimetric tidal records;

— to study the dependence of the gravitational constant G on the scale of the masses
used for the determination of this fundamental constant of the nature.

The calibration device installed in the Geodynamical Observatory Budapest to gen-
erate gravity variations has a heavy stainless ring (density 8.0056 :l: 0.0060 gcm'3) the
total mass of which is 3.2 °106:l: 21 g and generatesa gravity change of :i: 56 pGal. The
first calibration of LCR gravimeter was carried out by this device in August 1991 with
an accuracy 0.2 %. Calibrations carried out later on in 1993 support this error value,
and the averageof the runs carried out with two LCR instruments of the Eötvös Loré.nd
Geophysical Institute of Hungary gave 0.1 % uncertainty.

A device similar to ours to calibrate superconducting gravimeters was completed at
ENEA Laboratories near Lago Brasimone (Italy) (Achilli et al., 1995). Because of the very
high sensitivity of the cryogenic gravimeters (of the order of 0.001 uGal) for a calibration
precision approaching 0.3 % a ring with a mass of 273 kg was needed only. The generated
artifical gravity variation was 6.7 pGal.

To perform high quality calibrations numerouserror forcesmust be investigated. These
are described in detail in Varga et al., 1995. They are among others the gravimetric effect
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of air pressure variation (here the attraction and loading effect of the atmosphere as well
as the buoyancy of the ring must be considered), the accurate position determination of
the ring (in our case it was 0.1 mm and 1 arcsec), the magnetic effect (in the case of
experiments carried out in Budapest the maximum magnetic variation of the ring was
14 ‚UT what does_not influence the LCR devices remarkably), the temporal variation of
the digital voltmeter constant used to record the gravimeter output (l % variation of this
value leads to a fictive gravity variation of the order of 0.1 ,aGal).

The gravity field exerted by the cylindrical ring can be exactly calculated along the
axis of symmetry (z = 0, y = 0) at any point P(£) with

9(5) = 27erh/Rä + (32_ €)2_ (/Rä + (21_ €)“

(1)

—\/Ri + (z2— €)?+ \/Ri + (z. — t)?)

(here ;) is the constant density of the annular mass, G is the gravitational constant, R1
and R2 are the inner and external radii, 22 and z1 denote the top and bottom of the
calibration mass.) To calculate the gravity field of the cylindrical ring outside of the axis
is also of importance: the gravity effects caused by deviations from axial symmetry must
be calculated. This can be done by the theorem of potential theory: if a body has an
axial symmetry the gravity field caused by it along this axis determines the distribution
of the gravity along any perpendicular to its directions (é.g. along a: and y) expressed
with the series of Legendre polynomials.

According the experience accumulated during the operation with the calibration device
developed by us it was concluded that the most serious error sourcesare the instrumental
drift together with the earth tidal effect and the microseismic noise.

a.) Removal of the tidal effect andthe instrumental drift.

For the Geodynamical Observatory Budapest on the basis of earth tidal observations
carried out there in 1988—92 the earth tidal parameters (amplitude ratio 6 and phase
difference h:)are known with high accuracy. A comparison campaign with the Askania
recording gravimeter of the Technical University Prague proved that the reliability of 6
factors of the Observatory for main tidal constituents is 0.1—0.2 % (Table 1).

The influence of Earth tides was removed with the use of the Cartwright—Taylor-
Edden development and with the 5 and rsvalues determined from gravity records carried
out in the Geodynamical Observatory Budapest. Of course this procedure has problems
at the 10“1 ‚uGal level needed for 0.1 per cent calibration accuracy, because the tidal
parameters are known with sufficient accuracy only for the few biggest tidal waves. The
residual of the lunisolar effect can be excluded from the observation data together with
the instrumental drift.

The accurate removal of the instrumental drift is one of the most important problems
in the laboratory calibration procedures. For this purpose a hypothesis was used: the
gravity effectof the ring on the gravimeter is the same at a given position of the ring and
the measured Ag at this point is the drift. The tidal and atmospheric effects must be
removed already before the determination of the drift curve. By repeated up and down
movements of the ring an accurate drift curve can be obtained which allows to exclude
this effect with the reliability of 0.1 pGal or even better.
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Table 1. Gravity earth tide parameters determined for the
Geodynamical Observatory Budapest (A) and results obtained

with the gravimeter of the Technical University Prague (B)

A B
Epoch 1988—1992 1988—1989

5 Is: 6 fs:
Diurnal
Waves
01 1.1515 +0.1° 1.1496 +0.1°
K1 1.1378 —0.1° 1.1362 0.0°

Semidurnal
Waves

M; 1.1813 —0.6° 1.1823 —0.8°
82 1.1764 —0.5° 1.1855 —0.5°

b.) The microseismic noise

Microseisms or seismic noiseoriginate becauseof external influencesfirst of all from the
atmosphere and the sea. These waves always exsist on seismic records but with varying
intensity (Bath, 1979; Bullen, 1979; Bernard, 1990). The nature of the microseismic waves
is not quite clear. Recent observations allow the following classification:

— short period microseisms (T < 2 s) depend on near disturbances and they decrease
significantly with distance

— T N 6 s generated by cyclohs of some hundred (up to 1000) km distance

— T = 9 — 10 s microseisms are produced by large low—pressureareas at greater
distances

— T = 17— 20 s microseisms are observed more seldom (few times per year). They
can be escribed to coastal effects.

The microseismic noise at the Geodynamical Observatory Budapest wasrecorded with
an Askania type gravimeter. It can be concluded that at this place the microseismic ac-
tivity has a seasonal amplitude variation of 5—30 uGal at period between 5 and 10 3.
What is very important for high quality laboratory gravimetric measurements: the ob-
served microseisms undergo systematic beating with periods from 1 to 4 min. This last
phenomenon is the most remarkable error source of the calibration procedure described
in this paper. The corresponding gravity variations range from 1—2uGal to 10—30 ‚uGal.
(This gravity amplitude values can be used only qualitatively because the linearity of the
used Askania gravimeter was not proved at this periods.) The influence of microseisms
can be significantly reduced by increasing the number of the observations. In this way the
microseismic noise can be reduced to 0.2 % even in the case of a single calibration proce-
dure (Table 2). Of course calibrations should be performed at times of low microseismic
noise level.
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under the surface of the Earth. This underground calibration line consists of 14 stations
with a range of 1400 :l:1 uGal. Gravity differences,separation and the elevation difference
between neighbouring stations are 100 yGal, 2—5 111and less than 2 cm, respectively.
Because the line is horizontal it was possible to measure the differences with a computer
controlled Eötvös torsion balance. The instrumental constant of the torsion balance is
obtained by the measurement of the sensor masses, the lenght of the arm of the balance
and the torsion of the wire. This means: the gravity valuesof the underground calibration
line. were determinded without the use of gravimeters. The difference of the calibration
factors obtained for the same gravimeter along the calibration line (i.e. by means of
gravitational effect of big geological masses) and by the cylindrical ring is of the order of
10“3 what means that the differencebetween the G00obtained from large-scale Airy-type
experiments and the laboratory type GO is at most 10'3.

An other problem connectedto the gravitational constant G is its temporal variation as
supposed by many authors. This follows from Dirac’s expanding Universe model proposed
in 1937 what leads to a decreasing'constant of gravitation and to the geophysical theory
of the expanding Earth. On the basis of Dirac’s theory Jordan concluded (1966) that the
Earth radius a increases with a speed da/dt = 0.5 mm -y‘1. Similar expansion value was
obtained by Egyed (1957) da/dt = 0.7mm -y'1 who supposed that originally the surface
of our planet was as big as the areas of all recent continents together. The most recent
and complete description of these theories can be found in the book of Carey (1988).

The critical review of da/dt ad consequently of dG/dt can be carried out on the basis
of the study of the influence of earth tides on the long-term variations of the angular
speed. Studies of this type are usually based on the principle of conversation of angular
momentum and it is supposed that the Earth—Moon system is isolated. For the sake of
simplicity it can be supposed that the Moon revolvesaround the Earth on a circular orbit
in the plane of the terrestrial equator. The law of conversation of the angular momentum
can be written as

Ö(Jw) 1 MM„, Ön
: __ 122_... 4

Öt 3M + Mm "" Öt ( )

In (4) M, J,w is the mass, the inertia tensor and the angular speed of the Earth,
respectively. Mm, R..., nm stands for the mass of the Moon, for the Earth—Moon distance
and for the Moons orbital speed. Kepler’s law can be written as

”?..an = 90” + Mm) (5)

Its time derivative is

Önm 2 2 ÖH... ÖG

?"":Rf'n79t—+ 3%me - 5.7

In r.h.s. of (6) it can be evidently supposed that the time derivative of the gravitational
constant is not a time dependent value (ÖG/Öt = G ) while the second term is equal to
zero. Therefore

(M+M...) +GÖ(M;;M"‘) (6)

Önm 3nm3Rm QGM+M„,_ 3n„,ÖR„„

“???—__2E Öt öt 2nmR9„ —_5Rm at (7)
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In r.h.s. of (7) 0“ is of course a constant value. Introducing Önm/Öt into the basic
equation (4):

Ö(Jw) _ _1 MM„, ÖR„, 1MM„,ÖG 1 MM,„
R.„— __ _-

" Öt +6n„,1?‚„. öt 3M+M„, m-Öt “ 2M+M„,m

(L is the tidal torque)

From astronomical data (seee.g. Zharkov et al., 1996):

d(Jw)
%—4.1 °1016N °m

dt

The total tidal torque is composed by the atmospheric (L AT), the earth (LET) and
the oceanic (LOT) tidal torques

L.,. = LAT + LET + LOT

With numerical values

LAT = +05 °1016N °m

LET = —0.5 °1016N °m

LOT = —5.0 °1016N °m

consequently in (8) it is % _>_0 what is in contradiction with Dirac’s theory on the ex-
panding Universe as well as with the theory of the expanding Earth, because an increasing
gravitational constant requires a compressing Earth.

4. THE GRAVITATIONAL CONSTANT, ITS N UMERICAL VALUE AND
ACCURACY

The value of the gravitational constant is known with less accuracy than other fun-
damental constants of physics. Authors of the best G value determinations claim to their
experimental results an accuracy of 10'4. Table 3 shows that the disagreement between
the individual results is of the order of 10”3.

More over it can be concluded that G is the least well known constant of fundamen-
tal physics (Table 4). There are several explanations why G is known with such a low
accuracy. First of all there is a ”psychological problem”: at this time there are no big
research problems in the science which would urgently need a more accurate value for the
gravitational constant. The second problem is connected with the weakness of gravita-
tional attraction in scales used in laboratories. For example: a force interaction of two
masses of 1 g at the distance of 1 cm is 10“12Newton while the pressure of the light of
the sun is 10“10Newton or the acting of forces between a proton and a neutron is 10“3
Newton. Additionally there is a metrological difficulty: G is defined by the fundamental
quantities, time, length and mass to be determined in absolute scale. This circumstance
leads of course also to experimental difficulties. The scatter of the data listed in Table



87

Table 3. Gravity constant values published after 1969 (Chen & Cook, 1993)

Authors Year G )( 10““Nm‘°'lcg’2
Rose et al. 1969 6.6699i0.0014
Facy & Poinkis 1970, 1971 6.6714i0.0006
Renner 1974 6.668i0.002
Sagitov et al. 1978 6.6745i00008
Luther&Towler ' 1982 6.6726i0.0005
De Boer 1987 6.6670:i:0.0007

6.6706i0.0028

Table 4. Relative errors of basic physics constants
(A selection based on Brbckhaus’s lexicon Naturwissenschaftenund

Technik, 1989)

Avogadros constant 5.2 10'10
Boltzman’s constant 1.2-10"4
Elementary charge 2.8-10‘6
Faraday constant 2.8-10“6
Gravitational constant* 8.5-10'4
Mass of the neutron 5.1—10'6
Planck’s constant 5.5 10'6
Rydberg’s constant 8.3-10'6
Speed of the light 4.010”6

* The error value of the gravitational constant is the value given with the
current CODATA value (Cohen & Taylor, 1986)

3 suggests that there can be a systematic error in the gravitational constant determined
by different scientists. In fact the basic idea of the measurement of G is the same in all
experiments. The hearth of them is the torsion balance which was used in the beginning
in static way and later on, after the successful attempt of Eötvös at the very end of the
last century, dynamically. It was discovered howeverby Kuroda in 1995 that the torsion
force is dependent on the frequency with which the torsion bar is oscillating. The vari-
ability of the elastic constants is particularly significant at low frequencies of oscillating
torsion balances used in laboratory experiments. According to Maddox (1995) the fre-
quency dependenceof the elastic parameters of the materials used in the torsion balances
is the main source of the systematic and big differencesbetween the different laboratory
G determinations.

In spite of the recent lack of interest to the G and the considerable experimental
difficulties it is important to try to increase the accuracy of the gravitational constant. It
seems that one way can be in this direction the use of the laboratory calibration device
developed by us. This experimental tool has a clear geometry and the used quantities
(mass of the ring, the position of it etc.) are already or can be obtained with an accuracy
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necessary to determine G with relative error of 1 part in 104 (or even a few times 105).
T0 reach this level in our knowledge about the value of the gravitational constant needs
some development of the calibration device.

The influence of microseismic noise must be reduced significantly. As it was mentioned
above the systematic beating with a period of some minutes caused by the microseisms
characterised with periods between 5 and 10 s produces gravity variation of N 10 uGal.
This influence must be reduced either with an appropriate antiseismic isolation or with a
special feed—backsystem.

If the construction of new superconducting gravimeters allows an effective way to
increase the gravity effect the reduction of the inner diameter of the ring used in the
calibration device can be possible. If the inner diameter of the ring is reduced from 30
cm to 20 or to 15 cm, the corresponding gravity effect generated by the cylindrical ring
of the mass of 3200 kg will be i89 or :t118 pGal instead of :l:56 ‚uGal.

The accurate removal of the instrumental drift (together with possible residuals of the
lunisolar and meteorological effects)are of first order importance. To carry out more accu-
rate drift determinations beside the more sophisticated measuring technics new statistical
data processing methods —like the robust estimates—are also needed.

Of course to get uncertainties of 10“4 or even better the spring gravimeters — used
earlier —must be replaced by transportable superconducting gravimeters with reduced
diameter. Such ”thin” instruments were demonstrated by the GWR company during
the XXIst Assembly of the International Union of Geodesy and Geophysics (July 1995,
Boulder, Colorado, USA). An important feature of these instruments is that their sensor
has an axial symmetry.

The superconducting gravimeters must be calibrated first along the gravity lines mea-
sured with absolute gravimeters. The accuracy of thesecalibration lines is 10“5 (Atzbacher
& Gerstenecker, 1992). Afterwards with this gravimeters the gravity effect generated by
a ring moved up and down must be measured. The gravity effect caused by the ring
is known with an accuracy of N 10'5. If the value of G is suitable the measured and
generated—calculatedgravity values must coincide. With other words by the comparison
of these two gravity values the gravity constant can be obtained.

5. CONCLUSIONS

a.) The methods of modern laboratory gravimetry — among them the device with a
heavy cylindrical ring —allows calibration accuracy of 0.1 %.

b.) At this time there is no basis to conclude that the gravitational constant determined
in a laboratory are different from those obtained with the use of gravity effect of
big geological masses.

c.) Similarly at present there is no ground to speak about temporal variation of G.

d.) There is a possibility to improve our knowledgeon the numerical value of the grav-
itational constant with the use of the calibration device equipped with an annular
mass.
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THE AUSTRIAN ABSOLUTE GRAVITY PROJECTS

D. Ruess

Federal Office of Metrologyand Surveying (BEV)

The figure of the earth is defined by the contributionof the mass and its movement, by its
attractionand its inertia.All the geodetic positioningobservations are performed in the gra-
vity field and influenced through it.Observations of geodynamic phenomena therefore have
to consider the gravityfield and itschanges.

InAustria 1986 the ballisticabsolute gravimeterJILAG-6 was purchased by seven scientific
institutes. Several projects in determiningthe absolute gravitywere initiatedsince 1987 in
cooperation withthe BEV.

Objective of absolute projects

The most importantpurposes are

. datum of the Austrian gravitybase net (ÖSGN)

. measurements in geodynamic sensitivezones

. regarding the repeatabilityof measurements

Inaddition cooperations in bilateraland internationalabsolute gravityprojectswere started.

Absolute gravity projects in Austria (Fig. 1)

. Basastations
The first 4 absolute base stations of the Austrian gravity base network (ÖSGN) were
established in 1980 and measured by the absolute gravitymeter lMGC-Italy (Marson and
Steinhauser, 1981). They were remeasured 1987/88. Further 3 base stations were
founded in Innsbruck,Klagenfurtand Vienna to stabilise the ÖSGN.

. Qbergurglllyml
1987 the station Obergurgl in the Central Alps was established. Measurements have
been repeated twice a year in spring and in autumn (Ruess, 1995). On one hand the aim
was to detect seasonal gravityeffects due to precipitations(rainfallin summer, snowfall
in winter),on the other hand the repeatabilityof gravitymeasurements could be checked.
The time serie is shown in Figure 2.

. Hochkaülalrbrathrne (HCL) Göstling - Hochkar
The HCL was established in 1982 to check the LaCoste&Romberg gravimetersin Austria
(Meurers and Ruess, 1985). The endpoints of this line were fixed 1988 by absolute
measurements. Remeasurements were realized in 1995, also the 2 intermediatepoints
were decided.

' LeoMbhücalibration line
3 stations of the local gravimeter calibration line were determined 1989/90 (Posch,
Tengg, Walach, 1989). '

. Bhinelallay
3 absolute stations were established in a project of the lnstituteof Geophysics at the
Montanistic Universityin Leoben (Posch and Walach, 1989).

. MiennaBasin
In Mannswörth one stationwas observed 1987/88 at the french of Schwechat, 6 stations
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were established 1991/92 on a profile Hirtenberg - Kaisereiche across the trench of the
Southern Vienna Basin to controlthe effects of subsettings togetherwith levellingcontrol
measurements (Ruess et al., 1993).

. Karawanken
4 new absolute stations are prepared in the Karawanken in the area of the periadriatic
Iinement.First absolute measurementsshould start in autumn 1996. The aim is to detect
geodynamic effects in combinationwithlevellingand GPS observations. Furtherabsolute
stations will be occupied in the surrounding area in the north (Klagenfurt)and in the
south (Slowenia). Also a station in a geologically stable zone (Altenburg, Bohemian
Massif)willbe measured as reference.

periode stations observations project

1987/88 7 8 ÖSGN
1987- 1 16 Obergurgl/ Tyrol

1988/95 4 6 Hochkar Calibration Line (HCL) Göstling - Hochkar

1989/90 3 4 local calibrationline Leoben - Präbichl

1988 3 3 _ Rhine Valley
1987/88 1 2 Mannswörth

1991/92 6 10 Vienna Basin

1996-98 4 0 Karawanken (periadriaticlinement)

total 29 49

international and bilateral contributions

periode stations observations country/ project

1989/94 1 ' 3 comparisons at BIPM (Sévres, France)

1990-94 6 6 Germany

1992/95 4 4 Czech Republic

1993 4 4 Slovakia

1991-95 5 5 Hungary

1994 5 5 Switzerland

1997 2 - Slowenia

1997/98 4 - UNIGRACE *)

total 25 . 27

*)UNIGRACE (unificationof gravitysystems of Central and Eastern European Countries) is
a projectthat has been derived fromthe formeractivitiesconcerning absolute gravitymeas-
urements and sea level monitoringin the frameworkof CERGOP. Absolute measurements
will be established in Germany, Austria, Bulgaria, Croatia, Czech Republik, Finland, Hun-
gary, Italy, poland, Romania, Slovakia, Slovenia using the absolute gravimeters of Ger-
many, Austria, Finland, Italy,Poland.



93

Longüude

1storderstation 3rdorderstation

@

0)'d' 48
[\
<r

epnme1

Fig. 1:Austrian gravitybase net (ÖSGN) and absolute gravitystations in Austria
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Fig. 2: Absolute gravityobserved withJILA G-6 in Obergurgl,Tyrol.
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INTERPRETATION OF LOCAL GEOID UNDULATIONS
IN THE PANNONIAN BASIN

Gabor Papp and Jänos Kalrné.r

Geodetic and GeophysicalResearchInstitute
of the HungarianAcademy of Sciences

H—9401,Sopron,Pf. 5

Abstract

Duetothehugeamountofgeologicalandgeophysicaldataconcerningthestructureofthelithosphere
in the Pannonianbasinwhichhavebeensystematizedandreleasedrecentlyin Hungarythe construc-
tion of a 3—Dvolumeelementmodelof the crustalstructureanddensitydistributionof thebasinwas
realizedin 1993—94(Kalmäret al., 1995).At thattimethemodelconsistedof onlytwomainstructural
elementsof thelithosphere:(1)theNeogene—Quaternarysedimentsand(2)theuppermantle.Basedon
thismodelthequestionofsedimentcompactionwasinvestigatedin theLittleHungarianPlainsub—basin
(N-W Hungary)in orderto interpretthe unusuallymoderateBougueranomalydepressionof thearea
contradictingto the7—8 km maximumthicknessof thesediments(PappandKalmär,1995a).Later
on thedensitymodelwassupplementedby a simplemodelof thelowercrustderivedfromdeepseismic
soundingdataandgravityinversion.Basedonthis3 elementversiona succesfullattemptwasmadeto
reconstructshortwavelengthgeoidundulationsin thePannonianbasin(PappandKalmär,1996)which
werecomparedto theundulationsof anexistinglocalgravimetricquasi-geoidsolution(Kenyeres,1993).
The firstresultsshoweddecimetreagreement(mAN= +0.08m, JAN = i0.22 m)andbythe“tuning”of
thedeterminationmethodofthe “lithosphericalgeoid”aswellasby completingthe3—Dmodelwiththe
surfacetopographytheagreementwasimprovedandthestandarddeviationofundulationdiscrepancies
wasdecreasedto :I:0.10m. Statisticalcomparisionsprovedthatthereliabilityof thelithosphericgeoid
relativetootherlocalandglobalgeoidsolutionsis thesameasthereliabilityoftwodifferentlocalgravi-
metricquasi—geoidsolutionsobtainedfromsomehundredthousandsofsurfacegravityanomalies.Sucha
resultdrewtheattentionto thephysicalinterpretationof theshortwavelength/localgeoidundulations
andspectralcomputationswerecarriedout (PappandKalmär,1995b)to demonstrate(1)howthegra-
vityfieldofthePannonianbasinmaybegeneratedbythedifferentstructuralelementsofthelithosphere
(Fig. 1)and(2)whattheirrelativecontributionis in differentwavelengthranges(Papp,1996).
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Figure1.Radialpowerspectra.oftheundulationcontributionsofdifferentstructuralelementsofthelithosphere
in thePannonianbasin,Hungary.
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Austrian Geoid 2000
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(1) FederalOffice of Metrology and Surveying,
Schiffamtsgasse1—3,A—1025Vienna, Austria

(2) Technical University Graz,
Steyrergasse30,A-8010 Graz, Austria

Abstract

By the impact of the relative GPS accuracy of 1 ppm to 0.1 ppm (for longer baselines),the
Austrian geoidwith its presentmean accuracyof about 1 ppm is no longer consideredto be
sufficientlyconsistent.For this reason,a newcomputationof the Austrian geoidwasinitiated
with the objectiveto obtaina relativeaccuracyof at least0.5ppmthroughoutthe country. The
project is denotedas Austrian Geoid 2000 to indicate that the resultingproduct is intendedto
survivethe turn of the century.

The new computation of the Austrian geoid will be performedby three approaches,(1) the
conventionalleast squarescollocationmethod, (2) the fast collocationmethod which implies
griddedinput data and a symmetricblock Toeplitz matrix for the covariancefunction, and (3)
the gravimetricsolutionby the Fast Fourier Transformbasedon eithera planar approximation
or a sphericalapproachfor the kernelfunctions.

As far as Austria is concerned,the data input consistsof a 50X 50 rn digital terrain model,
some30000gravity data, about 700deflectiémsof the vertical,and GPS derivedpoints. From
the neighboringcountries,gravity and height information is availablein differentquality and
density.

1 Least squares collocation today

Slightly morethan a quarterof a centuryago,the estimationof linearfunctionalsof the anoma-
lous potentialbasedon heterogeneousand noisygravity data, oneof the key problemsin phys-
ical geodesy,was not yet solved: The mathematicalsolution of this problem was given by
Kramp (1969) and extensivelyelaboratedby Moritz (1980) and other scientistsand is known
as “leastsquarescollocation”(LSC).

The theoreticalbeauty of LSC has one practical drawback:the processingquickly exceeds
the computationalcapacityof the computerbecausethe solutiontime increaseswith the third
powerof the size of the data set. Therefore,numerouseffortshavebeen made in tuning LSC
to managelarge data sets.

Among the variousmethods,the followingtechniqueshavebeenappliedfrequentlyand are
capableof reducingthe LSC computationaleffort:

1. The LSC patchworkmethod. The areaunder considerationis subdividedinto a number
of overlappingsubareas.For each subarea,the LSC solutionis performed. The solution
for thewholeareais obtainedby “glueing”together(in a mathematicalsense)the subarea
solutions.

ThispaperwaspresentedfirstattheXXI GeneralAssemblyofIUGGin Boulder,Colorado,July2—14,1995
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2. LSC with finite covariancefunctions. The correlationof data decreaseswith the sepa-
ration of the data points. Data with a large spatial separationare almost uncorrelated.
Therefore, using a covariancefunction with finite support produces a band-structured
covariancematrix whichsignificantlyreducesthe computationaleffortfor LSC processing
of large areas.

3. Local LSC solutions. Data interpolation and differentiationare mainly affectedby the
local data environment;the effectof remotedata is often negligible.Based on this prin-
ciple, local LSC solutionswith only a small data set can be obtainedvery eflicientlyby
updating the inversecovariancematrix and the solutionvectorwhenthe predictionpoint
is movedoverthe predictionarea.

4. Fast Fourier Transform (FFT) solution. For planar griddedhomogeneousdata setswith
homogeneousnoise and a covariancefunction dependingon the planar distance,the co-
variancematrix is a block Toeplitz matrix consistingof symmetricToeplitz blocks. This
specificsituationoffersthe transformationof the LSC solutioninto the frequencydomain
by means of the FFT algorithms,cf. Eren (1982). However,errors due to edge effects
causedby the finite grid must be carefullyconsidered.

5. Fast collocation. For homogeneousdata with homogeneousdata noiseon a geographical
grid and a covariancefunction dependingon the sphericaldistance,the covariancema-
trix, due to the convergenceof meridians,has no longer the block Toeplitz structureof
symmetricToeplitz blocks. The symmetricToeplitz structureof eachblock is preserved,
but the block Toeplitz structure is lost. This fact can be overcomeas outlined below
(Sect. 2.2).

2 The Austrian Geoid 2000

Due to the steadily increasingaccuracyrequirements,a neweflort will be made to recompute
the Austrian geoid. For reasonsof comparison,threegroupswill computeindependentlythree
differentmethods: (1)the conventionalleastsquarescollocation,(2)thefastcollocation,and (3)
a gravimetricsolutionby usingthe FFT. Somebrief explanationsof the typical characteristics
of thesemethodsare given.

2.1 Conventional least squares collocation

The main input sourcefor the geoidused so far in Austria are deflectionsof the vertical. The
new solution will use heterogeneousdata, i.e., gravity data and deflectionsof the vertical. In
addition, GPS data Will be usedto accountfor the datum problem.

Details on the solution as realizedin the GRAVSOFT programpackageare given by Tsch-
erninget al. (1992). This programusesstepwiseleastsquarescollocation.The methodrequires
data setswith knownstandarddeviationsand, in addition,isotropiccovariancefunctionsbeing
specifiedby a set of empirical anomaly degree—variances.For the input of observations,the
GRAVSOF T program packageallowspotential coefficients,mean or point gravity anomalies,
heightanomalies,deflectionsof the vertical, gravity gradients,and densitycontrasts.

2.2 Fast collocation

Among the previously describedmethods,the favoritecandidateis fast collocationbecauseit
is both extremelyefficientand providesat the sametime an exact solutionon the sphere(in
contrastto the planar FFT approach).
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The idea of fast collocationis simple: for a small areaon the sphere,a planar grid may be
used as a good approximationfor a geographicalgrid. As a consequence,the block Toeplitz
structureof the covariancematrix for the planarcasemay be usedas a good approximationfor
the non-blockToeplitz structureof the covariancematrix for the geographicalcase.

FollowingBottoni and Barzaghi (1993), the covariancematrix C may be split into

C=Ö+6C (1)

whereC representsthe block Toeplitz matrix of symmetricToeplitz blocks,and the matrix 60
accountsfor the deviationof the sphericalfromthe planar case. The diagonalelementsof each
block correspondto the covariancesbetweendata on the same meridian. Therefore, 6C has
zeroeson eachblock diagonal. The sizeof the off-diagonalelementsin each block dependson
the grid size and can reach about 10%of the diagonalelementsof C for solutionssuch as the
one consideredhere.

This small deviation suggeststhe applicationof an iterative solution with C as the zero-
order approximationof the covariancematrix. Denoting the data vectorby y and the solution
vectorby :|:,the iterative solutionis accomplishedby

an+1 = y _ 50 a:„. (2)

It is important to note that the product 6C it„ can be computedvery rapidly if advantageof
the structureof 60 is taken: by properly arrangingthe elementsof 6C in a vector,the product
6C x„ can be transformedinto a circulant convolutionof two vectorswhich can be computed
very efficientlyby the Fast Hartley Transform (FHT) by taking into accountthe convolution
theorem.

The convergencerate of Eq. (2) can be improveddramaticallyby a skillful preconditioning.
Two conflictingrequirementsmustbe fulfilledby a preconditioner:first, it shouldbe as simple
as possible,and, second,it should be as closeas possibleto the inverseof the operator. The
secondrequirementis certainly achievedby G"1 as preconditioner. Therefore, the proposed
collocationsolution for the Austrian geoid project will focus on a preconditionedconjugate
gradientmethodwith incorporatedFHT.

The proposedLSC solutionwill be supplementedby theusualdatareductiondueto residual
terrainand a high resolutiongeopotentialmodel. Gridded residualgravity data for Austria and
all neighboringcountries,at least 100km beyondthe Austrian border,Will be used.

Accordingto feasibilitystudieswhichhavebeenconductedrecently,a relativegeoidaccuracy
of about 0.2—0.3ppm may be expectedfor the entire country.

2.3 Gravimetric geoid by FFT techniques

The classicalformulato determinethe geoidfrom gravity data is the Stokesformula

N : %//, AgS(zb)dcr (3)

whereN denotesthegeoidalundulation,R is theradiusof a sphere,7 is a meanvalueof gravity,
0 indicatesthe unit sphere,Ag arethe gravityanomalies,and S(’t/))is the Stokesfunction. The
gravity anomaliesAg referto the geoid. Thus, measuredsurfacegravity data must be reduced
to thegeoidby a terrainreductionusingheightdata (digitalterrainmodel)and furtherreduced
by the globalgeopotentialmodel. The reduceddata is usedto generatethe residualpart of the
geoidby meansof (3). The final geoidalundulationresultsfromthe residualpart, the reference
undulationcomputedby the geopotentialmodel,and the indirecteffect(whichmay be derived
from the heightdata).

The solutionofthegravimetricmethodmaybe carriedout conventionally(e.g.,by numerical
integration)or by the FFT technique. Severalapproachesfor the FFT weredeveloped: the



100

planar approximation,see Siderisand Schwarz(1985), the sphericalapproach,seeStrang van
Hees(1990), and other methods.

The principleof the planar approximationis expressedby the followingequation

_ i Ag(fc‚v) xN($payp)_ 2’)’ ././E\/($p_ :L‘)2+ (l./p_ y)2d d?! (4)

wherethe geoidalheight at xp, y„ is computed from Ag in an area E. This approximation
is now a two-dimensionalconvolutionintegral. The applicationof a two—dimensionalFFT is
straightforward.The error inherentin the planar approximationwill growwith the integration
area.

The drawbackof the planar approximationmay be circumventedby the sphericalapproach
wherethe Stokesintegral is transformedto a two-dimensionalconvolutionintegral by a mod-
ification of the Stokesfunction. The evaluationis performedon the spherewhich causesthe
superioritycomparedto the planarapproximation.However,Strangvan Hees(1990) introduces
also an approximationby using a meanlatitude for eachgrid mesh. The geoidundulationsfor
all grid pointscansimultaneouslybe computedby applyinga two-dimensionalFFT accordingly.

The Stokesfunction may also be expressedas a convolutionin east-westdirection (along
a parallel), becausethe Stokesfunction is constantfor all computationpoints on one parallel,
cf. Li (1993). Applying a one—dimensionalFFT, the simultaneouscomputationof geoidundula-
tions on a parallelis possiblewithoutapproximationas far as the Stokesfunctionis concerned.
This approachwasproposedby Haagmanset al. (1993).

Detailed formulas of these and other approachesmay be found e.g. in Li (1993) and in
She (1993).

2.4 Available data sets

Gravity data
For Austria, some32400gravitydatais availableat the Sectionof PhysicalGeodesyof the Tech-
nical University Graz. This data wasprovidedfrom severalinstitutions:Instituteof Meteorol-
ogy and Geophysicsof the UniversityVienna, Instituteof Geophysicsof the University Leoben,
Austrian PetroleumIndustry, Institute of Geophysicsof the Technical University Clausthal,
and the Federal Office of Metrology and Surveying. The data refer to the Austrian gravity
networkwhich is compatiblewith the internationalsystemIGSN71. The position parameters
referringto the gravity data are relatedto the datum of the formerMilitary GeographicalIn-
stitute (MGI), i.e., a local datum associatedwith the Besselellipsoid. Using a grid with a mesh
sizeof 2 X 2km, the gravity data set may be reducedto 14255data for Austria.

Deflectionsof the vertical
At 683 homogeneouslydistributed points in Austria, deflectionsof the vertical are available.
The data refersto the samelocal datum as the gravitydata (datumof MGI associatedwith the
Besselellipsoid).This data wasthe primary sourceof the previouslycomputedAustrian astro-
geodeticgeoids,cf. Erker (1983), Graseggerand Wotruba (1983), Sünkel(1983), Sünkel (1987).

GPS data
From severalcampaigns,GPS data is ready to be used all over Austria. The main purpose
of the introduction of GPS data is the possibility of an accuratedatum relation. The GPS
data refersto a geocentricsystem,e.g., the World GeodeticSystem1984 (WGS-84). The most
importantAustrian campaignssince1990 arethe “Austrian GeodynamicReference”campaigns
AGREF90, AGREF92, and AGREF94. Some 75 GPS points establishedby these campaigns
are locatedon Austrian territory.
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Digital terrain model
The FederalOfficeof Metrologyand Surveyingprovidesa highresolution50x50m digitalterrain
model for Austria. The positionsof the grid points are expressedin geographicalcoordinates
4,9,A. The heightsrefer to the officialAustrian heightsystem consistingof normalorthometric
heightsassociatedwith the datum point Molo Sartorioin Trieste, Italy.

Surfacedensitymodel
The two—dimensionalsurface density model, cf. Walach (1987), was derived from a geolog-
ical map of Austria comprising 40 regionsand twelvedifferent densitiesbetween2000 and
2850 kg/m3.

Globalearthmodel
For the low to medium frequencypart of the gravity field of the earth, a global geopotential
model (e.g.,OSU81 or the model beingcurrentlydevelopedby DMA) will be used.

Data of neighboringcountries
Gravity and DTM data of all neighboringcountries,i.e., Germany (Bavaria and Baden—Würt-
temberg),Czech Republic, Slovakia,Hungary, Slovenia,Italy, Switzerland,are available. The
gridding of the data is different. However,all data will be transformedto mean valuesin a
3’ x 3’ grid. The densificationof data is performedby predictionand interpolation,thinning is
achievedby averagingdata.

3 Conclusion

The three approaches,(1) the conventionalleast squarescollocationmethod, (2) the fast col-
location method, and (3) the gravimetricsolutionby the FFT will be computedindependently
from three differentgroups. After a comparisonof the results,the Austrian geoid2000 will be
established.It is almostunnecessaryto saythat the fast collocationmethodWillyield this Aus-
trian geoid 2000. The reasonsare the computationalefficiencycomparedto the conventional
least squarescollocationmethod and the superioritywith respectto input data comparedto
the purely gravimetricsolution.
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GRAVIMETRIC GEOID OF AUSTRIA

NorbertKühtreiberand Konrad Rautz
InstituteofTheoreticalGeodesy,Sectionof PhysicalGeodesy

TechnicalUniversityGraz

Abstract:

The IastestversionoftheAustriangeoidwascomputedin1987. Thisgeoiddeterminationwasbasedon
astrogeodeticmeasurementsusingleastsquarescollocation.Gravityanomalieswere only used to
determinethecovariancefunctionofthedisturbingpotentialbutwerenotincludedas measurementsinthe
collocationprocess.Inthefollowinga newpuregravimetricgeoidusingStokes’formulais presented.After
a summaryofthetheoreticalbackgroundandformulas,thesolutionusingtheso-calledRTM-methodin
connectionwithcollocationisshown.Finallythenewgeoidiscomparedtotheastrogeodeticsolutionand
GPS referencepoints.

1. Introduction

Gravimetric geoid computationby Stokes’ formularequires informationabout gravitydata all
over the world. This problem is solved by the combinationof local gravitydata, a local high
resolutiontopographicmodel and a global potentialmodel. We distinguishthree main partsof
the computation.
The firstpartconsists of the reductionof the gravityanomalies. At the beginningthe anomalies
are reduced by a global potentialmodel which eliminatesthe long wavelengthpart.This step
makesitpossibleto applyStokes’ formulato a local set of gravityanomalies.Furtherthe effect
of topographywhich is responsiblefor the shortwavelengthpartof the gravity,is substracted.
Afterthisthedatashouldbe smoothenoughto avoidnumericalinstabilitiesduringcomputation.
An additionaladvantage of this reduction process is the possibilityof applying appropiate
interpolationmethodsto the reduced gravityanomalies.
Inthe second step the reduced anomalies are enteredto Stokes’ formulaleadingto reduced
geoid heights.
Finallywe addtheinfluenceof theglobalpotentialmodel,the influenceof the topographicmodel
and the wellknownindirecteffectto the reducedgeoid heights.
This commonlyusedtechniquefor geoid computationis called a remove-restoreprocess. Inthe
following we mentiontwo differentcomputationmethodswhich differ in the way the effect of
topographyis treated(Mainvilleet al., 1994).

2. Theory

2.1 Helmert Condensation

We startwiththe definitionof the reducedfree-airanomalies

AgFA-red: 9 ’ V "“Ögatm" Ögosu‚1 (1)

with9 as themeasuredgravityvalueatgroundlevel, y the normalgravityat normalheight,ög„„,
the atmosphericcorrection(Moritz,1992), and Ögosuthe effect of the globalpotentialmodel.
Helmert’s classical approach of computing the geoid by Stokes’ equation requires gravity
anomaliesreferringto the geoid. Inaddition,all masses outside the geoidhave to be removed.
Helmert’sapproach,see Heiskanenand Moritz(1967), consists of threesteps: reducinggravity
data from the effect of topography,condensing the masses of topographyto the geoid and
restoringthe indirecteffect to the geoid heightsdue to the effect of the condensed masses. In
thiscase thegravityanomaliesusedferthe evaluationof Stokes’ equationwillbe reduced Feye-
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anomalies AIgFAYE_reddefined by

AgFAYE-red_AgFA red+At ° (2)

At is theclassical terraincorrection.Inorderto get reduced Faye-anomaliesat sea-levelterms
due to the differencebetweenthe normaland the truegravitygradientand partof the effectof
condensationhaveto be added. Martinecet al. (1993) show thatthese terms cancel each other
whenitis assumedthatgravityanomaliesare linearlydependenton the elevationof topography
and planar approximationis used. Therefore the reduced Faye-anomaliesin equation(2)can
directlybe used as inputto Helmert’sapproach.
Possible methodsfor the solutionof Stokes’ equationare least squares collocation(LSC) and
FFT-techniques.As a resultwe get reducedgeoid heightsN,ed.After restoringthe geoid height
obtainedfrom the geopotentialmodel NOSUand the indirecteffectwe get

N : Nred""Nosu"'Nind1'“Nind2 (3)

with

—rrG H 2
Nind1: “"—L— , (4)

Y

the firstordertermof the indirecteffect, and

_—Gp (5)de2_ Yf73_ffIf}:

the second orderterm.

2.2 RTM Method

RTM as the abbreviationfor residual terrainmodel means that the gravityanomalies for the
evaluationof Stokes’ equationare definedby

AgRTM-red: AgFA-red"'At—RTM° (6)

A,_RTMis computedwithsome approximationsusing

At-RTM: ' 0-1119( H'Href) ""At ° (7)

At is the classical terraincorrection,His the heightof the measured point.The RTM-reduced
gravityanomalies 49mmm are referredto a mean reference heightmodelH,ef.This mean height
model is obtained by low-pass filteringthe detailedtopographic model by a moving-average
operator (Forsberg, 1984). The problem of this method is to find a smooth and appropiate
referencemodel.Ifthe movingaverage operatordoes not eliminatethewhole shortwavelength
part of the topographicmodel, this wavelengthpartstill remains in the RTM-reduceddata. On
theotherhandifthesmoothingis toogreat,wavelengthpartswhich have alreadybeen removed
by the global potentialmodel are removedtwice(Lehmann, 1994).
Afterthe reductionof the gravityanomaliesby equation(6)these smoothgravityanomaliesare
used for the solutionof Stokes’ equationby least squares collocationor FFT-techniques.As a
result,RTM methodin principleprovidesheightanomalies.After restoringthe influenceof the
globalpotentialmodelNCSUand the effectof the RTM-reductionCRTMto CRTM_,9„,the solutionof
Stokes’ equation,the final heightanomaliesare obtainedas follows

C: CRTM-red"' Nosu"’ CRTM° (8)

Terms with no impact on practicalresults of cwere neglected. For details on RTM reduction
refer to Mainvilleet al. (1994), Sideris and Forsberg (1991), Forsberg (1984). Inorder to get
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geoid heights,the followingapproximateformula(Wang, 1993)

N : C+ H ®Bouguer1y (9)

is used.

3. Software

The gravimetricgeoid computationconsists of many steps. Often the differenttasks are solved
with the help of heterogeneousprogramswhich seldom are organizedin one single program-
system. ln principle,thereare twomaintopics: data managementand manipulationas well as
gravityfield modelling.
The firststep,data manipulation,startswithcollectingthe data. Even nowadayscollectingdata
is a non-trivialproblem,as rightsof theownerof data collectionsat home and abroad have to be
considered.The softwarewhichsolves the differentproblemsof data preparationwas writtenat
the section of physicalgeodesy. There exist separate programsfor the followingtasks:

- managementof gravitydata
- managementof griddata (heights)
- qualitytests
- coordinatetransforrnations
—interpolationof gridvalues.

All this data managementand preparationis very time-consumingand is one of the mainparts
of the realizationof the project.One should keep in mindthatthisworkformsthe basis for the
qualityof the solution.

Gravity modellingas the second mainpartcan be dividedintothe followingsections:

- reductionof measurements(topography)
- influenceof the globalpotentialmodel
- determinationof empiricalcovariancefunctions
- fittingof analyticalcovariancefunctions
- collocation.

For all these tasks we used the programsystemGRAVSOFT, which was developed at the
Universityof Copenhagen(Tscheming et al., 1991). The programsystemis freelydistributedfor
scientificapplications.In1988 the package was developed by combiningexistingprogramsfor
regional and local geoid computations.The data exchange betweenthe differentprograms is
standardized.One of the advantagesof GRAVSOFT is the possibilityof executingthe program
on differentplatforrns(pc,unix).One problemwithGRAVSOFT is thatbecause of the lack of an
users-interface,professionalknowledgeis highlyrecommended.The package has alreadybeen
used for various geoid computationin various countries: Forsberg (1990), Duquenne et al.
(1994), Yun (1994).

4. Data sets

Two different data sets are used for the followingcomputations.One set covers the area of
Austria. The institutionsprovidingthese data were: Instituteof Meteorologyand Geophysics,
Universityof Vienna; Instituteof Geophysics, MontanisticUniversityof Leoben and the Federal
Bureau of Surveyingand Mapping. Figure 1 shows the data distributionwhich approximately
formsa “grid”of 6 x 6 km.After perforrningqualitytests for the 2200 gravitymeasurementsthe
reductionsaccordingto equation6 and 7 were computed.All anomaliesreferto GRSSO. Table
1 lists the main statisticalproperties.
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Figure 1: Distributionof gravitymeasurementsused

Gravityanomaly Min Max Mean Std.dev.
(mgal)

AgFA -110—.8 168.5 9.0 46.3

AgFA_,ed -192.5 122.7 -23.8 45.8

AgRTMM -59.9 40.4 -4.5 18.0

Table 1: Statisticof gravityanomalies of data set Austria

The reduced free-air anomalies in Table 1 were calculated with the global potentialmodel
OSU91A. This reductionchanges mainlythe mean value, whilethe standarddeviationhardly
changes. As a result of the RTM-reductionwe get smooth values, which is indicatedby the
decreasing of the standarddeviationby60%. Figure2 shows the contourplotof AgRTMM.
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Figure 2: GravityanomaliesAg‚.„„‚_,ed(contourinterval10 mgal)
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The second data set for the area outsideof Austriawas providedby the Bureau Gravimetrique
lntemational(BGI). These data cover a regionof 45.5 < (p<49.9 degrees and 8.0 <A < 18.5
degreesand includeapproximater12000 pointdata values in a 3' x 3' grid. The steps of gravity
reductionarethesame as fortheAustriandataset. The disadvantagefor the computationof the
terraincorrectionswas thatfor the area outsideAustria onlya 1.5' x 2.5' heightmodelexisted.
The resolution of this model is not good enough to eliminatethe high frequence part of the
reducedfree-airanomaliesAgFA_‚ed,which is responsiblefor highstandarddeviationof .£lg‚„‚„_red
(Table 2).

Gravityanomaly Min Max Mean Std.dev.
(mgal)

AgFA -161.4 192.9 1.7 36.4

AgFMed -220.7 139.8 -17.1 39.4

Ag‚m„_ned -276.1 89.0 -14.8 41.0

Table 2: Statisticof gravityanomaliesof data set BGI

Due to this fact and due to the lack of a highresolutionheightmodel, the BGI data set has not
been used inthefollowingsolution.Itis clear thattherebylongwavelengtherrorsare introduced
and edge effectswilloccur in the final result.

5. Solution by Least Squares Collocation

The programsystemGEOCOL was used to computethe gravitationalgeoid of Austria by least
squares collocationmethod. The data set of 2200 RTM-reduced gravityanomalies Alg‚.„‚.„_red
sen/edas inputtoGEOCOL. As a resulta regulargrid(3'x 5') of reduced heightanomalies Qsc
was obtained.

Height(an)omaly Min Max Mean Std.dev.
m

NOSU 43.86 51.69 47.64 1.57

(RTM -0.72 2.73 0.39 0.71

QSC -0.63 4.43 0.80 0.86

Table 3: Statisticof restoringprocess

In order to get the final heightanomalythe effect of the global potentialmodel NOSUand the
effect of the RTM-reductionCRTMwere added for all grid points.Table3 shows the statisticof
2401 grid pointscoveringthe area of Austria. Finallythe heightanomalies cwere transformed

(m) Min Max Mean Std.dev.

(‘ 43.30 55.93 48.82 2.64

N - C —0.56 0-00 -0.10 0.11

N 43.29 55.45 48.72 2.55
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grid points. The maximumdifferencebetweengeoid heightand heightanomalyis 0.56 m, see
Table 4. Due to long wavelengtheffects (no outer zone, global potentialmodel)this geoid is
shiftedanddistorted. Inorderto get an estimationfor the precisionof the predictedgeoid, GPS
points with orthometricheight informationare necessary. The Federal Bureau of Surveying
provided46 pointswithheightinformation.These pointsare used as referencepoints.
Figure 3 shows the differencebetweenNPRE(geoid heightsby LSC-solution)and NGPS (geoid
heights by GPS) bothreferredto GRS80. Inthe eastern partof Austria we recognizea nearly
lineartrend. The westernpartshows an additionaldistortionwhichmay be caused by the lack
of gravity data outside Austria. This long-wavelengtheffect was modelled by using 5 GPS
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Figure 3: DifferenceNPRE- NGPS(contourinterval0.25 m)

referencepoints in the eastern partand all the provided9 GPS referencepointsin the western
part of Austria. As a resultwe get the final new geoid solutionof Austria merely based on
gravimetricdata. Figure4 shows the geoid referredto GRSBO witha contourintervalof 20 cm.

6. Accuracy

In order to get an estimationfor the accuracy, the OSU91A model, Sünkel’s geoid solutionof
1987 andthe new geoidare compared to all GPS pointswhichwere not used for the modelling
of the long-wavelengtheffect. This means the comparison is restrictedto 23 welldistributed

(m) Min Max Mean Std.dev.

N0le- NGPS -0.87 0.98 0.35 0.38

N1987- NGPS 1.45 2.18 1.84 0.23

NPRE- NGPS 1.30 1.94 0.90 0.49

N1996- NGPS -0.11 0.19 0.03 0.07

Table 5: Comparison of differentgeoid heights(23 points)

points east of 13° longitude. Table 5 compares geoid heightsderived by the global potential
model OSU91A (NOSU)‚geoid heightsof Sünkel’s solutionin 1987(N1987)‚ geoid heightsof the
newsolutionbeforelong-wavelengthcorrection(NPRE)and geoid heightsof the long-wavelength
correctedsolution(N1ggö)withthe geoid heightderivedfrom GPS points(NGPS).
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The agreementof the OSU91A model for the eastern partof Austriais good. The minimumand
maximumvalues are belowone meter,while the mean value is 0.35 m. AdditionallyFigure 5
shows the difference as a contourmap which is based on all 46 GPS reference points. One
shouldkeep in mindthatthe map onlyshows a regionalbehaviour.Figure5 confirms the good
correspondenceof the globalmodeltoo. Nearly60% of the regionshowan accuracy betterthan
0.5 m!
The geoidsolutionby Sünkel in 1987 has a poorabsolute precision. All differencesare positive
and the mean value is approximately1.8 m. One possible reason for this big “Shift”is the
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unprecise transformationof this geoid solutionto the global system by Doppler observations
(Sünkel,1987). Figure 6 shows the natureof the difference of N1987minusNGPS.Obviouslythe
differencecorrespondsto a nonlineartrendwhichmakes it impossibleto handle itwitha simple
3D-transform.
The difference of NPREminusNGPSis shown in Figure 3. As mentionedearlier it shows long-
wavelength effects. The new geoid solution N1996shows a large improvement in absolute
precision. Table 5 shows thatthe maximumdifference is less than20 cm, whilethe standard
deviationis :t 7 cm. Additionallythe accuracy of the GPS referencepoints in the orderof 1 1cm
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shouldbementioned. This resultcan be seen as a majorstep on theway to GEOID 2000 which
should reach an accuracy of a few centimeterfor the geoid itself.

7. Conclusions

This newgeoidsolutionbasedon2200 gravityanomalies has a verygood accuracy. lt pointsout
thewayto GEOID 2000. Based on a more detailedtopographicmodelwitha resolutionof 50 m
the short wavelengthpartof the data can be modelledto a higherdegree. Additionallythe use
of outerzones is essentialwhilethe global potentialmodelseems to be accurate enough. Last
butnotleastmoreinputdata in additionto a combinationof gravityanomalieswithdeflectionof
the verticalshould contributeto the the improvementof the geoid.
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GRAVITY CALCULATIONS ON THE ORTHOMETRIC
HEIGHT SYSTEM IN AUSTRIA

DiethardRuess

Federal Office of Metrologyand Surveying (BEV), Vienna

Abstract

In Austria it is decided to introducethe orthometricheightsystem. Thereforegravitydata are
necessaryfor each levellingpointat the surfaceand at the plumbline. The gravitycalculationsare
madeusingthebestavailabledigitalterrainmodelof Austria,thereforethe influenceof gravityerrors
maybe notremarkableinelevationsbelow1000 m. Levellingdataandgravitydataare mergedintoa
commondatabase. The stateof gravitycalculationsfortheorthometricheightsystemis shownin a
graph.

Introduction

The present Austrian height system in use at the BEV has been established since 1873
(MilitaryGeodetic lnstitute- MGI) by precise levellingobservations (Zeger, 1986). Knowing
the dependence of gravityin 1893 pendulum measurements were started in the area of the
K.u.K. monarchy. At least after development of spring gravitymeters itwas possible to take
enough gravitymeasurements to fulfillthe theoryof the heightsystems in practice.

Gravity measurements were started 1949 systematicallyin Austria along the precise level-
ling lines. Hence itwas possible to calculate geopotentialdifferences. Since that time grav-
ity observations are located in the BEV, department of fundamental measurements and
joined to the precise levelling.

After the decision in the 80Sto introducethe orthometricheightsystem in Austria the logical
consequence was to merge gravityand levellingdata intoone data base.

Fundamentals

The most importantcomponent in the new heightsystem is the geopotentialunit:

c =[ g-dh ; 2 9, —Ah, c geopotentialunit

g gravityvalue of dh
dh differentialheight
Ahi heightdifferencebetween two benchmarks
gi average gravityof Ahi

The closed loop conditionis valid: fg .dh : 0

The Austrian levellingIoops of the firstorder precise levellingnetworkare connected to the
main European lines. The European geopotentialdifferences AC are adjusted by the Uni-
fied European Levelling Network (UELN) —at present state without including the levelling
networks of the so-called former eastern states. The datum is given by the gauge of
Amsterdam.
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Height systems

The potentialvalue C [m2/sz]has to be divided by the dimension of a gravityvalue to get a
height, i.e. the distance [rn]between the benchmark and the reference level. According to
the kindof used gravityvalues we obtainthe heightin a certain system.

dynamic heights: de„ = 3 y,„ normalgravityof latitude(p e.g.: (p = 45°
74

=>not pure heights, actually potentialvalues in dimension [m].

normal heights:

HN= vo average normalgravitybetweentelluroidand ellipsoid
ä'lo

=>heightabove the quasigeoid

name/orthometricheights : "Gebrauchshöhen":

73 average gravitybetween benchmarkand geoid according to the level- spheroid (GBS 30)

orthometricheights:
C

: EI
gL average gravityof the plumblinebetweenbenchmark and geoid (GBS 80)

Horth

=>heightabove the geoid

The levelling & gravity data base ("Nivellement-Schwere-Daten-Bank"= NSDB)

Inthe NSDB of the BEV there are included all data necessary to obtain the elevations in the
orthometricheightsystem. Implicitlythe heightvalues of the differentheightsystems can be
calculated withthese data.

groups of data fields in the NSDB:
descriptionof points: number, stabilizing,identities,formernumbering,notes
position: geographical coordinates,cadastral community,number of the

Austrian map 1:50.000
elevationdata: "Gebrauchshöhe", geopotentialunit,average error,year of

observation, geoid-undulation
gravitydata: gravityat benchmark,year of observation, mean gravityof plumbline,

topographic mass effect,Bouguer anomaly, verticalgradient

Estimation of accuracy due to levelling observations

These errors due to levelling measurements are influenced by the horizontal part of the
observations and by the vertical partof the heightdifferences.
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The networkadjustment of the 1st order precise levelling network (1966 - 1985) shows a
mean errorof :l:0,57 mm /km observation length(Höggerl 1986).

Detailed error checking were made at the levellingline Villach - Dobratsch in Carinthia. The
elevation difference there is 1600 m. The errorof the rod scale is 15 pm/mand the influence
of refractiongives 6 um/m(Höggerl et al., 1987). Therefore a verticalerrorof :l:12 pm/m can
be given in the existent levellingnetwork.

Estimation of accuracy due to the gravity field

Modern gravitymeasurements at the benchmarks are normallybetterthan :|:25 pGal (0 < :
250onm/s2). Economic considerations causes that gravity is not observed at each bench-
mark. The missing gravity values are interpolatedusing the Bouguer field. The density of
measured gravity stations in Austria enables an accuracy of 1-2 mGal (10 - 20 [lm/SZ)in
predictions.

Practically gravity at the levelling points is measured each 1 km at least along the lines -
that corresponds each 2nd- 3rdbenchmark. At steep sections or in areas withstrong gravity
anomalies the space of measured points is shortened.

Assuming an interpolationerror of 1.5 mGal, the influence on the elevation error due to the
surface gravityin AC gives:

f(H)5 0,4 mm by AH = 100 m
f(H)s 1,2 mm by AH = 1000 m
f(H).<.1,7 mm by AH =2000 rn
f(H) errorof elevation

ln flat areas with very small height differences this error is also very small. Only one effect
should be noticed: in hilly areas, where the line goes often up and down, the error—parts
have all the same sign, caused by the Gaussian error budget law.

«AG). = J 2 [AH. 4<g.>]2 (1)

f(AC)g errorof geopotentialunitsdue to the stationgravity
f(g,) errorof the stationgravity

The totalerror budget of the orthometricheightdue to the errorof the gravityvalues can be
written:

H
«H...». . -g——Jf(g.f + f(g)2 (2)

L
f(gL) error of plumbline-gravity

the gravityat the plumblineis given by:

H
gL= g+—2—-VG—(TS+TO) (3)

VG verticalgradient
T3, T0 topographic mass effectat surface-point,at foot point(0 m)
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Coordinates and digital terrain model

Itis very importantto knowthe coordinates of the levellingpoints in accordance to the digi-
tal terrainmodel. The benchmarks are all drafted in the Austrian Map 1:50 000. Practically
all coordinates were digitizedout of these maps. Generalizations, new editions of the maps
and also original draftingcause inexact coordinates. Only a few part of benchmarks have
coordinates which were directly obtained by geodetic methods. Therefore inaccuracies of
100 - 300 m were detected.

The digital terrain model is bases on the photogrammetricevaluation of aerial surveying
(Graf, 1996). A grid of about 50x50 rn is used to calculate the terrain effect surrounding
each station up to 1x1 km. The surrounding area up to 167 km is considered using mean
heights in different grids (Ruess, 1983). These mean heights are actualized using the
50x50 m DTM.

In rough areas positionerrorsof 100 - 300 m may cause 1 - 2 mGal errors in the terraincor-
rection. On one hand there is a direct influence on the plumblinegravity,which is calculated
by using the mass correction,on the other hand the predictionto the non gravity-measured
points is not correct.

At present status all coordinates are going to be checked to obtain best conditions for
orthometricheights.



118

Influence of different rock densities

The way of calculatingthe average gravityalong the plumblinebetween the levellingbench-
mark and the foot pointon the geoid is similarto the procedure of Prey. lnstead of using the
Bouguer-plate the digitalterrainmodel is used to calculate the mass effects (eq. 3). Actual
the mass effect is calculated withthe unified density 2.67 g/cm3. in Austria the rock densi-
ties are in a range of 2.00 to 2.85 g/cm3(Granser et al., 1983, Walach 1987). Large regions
like the NorthernCalcareous Alps and the Bohemian Massive have a density of about 2.70
g/cm3which is close to the average density of the earth crust (2.67 g/cm3). The Central Alps
or the Southern Alps include rock formationswith a density between 2.65 and 2.85 g/cm3.
The Vienna Basin, the Molasse Zone and the larger basins of the tertiaryformation have
densities of 2.00 - 2.50 g/cm3.

Determining the plumbline-gravitymeans that the mass effect may be calculated wrong
about 7% - 25%. But similar regions with big density discrepancies are in lower areas by
elevations below 400 m, thereforethe influence on the heightcalculation is rathersmall.

Estimatingthese effects on the orthometricheight, mass reductions were calculated on two
stations respective, using the local density for the totalterrainor the standard density (2.67
g/cm3).

C 82.67 82.00 A5 H2.67 H2.00 AH
site [GPU] [m/32] [m/32] [mGal] [m] [m] [mm]
Vienna 163.74042 9.8086432 9.8086765 3.32 166.9348 -166.9343 -0.5
Mistelbach 276.77280 9.8085850 9.8086371 5.22 282.1740 282.1725 -1.5
difference 115.2392 115.2382 -1.0

Enns valley 1090.22406 9.8050544 9.8049637 -9.07 1111.9001 -1111.9103 +10.2
Tauern reef 1705.42571 9.8042506 9.8041187 -13.19 1739.4758 1739.4993 +23.5
difference 627.5757 627.5890 +13.3

Table 1: reductiondensity and orthometricheight

Introducinga digitaldensity model intothe reductionsthe differentdensity areas willbe con-
sidered in a betterway. So the differences in orthometricheights willbe smaller than in the
table shown above.

The present state of the levelling& gravity data base at the BEV is given in table 2 and
shown in figures 1 and 2.

Kind of points number g-observed g—interpolated
since 1949

precise levelling 46528 23241 (50%) 11134 (24%)
2nd ord. levelligg 29479 345 (1‚2%) 779(26%)
triangulation 3476 132 (38%) 1569 (45%)
others 5266 3117 (59%) 6431 2%)
total 84749 26835 (32%) 14123 (17%)

Table 2: present state of levellingand gravitydata base (BEV) in April 1996
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Conclusion

The qualityof the orthometricheightsystem established in Austria is influenced by the pos-
sibility in obtaining gravityvalues on the surface and at the plumbline in a sufficientaccu-
racy. Inlayers below 1000 m there is no problemto fulfillthe conditions. Inhigher areas the
desired accuracy can be acquired, if the position of the benchmarks is known better than
about 25 m regarding to the used digitalterrainmodel. Introducinga detailed rock density
model will increase the accuracy of orthometricheights. Errors due to the gravityfield than
should amount only view millimetersalso in greaterelevations.
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DAS DIGITALE GELÄNDEMODELL FÜR GEOIDBERECHNUNGEN
UND SCHWEREREDUKTIONEN IN ÖSTERREICH

Josef Graf

Federal Office of Metrologyand Surveying (BEV), Vienna

Abstract

The goalof thisworkwasto providea digitalelevationmodelina homogeneousgridandcoordinate-
systemcompiledfromvarieddatasources. The data shouldbe usedfor reductionof gravityin the
FederalOffice of Metrologyand Surveying(BEV) and for reductionof measuredvalues (g-values,
defiectionofthevertical)ingeneralintheprojectGEOID-2000 (Erker,1995).The areawasdefinedin
this projectby 45°-50° in latitudeand 8°-19° in longitudeandwitha griddistanceof 1°I2560 in
latitudeand 1°/1536 in longitude.

Main objectiveswerethedeterminationof parametersrequiredfortransforrningall coordinatesinto
theAustriansystem,calculationof point-heightsin areaswhereonlymeanelevationswereavailable
and interpolationof the definedgrid. In additionit was necessaryto fill the gaps, to check for
consistencyandto providetheformatwhichwasrequiredby otherprograms. The datawassupplied
byAustria(BEV),by neighbouringcountriesandby a modelcoveringthewholeEuropeanarea(Row,
1995)

Due to the lack of information- and almostno influence- some simplificationwas made. The
differencebetweenheight-systems(orthometric,normal,.) wasalsoneglectedas wellas thefactthat
data-setswerenotreferringthesamepoint(topography,surfaceofvegetation;sea surfaceor bottom
in case of lakes). In most cases it was possibleto obtainparametersfor a transformationof
coordinatesintotheAustriansystem.“

The accuracyof the heightswas estimatedby calculatingthe heightsof knownpositionsor by
comparingdata-setsinoverlappingareas. All datamanipulationwasdoneon 8 PC withtheoperating
systemsDOSNVINDOWS9Swherethesourcecodeof all usedprogramsis available(FORTRAN77).
The datais storedin 900direct-accessfilesusingabout450MB ofthemass-storagesystem,eachof
themdefiningan areaof 15'x 15'.

Zusammenfassung

Das Ziel in dieserArbeitwares, in einemeinheitlichenRasterundKoordinatensystemPunkthöhen
bereitzustellen,die im Bundesamtfür Eich- undVermessungswesen(BEV) für Schwerereduktionen
und im ProjektGEOID-2000 (Erker,1995) für Reduktionenvon Meßgrößenverwendetwerden.
Neben der Transformationder Koordinatenauf das österreichischeSystem mußte im gesamten
Gebietauf Punkthöhenin einemeinheitlichenGitterumgerechnetwerden. Diesesin geographischen
KoordinatendefinierteGebietwardurchdas ProjektGEOID-2000 miteinerAusdehnungvon 45°-50°
Nordund8°-19°Ost vorgegebenundlückenlosmitDatenaufzufüllen.Die Datenkommendabeiaus
Österreichselbst,ausdenNachbarstaaten,sowieaus einemEuropa-Modell.

1.) Vorgaben

. Raster- und Gebietsdefinition
Die aus dem Inlandund Ausland bereitgestelltenHöhen sollen für das ProjektGEOID-2000
ein Gebiet abdecken, welches mindestens 100 Kilometer über die Grenzen Österreichs
hinausreicht. Aus programmtechnischen Gründen und wegen einer schematisierten, ein-
facheren Verarbeitung ist dieses Gebiet definiertdurch
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45° bis 50° in der Breiteund
8° bis 19° in der Länge.

Die im ganzen Gebiet konstantenRastenrveitenwaren vorgegeben mit

1°I2560 z 45 Meter in der Breite und
1°/1536 z 50 Meter in der Länge.

. Höhenart
Es sollten einheitlich im gesamten Bereich Punkthöhen gegeben sein und keine mittleren
Höhen vorkommen. Injedem Gitterpunktsoll der dort angegebene Wert die Höhe der Ge-
ländeoberfläche an eben dieser Stelle wiedergeben.

. Bezugssystem
Bezugssystem für alle Daten sollte das österreichische Gebrauchsnetz mit Bessel-Ellipsoid
und dem Datum des MilitärgeographischenInstitutes(MGI) sein. Dies hatte eine Umrech-
nung aller ausländischen Daten zur Folge.

. Ven1vendung
Die Ergebnisse werden einerseits im Bundesamt für Eich- und Vermessungswesen (BEV)
für Schwerereduktionen verwendet, andererseits werden sie für die Reduktion von Meß-
werten generell im ProjektGEOID-2000 eingesetzt (restore-removeTechnik).

2.) Aufgaben

. Datensammlung
Alle Daten mußten auf ein Format gebracht werden, so daß sie in einer PC-Umgebung mit
FORTRAN Programmen bearbeitetwerden konnten. Dies machte eine Speicherung auf ein
einheitliches Medium notwendig, wobei einige Umforrnatierungenauf UNIX-Workstations
erfolgten. Es mußten teilweise Programme erstelltwerden, die zuerst eine Komprimierung
der Daten durchführten,damitsie dann von den eigentlichen Programmen zur Interpolation
oder Kontinuisierungverwendetwerden konnten.

0 Bestimmung der Transformationsparameter
Die Bestimmung der Transformationsparameter für die Umrechnung der ausländischen
Datensätze in das österreichische Koordinatensystem erfolgte nicht einheitlich. Dabei wur-
den teilweise 7-Parameter Helmert—Transformationeneingesetzt, teilweise aber auch nur
konstante Zuschläge zu Breite und Länge (Acp,A).) verwendet. Diese Parameter konnten
zumeist dadurch bestimmtwerden, daß zum ausländischen Datensatz die Werte für einen
Übergang auf das System WGS84 erhaltenwurden, und bei bekanntem Übergang von MGI
zu WGSB4, daraus Transfonnationswertegerechnet werden konnten. Siehe auch Lagever-
schiebungen.

Inwenigen Fällen konnten keine Parameter ermitteltwerden, was aber keine gravierenden
Folgen hatte,weil dortdie Ausgangsdaten nur in einem sehr groben Raster gegeben waren
und Verschiebungen in der Lage nur geringe Auswirkungen auf die Höhe der interpolierten
Punkte haben.
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. Datenlücken ermitteln und füllen
Vor allem an Übergängen bei Staatsgrenzen, aber auch sonst im gesamten Bereich, war
der Datensatz auf Vollständigkeitzu prüfen. ImFalle von Lücken wurde mit dem jeweiligen
besten Datensatz ergänzt und aufgefüllt,wobei eine Entscheidung für einen Datensatz nur
auf Grund der Gittewveitenerfolgte. Es wurde kein Ausgleich im Übergangsbereich gerech-
net.

Durch ein grobes 5' x 5' Datenmodell des NOAA (Row, 1995) über ganz Europa, wurden
alle restlichenLücken geschlossen, die trotzder Daten aus dem Ausland vorhandenwaren.

. Umrechnung von mittleren Höhen auf Punkthöhen
Weil im Ergebnis Punkthöhen gefordertwaren, in vielen Fällen aber nur mittlereHöhen ge-
geben waren, mußte in diesen Fällen auf Punkthöhen umgerechnetwerden. Diese Berech-
nung, die nicht als reine Interpolationbehandelt werden kann, erfolgte unter Verwendung
einer Programmbibliothekder UniversitätWien.

. Interpolation von Punkthöhen auf das Raster
In allen Fällen wo Punkthöhen geliefertwurden, mußte auf das geforderte Raster interpo-
liertwerden. Dies geschah mit Hilfe von Programmodulen aus dem Paket 'GSPP' (Sünkel,
1979)

0 Prüfen des Datensatzes
Die Ergebnisse waren auf Vollständigkeit und Konsistenz zu überprüfen. Grobe Fehler
konnten ermitteltwerden und die fehlerbehafteten Daten durch Verwendung der übrigen
Datensätze ersetztwerden.

0 Ausgabe im gewünschten Format
Damit die Nachfolgeprogramme die Daten verwenden können, mußte bei der Ausgabe ein
bestimmtes Format eingehaltenwerden. Dies betrifftvor allem auch die Dateiorganisation.
Erst durch Unterteilungin überschaubare Einheiten und Gebiete von 15' x 15' waren Be-
rechnungen und Kontrollenleichtermöglich.

3.) Datenherkunft

. Inland
Innerhalb von Österreich stammen die Daten zum Großteil aus dem digitalen Gelände-
modell (DGM) des BEV. Dieses Modell entstand aus photogrammetrischenAuswertungen,
die, je nach Topographie, in einem Raster von 30 x 30 bis 160 x 160 Meter durchgeführt
wurden. Aus diesen Daten wurde ein über das ganze Bundesgebiet konstantes Raster von
50 x 50 Meter abgeleitet.Erst in diesem Raster erfolgte die Interpolationfür die endgültigen
Höhenwerte.

Neben dem DGM gibt es schon seit längerer Zeit die bekannten "mittleren Höhen von
Österreich"(Ruess, 1986), die aus Kartenwerkenerhoben wurden. Diese Höhen liegen in 7
verschiedenen Rastem vor, welche jeweils lückenlos ineinander übergeführtwerden kön-
nen und im größten Raster bis mindestens 167 Kilometerüber Österreich hinausgehen.
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. Ausland
Die Daten aus dem Ausland liegen in den unterschiedlichsten Rastem und Formen vor.
Neben photogrammetrischerhobenen Daten gibt es aus Karten erhobene oder aus einem
anderen Raster abgeleitete Daten. Auch die Rastemeiten sind sehr unterschiedlich.

Vervollständigtwerden alle diese Daten durch ein 5°x 5° Europa-Modell, das aus den USA

Herkunft Art der Höhe Gittewveite Gitterweite [rn]
Land Hoch x Rechts Hoch x Rechts

Österreich Punkt- 1°I2560 x 1°/1536 44 x 49 ca
mittlere 11,25" x 18,75" 350 x 390 ca

. mittlere 1,5' x 2,5' 2780 x 3100 ca
Tschechien mittlere 5,0' x 7,5' 9300 x 9300 ca
Ungarn mittlere 1,5' x 2,5' 2780 x 3100 ca
Kroatien/Slow. mittlere 5,0' x 5,0' 9300 x 6500 ca
Italien mittlere 7,5" x 10,0" 250 x 250 ca
Schweiz Punkt- 250 x 250
Baden-Württemberg Punkt- 50 x 50
Europa Modell mittlere 5.0' x 50° 9300 x 6500 ca
Bayern Punkt- 100 x 100

Tabelle 1 : allgemeine Übersicht über die Datenherkunft

4.) Umrechnungen

. Höhenbezug
Die in den Daten angegebenen Höhen haben nicht immer den gleichen Bezugspunkt. Im
allgemeinen ist zwar die Oberfläche des Geländes, der Topographie, definiert,doch in ein-
zelnen Ausgangsdaten wird die Vegetationsoberfläche durch die Höhen bestimmt.Im Falle
von Gewässern ist teilweise die Oberfläche angegeben, teilweise aber der Gewässergrund.
ImErgebnis gibtes dabei auf Grund von fehlenden Informationenkeine Differenzierung.

. Höhenart
In den Ausgangsdaten kommen die beiden Höhenarten °Punkthöhe' und 'mittlereHöhe'
vor. Da im Ergebnis nur Punkthöhen gefragt waren, mußten mittlereHöhen in diese umge-
rechnet werden. Dabei genügen nicht lnterpolationen,sondern es werden Algorithmen an-
gewendet, die bei einer Rückrechnung auf mittlereHöhen wieder das gleiche Volumen in
einem Element ergeben als dies durch die (mittlere)Ausgangshöhe gegeben war.

. Höhensysteme
Die in den einzelnen Datensätzen unterschiedlichen Höhensysteme wie Gebrauchshöhen,
Norrnalhöhenoder orthometrischeHöhen, wurden als ident angenommen. ImErgebnis wur-
den also die Unterschiede wegen ihrergeringenAuswirkung vernachlässigt.

. Höhenverschiebungen
Die einzelnen Höhenverschiebungen auf Grund der unterschiedlichen Systeme oder Be-
zugshöhen (Pegel) erreichen zwischen Österreich und den Nachbarländem nirgends den
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Betrag eines Meters (Höggerl, 1995). Sie sind daher zu klein um sich im Ergebnis auszu-
wirken. Vor allem auch deshalb, weil in den Ausgangswerten fast überall nur der Meter
angegeben war. Diese Verschiebungen wurden daher auch vernachlässigt.

. Lageverschiebungen
Als Bezugssystem für alle Berechnungen wurde das österreichische Koordinatensystemmit
dem Bessel-Ellipsoid und mitdem Datum des MGI gewählt.

Die “inden einzelnen Datensätzen venrvendetenKoordinatensysteme benutzen weder das
gleiche Ellipsoid, noch beziehen sie sich auf das gleiche Datum. Für die Übergänge auf das
österreichische System konntenteilweise7-Parameter Helmert—Transformationengerechnet
werden, teilweise konnten nur Zuschläge zu den geographischen Koordinaten angegeben
werden und teilweisewaren keine Informationenfür die Bestimmungvon Transformationen
vorhanden.

Die Angaben für Transformationen,die von den Nachbarstaaten erhaltenwurden, bezogen
sich zumeist auf den Ubergang des jeweiligen Datensatzes zum System WGS84. Damit
wurde dann folgender Vorgang gewählt:

. Umrechnung der gebgraphischen Koordinaten des MGI auf 3-D

. Transformationvon MGI nach WGS84 , 7-Parameter

. Transformationvon WGS84 in das ausländische System , 7-Parameter

. Umrechnung von 3-D auf X,Y oder (p,). im ausländischen System

. Berechnung der Höhe für diese Koordinaten im Datensatz des Auslandes.

Teilweise war für den Übergang von WGSB4 in das jeweilige System nur eine konstante
Verschiebung in A(p,A). bekannt.

Da die Abweichungen in den Verschiebungen innerhalb einer Berechnungseinheit- Gebiet
von 15°x 15°- nur sehr gering sind, wurde je Einheit nur eine konstante, mittlereVerschie-
bung angenommen.

5.) Genauigkeit

Es gibt nur für einen Datensatz Angaben über die Genauigkeit. Eine Abschätzung konnte
aber durch Vergleiche von Daten gewonnen werden. Dies war dort möglich,wo mehrfache
Uberdeckungen gegeben waren und die Rastewveitenähnlich großwaren.

. Österreich

Die Genauigkeit der Höhen aus dem DGM wurde durch Vergleiche der Modell-Höhe mit der
bekannten Höhe in einigen tausend Festpunkten abgeschätzt. Daraus ergaben sich im
Schnitt Abweichungen von 2 bis 5 Meter, in extremer Topographie können aber Werte
über 10, 20 Meter vorkommen.

Die Genauigkeit der mittlerenHöhen von Österreich ist bekannt und entsprichtder Karten-
genauigkeit.

. Ausland
Eine Abschätzung ist_nurfür einzelne Bereiche möglich,wo ähnliche Rastewveitengegeben
sind und mehrfache Uberdeckungen vorliegen.
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In nachfolgender Tabelle sind einzelne Ergebnisse gesammelt. Es wurden dabei Daten-
sätze aus dem gleichen Gebiet verglichen, nachdem sie auf das einheitlicheGitter umge-
rechnet wurden. Im Falle von Ergebnissen, die durch '*' gekennzeichnet sind, wurde kein
einheitliches Koordinatensystemvenrvendet.

Die Bedeutung:
Land1, 2 : Ursprungslandvon Datensatz-1bzw. Datensatz-2

Ba-Wü=Baden-Württemberg
OEK : Name=Berechnungseinheitin Gebietenvon je 15°x 15°
Mittelwert: Summeder AbweichungendurchAnzahlverglichenerPunkte
Abweichung: Summeder Absolutwerteder AbweichungendurchAnzahlverglichener

Punkte
Min : minimalerWert, Datensatz-1- Datensatz-2
Max : maximalerWert, Datensatz-1- Datensatz-2
VerglichenePunkte: Anzahlder vergleichbarenGitterpunkte
Einheit: Meter

Land1=H1 Land1=H2 OEK Mittelwert Abweichung Min Max verglichene
Z(H1-H2)IN E[H1-H2]IN H1-H2 H1-H2 Punkte(NL

Bayern Ba-Wü N12 0.0 || 0.7 -15.0 18.0 229032
Bayern Ba-Wü K12 4.0 II 5.1 -78.0 58.0 23945
Schweiz Ba-Wü LOS 0.1 | 6.7 -80.0 114.0 236152
*Schweiz *Ba-Wü LOS -0.1 7.9 -98.0 116 236175
Schweiz Ba-Wü L06 -0.4 7.1 -75.0 100.0 243886
*Schweiz *Ba-Wü L06 -0.8 9.1 -91.0 120.0 243806

Schweiz A /DGM 141 -5.2 19.4 -471.0 262.0 162211
*Schweiz A / DGM 141 -11.1 39.5 -493.0 445.0 163911

Schweiz A / DGM 170 ' -4.5 20.8 -239.0 197 119793
*Schweiz A /DGM 170 -6.0 38.8 -305.0 246.0 119793

A / DGM Italien 174 2.4 19.9 -130.0 230.0 46241
A /DGM Italien 177 -0.4 20.6 -390.0 188.0 59911
A / DGM Italien 198 -3.5 18.0 -162.0 157.0 53216

A I R1 Ba-Wü 082 4.5 6.7 -55.0 53 159462
A /R1 Ba-Wü 083 -0.1 8.0 -121.0 218.0 137256
A /R1 Bayern 084 -1.6 9.8 -182.0 195 218715
A /R1 Bayern 093 -1.8 23.8 -651.0 552.0 198564
A IDGM Bayern 093 -0.9 13.8 -195.0 178.0 8355

Tabelle 2 : Vergleiche von Datensätzen

6.) EDV-Umgebung

Sämtliche Daten wurden auf PC-Basis unter den BetriebssystemenDOS und WINDOWS9S
bearbeitet. Für alle Berechnungen, Transformationen oder Visualisierungen wurden Pro-
gramme verwendet, die in der Programmiersprache FORTRAN77 im Source-Code vorhan-
den sind.
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Die verwendeten Programme oder Programmteilesind zum Großteil Eigenentwicklungen,
die im Laufe des Projektes entstanden. Für die Interpolationvon Höhen wurden vorhan-
dene Unterprogrammeeingesetzt, die aus dem Programmpaket 'GSPP' entnommen wur-
den. Für die Kontinuisierungwurden Module verwendet, die aus einer Programmbibliothek
der Universität-Wienstammen.

Allein in jenen Fällen wo ein Transportmedium am Entwicklungsrechnernicht lesbar war,
mußte auf andere Rechnersysteme (UNIX-Workstation's)ausgewichen werden, wo die
Daten dann auf ein PC-Forrnat umgespeichertwurden.

7.) Format und Struktur der Daten

0 Dateistruktur
Um überschaubare Einheiten zu erhalten, sind alle berechneten Daten im Blattschnittder
österreichischen Karte 1:50 000 (OEK-50) von jeweils einem Gebiet von 15' x 15' unter-
teilt. Die Namengebung der dadurch entstehenden Dateien ist einerseits durch die Defini-
tion des Gebietes vorgegeben, andererseits durch die Bezeichnung der OEK-50. Überall
dort,wo es eine OEK-50 gibt,wird ihr Name (Nummer)mitvenrvendet

Alle Dateinamen bestehen grundsätzlich aus 10 Zeichen (Character),wobei die ersten 3
Zeichen sowie die Extension konstant bleiben. Den eigentlichen Namen bestimmen Zei-
chen 4 bis 6, Zeichen-4 definiertdie Breite auf welche sich die Daten beziehen, die Zeichen
5 und 6 bestimmendie Länge.

Alle Gebiete oder Blätterin denen eine OEK-50 definiertist, enthalten im Namen die Num-
mer dieser OEK-50, die in 3 Zeichen angegeben werden muß (001,043,213,etc.). So wird
zum Beispiel der Name °Qß1' ersetzt durch °001' oder 'J22' durch '123' .

Schematische Verteilungder Dateien - Vergabe der Dateinamen
Koordinatenangaben beziehen sich auf die Süd-West Ecke einer Einheit=einer OEK-50

(pl ). 25° 00' 25° 15' 36° 30' 36° 45'
49°45' T01 T02 T47 T48
49° 30' 801 802 847 848

45° 15' 801 802 847 848
45° 00' A01 A02 A47 A48

angelegt :
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Datei-Format ....................... DIRECT-ACCESS
Recordlänge in Byte's.......... 770
Records je Datei.................. 641
Format einer Variablen ........ 2 byte Integer
Dimension............................ Meter
Dateigröße........................... 0,5 MB ca

8.) Mengenangaben

. Ausgangsdaten
Die Ausgangsdaten der 10 verschiedenen Datensätze lagen in extrem unterschiedlicher
Form und Dichte vor. Es waren dazu neben Punkthöhen noch mittlereHöhen vorhanden
und die Rasterweitereichte von 5°x 7,5' bis zu 50 x 50 Meter.

Land /Staat Dateigröße Werte Anmerkung

Tschechien 30 KB 899 ASCII
Ungarn 1 MB 13089 ASCII
Slowenien/Kroatien 15 KB 1296 ASCII
Italien 20 MB 3114601 ASCII
Schweiz 6 MB 1148070 ASCII , RIMINI
Baden-Württemberg 380 MB ca 15000000 ASCII
Bayern 170 MB ca 4000000 ASCII , WINPUT
Österreich 0,5 MB /OEK 246785 Binär , je OEK

110 MB ca 40000000 Binär , insgesamt
Österreich 10 MB ASCII , mittlereHöhen

Tabelle 4 : Mengenangaben - Übersicht

. Ergebnisse
Die endgültigen Daten liegen nun in einheitlicherForm und Rasterweiteals Punkthöhen in
900 Dateien vor. Sie benötigen ungefähr 450 MB Plattenplatzund stellen etwa 220 000 000
Höhenangaben dar.

An Rechenzeit auf einem Pentium/75Mhz Rechner beanspruchte je Berechnungseinheit
eine Interpolationetwa 2-3 Minuten, eine Umrechnung der mittleren Höhen etwa 8-9
Minuten. Insgesamtwar damit eine Rechenzeit von 120 Stunden oder 5 Tagen gegeben.

Nicht inbegriffen in diesen Angaben sind alle Rechenschritte zur Bestimmung des DGM's
von Österreich. Nicht eingeschlossen sind dabei auch alle Ergänzungen der Datenlücken,
die Erstellung von Übergabeformen, Testrechnungen und sämtliche Programmentwicklun-
gen oder Kontrollrechnungen.

9.) Abbildungen

0 Allgemeines
Um das Ergebniszumindestoptischkontrollierenzu könnenwarenProgrammenotwendig,welchedie
Daten selbstoder Differenzendavon auf einem Bildschirmdarstellen.Diese Darstellungerfolgte
grundsätzlichnur auf einem VGA-Schirrnund in den Dateneinheiten,wobeidurch die Software
bedingt,nur16FarbenzurVerfügungstanden.
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BestimmtenHöhenklassenwerdendabei bestimmteFarbenzugeordnetunddie Lage der Einheiten
istso gewählt,das am BildschirmrechtsnachNordenweist,die Einheitoderdas OEK-Blattliegend
dargestelltist. Es istdamitjeweilseinGebietvonca 28 x 18 Kilometergegeben.

. Abbildung 1
Blatt‘050' - Großglockner.Die Datenkommenhierausschließlichausdem DGM desBEV.

. Abbildung 2
Blatt212 - Vellachistaus Datenvon3 verschiedenenSätzengebildet.NördlichderGrenze,also im
rechtenTeil, scheinenDatenaus dem DGM auf. Der MittelteilwurdedurchDatenaus den mittleren
Höhen(Raster-1)ergänztundim SüdteilwurdemitDatenaus den mittlerenHöhen(Raster-4)aufge-
füllt;alleDatenstammenaus Österreich.

. Abbildung 3+4
Blatt'174' - TimmelsJoch. Differenzaus den Datendes DGM von Österreichundausden Datenvon
Italien,soweiteine doppelteÜberdeckunggegebenwar. Abbildung4 zeigtdabeidie Verteilungder
Höhenabweichungen.

. Abbildung 5 +6
Blatt'L05'__-Ausland.DifferenzausdenDatenvon Baden-WürttembergundderSchweiz,soweiteine
doppelteUberdeckunggegebenwar._Abbildung6 zeigtdabeidieVerteilungderHöhenabweichungen.

. Abbildung 7
Übersicht über die Datei-Namen. Die Dateien auf DOS-Ebene haben Namen der Form
"OEKXXX.GEO“ , wobeian Stelle von °xxx' 3 stelligeNamen eingesetztwerden. Innerhalbvon
ÖsterreichersetzendieOEK-Nummem(001 bis213) dieseNamen.

. Abbildung 8
Verteilungder Datender Nachbarländer.Die Gitterweitensind keinMaß fürdie Rasterweitein den
geliefertenDaten.

. Abbildung 9
ErgebniseinerKontinuisierung-Umrechnungvon mittlerenHöhenin Punkthöhen-entlangeinesPro-
files. Vergleichshöhensind dabeidie Ergebnissedes DGM von Österreich.Die Profillängeist 384
Rasterelementelang,das entsprichtetwa18Kilometer.

. Figures
To controldataordifferencesof data-setssomeprogramswerewritten,enablinga representationon
a VGA-screen.Limitedbysoftware16colorsareassignedtodifferentrangeof heightsandthedatais
representedinareasof 15'x 15' or 28 x 18 kilometers.The unitsareturned90°clockwise,pointing
towardsnorthattherightsideofthescreen.

0 Fig. 1
Unit°050', dataonlyfromDGM , Austria.

0 Fig. 2
Unit°212', inthenorth(rightsite)datafromDGM ‚Austria. InthemiddleandsouthdatafromAustria
(meanheights)in2 differentgridswereused.

. Figs 3+4
Unit'174' , differencebetweendatafromDGM (Austria)andItalyinoverlappingareas.

. F@s$+6
Unit'L05' , differencebetweendatafromBaden-Württemberg(Germany)and Suisse in overlapping
areas.
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0 Fig. 7
Summaryof (file-)names. UnderDOS file-namesare formedas °°OEKXXX.GEO", 'xxx'is replaced
by thenameof an individualareaor unit.WithinAustriathenameis replacedbythe officialnumber
ofthecorrespondingmap(1:50000).

. Fig.8
Distributionof data providedby neighbouringcountries.The griddistanceis notproportionalto the
densityofdata.

. Fig. 9
Calculationof point-heightsfrom mean elevations.Comparisonwith heightsfrom DGM (Austria)
alonga west-eastprofil. The profillengthis384elementsor 18km.
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Abb. 3 :OEKSO , Blatt-174,TimmelsJoch
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Abstract

Three-dimensional (3-D) interactive modelling permits integrated processing and interpretation of
potential data, yielding an improved geologic interpretation. Generally 3-D models are constructed by
polyhedra of suitable geometry and constant density and/cr induced and remanent susceptibility.

In general it is to be assumed, that the interpretation of gravity or magnetic anomalies is based on
determining plausible shapes, positions, and physical parameters for the geologic structures which
cause that field. This problem of data inversion in its broadest sense requires conversion of the
information which has been obtained by measurements into geologic models. Basically, an indirect
modelling process is the calculation of the effect of elementary bodies which approximatethe geological
situation in the investigated area, followed by matching the model curve with the observed curve by trial
and error or graphic-interactive tools.

Rather than the actual mathematical formula of a polyhedron’s gravity and magnetic field, the organiza-
tion of the data structure behind the program, the interactive control of model matching and the
integration of constraining additional data are major parts of the software.

1 Introduction

This paper describes the application of computer graphics to geophysical interpretation
problems in connection with three—dimensional modelling of potential field data. Interactive
modification of model parameters, e.g. geometry, density and susceptibility, access to the
numerical modelling process and direct visualization of both, calculated and measured fields
of gravity and magnetics. This enables the interpreter to design the model as realistic as
possible. ’Trial and error’ methodsbecame more and more important because of the fast
development of computer hardware. In this context, a ’realistic’ model means, that inconsisten-
cies of existing information have been restricted to a minimum. A basic requirement for
modelling is the existence of ideas and hypothesis on the investigated area, i.e. the availability
of quantitative or qualitative boundary conditions (constraints). Towards this end, geophysical
modelling aims in the combination and compilation of (all) existing information. The lack of
information, which always exist, has to be filled by inter- or extrapolation, and contradictions
of different data sources have to be clearly identified, e.g. by means of statistical methods.

The outlined procedure applied to complex interpretation tools requires a synoptical visualiza-
tion of the necessary boundary conditions, which have to be selected and activated by the
user. Modern Geolnformation8ys'tems (GIS) handle this task. Today these systems are based
frequently on relational data banks, and will be replaced by object orientated systems (008)
in the near future. The advantage of 008 is an increasing effectivity, because of direct access
to data and information by the definition of ’geo-objects’.
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2 Definition of boundary conditions (constraints)

The problem of forward and backward modelling methods, which deal with quantitative
modelling of measured geophysical fields, is the integration of additional information into the
modelling process, even if it exists in a digital format. This information - data in a geophysical
sense - is different in nature and origin in most cases: The data are inhomogeneous and
arbitrarily distributed, in many cases uncertain, especially if they describe human knowledge.
The following incomplete list contains some examples of information, which are of specific
interest for gravity and magnetic modelling:

Geological data
- Outcrops of formations, geological maps,
- Location and course of fault zones, activeness and
- Density determinations of rock samples and cores.

Log data of boreholes
- Location, angle of layer boundaries,
- Density logs

Results from other geophysics
- Velocity—density relations,
- Velocity models of refraction seismics, raytracing models,
- Reflexion seismics, line drawings,
- Electrical conductivity, deduced from geoelectrics and magnetotellurics,
- Location of hypocenters, fault plane solutions and
- Stress maps.

Hypothesis, theories, models and ideas
- Qualitative ideas of structures, parameter relations, processes.

Most of this information is used in interpretation processes with different impact, but their
importance is difficult to estimate: Parts of knowledge cannot be quantitied, but their influence
on a successful modelling process as an inportant constraint is crucial. Therefore, interactive
modelling methods require a permanent availablity of infomation, in order to enable inter-
preters permanently to control the coincidence of model and constraints. This task is not trivial
because of the inhomogeneity of data and information. Knowledge based systems have been
proposed in the past (eg. Kölling, 1991), however, the experience shows that even simple
interpretation problems may turn to be too complicated for automated processing.

The main task of this paper is to describe how we can use the ’knowledge base’ of the
geoscientist. He will be supported by selection-, handling- and visualization functions for the
required data and information. He communicates with the computer program by the graphical
interface, whithout taking care of the numerical routines. This is exactly the philosophy, which
stands behind the development of the ’WINDOWS’ system for PC users.

A crucial point among others is the integration of different ’geotypical’ information. How can
we describe the type of data involved in potential field interpretation? Four groups can be
distinguished:

a) Fixed boundary conditions without variability

This group contains data which have exact specification of coordinates (x, y, 2), for
example the depths of drilled formations. The interpretation procedure is limited to
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relating the samples to a special formation, to a verbal description (eg. Lower Greta-
ceous) and to one or more physical parameters. The reduction of real world structures
to geometry and special physical parameters is typical for geophysical methods. Once
completed this classification, their coordinates may be used as fixed points within the
model.

Fixed boundary conditions with variable interpretation

In many cases the location of fault systems is known near the surface from geological
observations, however, their continuation to depth usually is subject of estimation, as
well as their effect on the physical parameters to be modelled. Sometimes these data
are connected to hypothesis about their continuation to the depth, e.g. a Iistric fault.
These data are exact (fixed) at the surface, but they continue uncertain as fuzzy
information to greater depths. Gravimetric modelling should not contradict the superfici-
al data, but in greater depth the modelling is more flexible. The physical 1/r2 depen-
dency of the gravimetric field causes this effect, which has been visualized by Tsuboi
(1983)

These fixed, but uncomplete data have to be handled partly as fixed constraints, and
partly as more vague information, which might be subject of interactive modifications.

Fuzzy boundary conditions with variable interpretation

In this case areas are to be modelled, which cannot easily be defined in terms of
density and susceptibility. Typical examples are models of other geophysical methods,
whose parameters cannot be correlated with density and susceptibility, as e.g. anoma-
lous electrical conductivity: Its physical relation with density and susceptibility is not
known, but obviously a correlation exists in some areas. This correlation provides
important hints concerning the interpretation of recent structures and physical behavior
of crustal segments.

Generally, all preexisting model results within the investigated area is information,
which should always be in mind, however only in some cases these models can be
regarded as fixed information: Gravity models have to be adjusted to seismic models
(and vice versa!), older gravity models within the same area have to be modified
according to the updated knowledge of the region, because the content of information
changes continuously. All these examples belong to fuzzy information, which should
be visualized. They do not have a direct numerical effect on modelling.

Qualitative, descriptive information

3D density models appear to be rather abstract and seem to be hard for geoscientists
not familiar with gravity interpretation. They become more realistic (and increases
"phantasy"), if certain information is added: Geographical information (cities, coast
lines, river systems etc.), topographic information and much more data can facilitate
orientation in the context of the modeled area. The modelling system should provide
an environment, in which even non geophysicists feel comfortable. Standardized colors
and symbols (Götze and Williams, 1993, proposed to use the ’Tectonic map of the
world’) may contribute to an increased interdisziplinary understanding. Finally, part of
this group of boundary conditions’ is all information, which derives from hypothesises
or ideas not to be quantified: They may be included as sketches.
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3 System IGMAS

IGMAS is an interactive, graphical computer system for interpretation of potential fields
(gravity and magnetics) by means of numerical simulation (Götze, 1978; Götze, 1984; Götze
and Lahmeyer, 1988). The method is based on ’trial and error’ methods, and intensive
interaction between user and program system requires numerous functions. The algorithm
used for potential field calculation bases on triangulated polyhedrons (Götze, 1978), and has
been revised and extended recently. At the moment a parallel modelling of the following field
components is possible:

- Gravity fields (x, y and 2 components),
- Gravity gradients (x, y and 2 components),
- Gravity potential,
- Geoid undulation,
- Magnetic fields (x, y and 2 components) and
— Magnetic total field incl. remanent magnetization.

The data structure, which is required for the description of threedimensional model geometry
has to be simple and flexible enough to cover the wide field of gravity or magnetics modelling:
It should facilitate representations of geological information, such as vertical or horizontal
cross sections, surface and depth contour maps, as well as volume and mass calculations.

These requirements lead to the following
basic elements of the input data (ref. Figure
1): The structures (geological bodies) to be
modelled are bounded by triangle facets
(layer boundaries). They represent the
shape of different bodies with constant
density and/or susceptibility. 'The defini-
tion of these triangulated surfaces is given
by the user by defining polygons (lines) : ;
along vertical, parallel planes. The triangula- *
tion between the vertical planes is done
automatically. The data input is two-dimen-
sional, whereas the construction of the final
threedimensional model structures is perfor-
med by the program and does not require Fig. 1 IGMAS Geometry with vertical
any knowledge of topology of the model or planes, lines and triangulated
triangulation techniques. layer boundaries.

3.1 Graphical integration of constraints

Here, additional information, which may constrain the modelled structures, does not cause the
density/susceptibility model. Constraints are visualized on the screen to inform the user on
existing data sets. They are shown as overlays at the display, and may be activated or
deactivated interactively to avoid too complex screen displays.

Visualization functions used by IGMAS (eg. arbitrarily located cross sections and maps)
require either a projection of the constraining data on the actual cross section, or out of their
geometry along the selected plane:

One-dimensional information (points),eg. hypo- or epicenters, volcanoes, borehole measurements:
They require two (x, y) or three (x, y, z) coordinates and sometimes additional attributes like
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magnitude, age etc. If the z—coordinate is not given, points are projected on top of the model.
The projection strip may be defined by the user, points with greater distance from the projec-
tion plane are ignored.
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Fig. 2 West-East Cross section, Central Andes.
Shades of grey indicate density values (originally colored). Black points:
Hypocenters; grey triangles: Volcanoes.

An example is shown in figure 2: lt shows a vertical west-east cross section cutting through
a density model of the Central Andean lithosphere (MIGRA project, discussed by Götze and
Kirchner in this issue). The figure shows, besides cities for geographical orientation, the
location of volcanoes along this cross section, and the projection of all hypocenters within a
strip of 50 km width. The density structure, represented by grey shades, is a cross section
which cuts the triangulated layer boundaries using exact world—coordinates (UTM).

Two-dimensional information (lines and profiles), eg. geological sections or mappings,
seismic models:

These data require two (x, y) or three (x, y, z) coordinates as it was shown for points. If z-
coordinates are not given (eg. for political border lines), they are projected on top of the
model. This information requires special numerical handling, because the cut of a straight 3D
line with a plane usually results in a single point. In this case the profiles are transformed into
’pseudo-threedimensional’ strips using triangulation with constant values perpendicular to the
profile direction. The width of this strip may be defined by the user.

Figure 3 shows another example of the MIGRA project: The result of a two-dimensional
raytracing interpretation of the seismic research group is compared with the three-dimensional
density model derived independently from gravity data (Götze and Kirchner; 1996, this issue).
This overlay of two independent models enables the user to shed new light on the modelling
process and to facilitate the adjustment of his model structures to the seismic features.
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Three-dimensional information (gridded surfaces, triangulated models), eg. isostatic
models, 3D crustal balancing, 3D seismic surveys:

They require three (x, y, z) coordinates and a special topology. These 3D surfaces do not
require any projection, they will be cut exactly by vertical or horizontal cross sections and
visualized by polygon lines.

3.2 Numerical integration of constraints

Visualization of constraints in gravity models is already an important improvement of inter-
active modelling techniques. The visualization is performed by the program automatically, but
the user still has the possibility to ignore this information. Several data, however, cannot be
ignored: Exact borehole measurements of the depth of layer boundaries, outcropping faults or
geological maps of layer boundaries are fixed information, as well as density constraints,
which should be treated strictly ’unchangeable’ by the program.

Additionally, any inversion algorithm will result in more stable and reliable data, if fixed or
fuzzy constraints limit its freedom. Both, constraints for the physical parameters (eg: "pi must
always be larger than p,"), as well as geometrical constraints, and even fuzzy geometrical
constraints ("faultk should have an inclination of 15—30°to the east") have a stabilizing effect
on inversion algorithms.

On demand, program functions can estimate the actual misfit between constraints and model
and summarize this information.
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3.3 Definition of Geo-Objects

The definition of constraints used so far does not describe, how to define them on the base
of the existing data. Some of them require a ’re-definition’ to build a geo-object. This task has
to be accomplished by the user before starting the modelling procedure, and is a crucial part
of complex interpretation combining all existing geoscientific data. Some examples will
illustrate this:

Definition of important boundaries
Each realistic density model is composed by several layer boundaries, which represent
density contrasts between the volumes modelled. A complex object (a typical example is the
Moho) consists of many of these layer boundaries with different density contrasts. In figure 2
for example, the Moho can be identified by the pronounced density contrast between crust
and mantle material. However, crust as well as mantle are represented by several different
densities. The density contrast between crust and mantle is not constant. The seismic method,
however, defines the Moho to be a zone of strong velocity gradient, whereas absolute
velocities may vary depending on the particular area. These different definitions require a new
classification in order to be able to link them numerically:

Example geo-object "Moho Central Andes"
a) Gravimetric model definition:

Boundary between body ’continental asthenosphere’ and body ’old mantle’, and
boundary between body ’continental asthenosphere’ and body ’brasilian shield’,
and top of continental lithosphere,
or
increase of densities from < 3 to > 3 g/ccm.

b) lsostatic model definition:
Theoretical surface of isostatic equilibrium based on known topography.

c) Seismic model definition:
Increase of velocities to > 8 km/sec.

Generalization of geo-information
Borehole data often show extreme high resolution, so that their integration into a geophysical
modelling process often causes severe problems, because geophysical methods usually
require simplification and generalization. Therefore generalization is needed as part of a
complex interpretation in the modelling process.

An examle of the geo-object "sedimentary cover"
It can be described by:
a) Stratigraphy:

Soll,
Sandy clay (quaternary),
Clay, humid (quaternary),
Sand, dry (quaternary).

b) Gravity modelling:
Body "1" (Sediments, density < 2.0 g/ccm) and
body "2" (Sediments, density 2.0-2.2 g/ccm).

c) Seismic modelling:
Velocities < 3 km/sec

The implementation of this ’object orientated’ strategy of geo-objects, which can be addressed
by user defined ’names’, is not yet finished by now. In particular, the possibility of combining
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certain physical parameters (densities, velocities) and geometries (layer boundaries and
bodies) to construct complex geo-objects seems to be useful. The experience gathered in
recent modelling projects of the research group shows, that any interdisciplinary interpretation
requires possibilities of identifying specific ’geo-objects’ during the process of modelling. Most
of these ’objects’ are not concerned with gravity and/cr seismics but with requirements of a
general geoscientific environment eg:

”Show the contour map of the Moho",
”What about the mean density of the crust?"
“How many basin sediments do we have in the north?"

These requirements appear to be simple, however they require more than schematic geophy-
sically idealized representations of cubes or spheres. Todays 3D modelling frequently based
on a whealth of rather inhomogeneous data bases and demand complex tools which are
linked to special techniques, methods and knowledge to solve problems and questions in the
geosciences.
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Abstract

Possessinga detailed 3—Dvolume elementmodel of the density distribution of the lithosphere in the
Pannonian basin, Hungary a successful attempt wasmade to reproduce short wavelength (local) geoid
undulations generatedby the model and to combinethosewith undulations provided by high resolution
global geopotentialmodels like OSU89B and OSU91A. The variants of the obtained ”lithospheric geoid”
agree with local gravimetric quasi—geoidsolutions of Hungary very well (mAN : 10—40 cm, (TAN:
:t10 —20 cm). In the process of combination of local and global contributions a subsequentapplication
of physical and mathematical (digital) filtering was introduced.

On one hand physical filtering removes properly the undesired trends from the local undulations
and at the same time it improves efficiently the characteristics (zeromean, periodicity) of the residual
part of the generatedpotential. Thus the residuals becomesuitable for further mathematical processing.
On the other hand digital filtering provides the exact separation of local and global contributions in the
frequency domain but it gives satisfactory results only if the signal processedsatisfiesrigorous conditions.
Methodological and practical questions of forward computations of the potential are discussed in the
paper and the differencesbetweenthe two filtering techniquesare demonstratedby an example from the
modelling of the gravity field in the Pannonian basin.

Introduction

For the first glance the results obtained from a regional model of some density inhomogeneity
by 3-D forward gravity modelling are sometimes disappointing. Displaying the isolines of the
computed quantity (eg. undulation contribution) one may think that there is something wrong
with the computations. The expected details, short wavelength features which are certainly
inherent in the density model cannot be observed only a relatively smooth “bulge” or “hump”
is seen. Obviously, the computations are correct but what is seen is not what is expected based
on observations of the gravity field. Usually the main purpose of the forward modelling is to
produce quantities from a model of the real world which can be compared to the observations
afterwards. But only the same kind of data having the same meaning can be compared to each
other.

In the situation of gravity field modelling performed from observations differential quantities
(gravity anomaly, disturbing potential, geoid undulation) representing very small deviations
(magnitude of %10“4 . . ‚lo—5) of the real gravity field from its simple physical-mathematical
model are considered. In this sense the rotational ellipsoid and its analytically described gravity
field is a very suitable model of the real Earth. This model, however, does not involve any useful
information about the internal density distribution (in fact the model is independent from its
generating sources) therefore its gravity field fits only to the external observations. In the case
of local/regional density models, in spite of the fact that usually density contrasts (Ag) are
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used in the computations instead of real densities having @global mean value, the magnitude of
relativeness (Ag/@) is only 10“1 . . . 10‘2. From this ratio one can see that the potential (VDM)
generated by the density model (1) has not the same information content than what is derived
from gravity field observations referenced to a global model. Therefore the comparison and
combination of these two kinds of contributions need preparations which make their information
content consistent.

A9( @“y‚z)VDM(:B"„y z') 2G///r(cc—x’( y— y z— z,)datdydz. (1)
cryz

The concept of physical filtering

The concept of physical filtering is based on the principles of physical geodesy where instead
of the total potential of the Earth (W) rather the disturbing potential (T) is considered and used
to represent the irregular features of the Earth’s gravity potential (2). This way of processing of
geodetic data has theoretical and also practical advantages,

T=W—U (2)

(Sansö, 1994; Torge, 1980; Heiskanen and Moritz, 1967) and it removes (filters out) the systema-
tic and long wavelength effects from W. It is obviously possible because the reference potential
U is derived by physical-mathematical considerations from the observations of the linear func-
tionals of W e.g.

g : gradW . (3)

The geodetic reference model satisfies several physical and geometrical conditions (4) and
therefore its application in (2) is equivalent with physical (high-pass) filtering.

aref : areal
eref : ereal
Mref : Mreal (4)
wref : wreal

COMTCf : C0Mreal

where subscripts re f and real represent the reference and the Earth’s real parameters, respec-
tively (@is the semimajor axis, e is the first excentricity, M is the mass, w is the angular velocity
and COM is the Center of Mass).

This scheme may be followed step-by-step in forward gravity field computations where the
observables are the volume density values implied in the model. In order to get a reference
model of the local density distribution (1) a suitable geometrical formation which represents
the dimensions of the real model sufficiently and (2) an average density which produces the
same mass for the reference model have to be found. Since in the practice generally thin, layer-
]ike models are used (the horizontal extension of the models is much bigger than the vertical
dimension) therefore it is expedient to keep the usually irregular horizontal shape of the density
distribution model (Fig. 1). lt helps to reduce those artificial effects (edge effects) which are
caused by the lack of data around the model generating large horizontal gradients at the border
between the empty (@5 0) and the model (@$ 0) spaces (Kalmär et al., 1995). To obtain the
vertical extension (D,) of the reference model for a local density model built up from rect angular
prisms both (5) and (6) should be satisfied simultaneously.

N N N
Mr = ATDTE. = 2 Qin' = ZQ.'A%ASHAZ.' = Z mr (5)

i=1 11:1
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K
A. = ZA$iA3/i , (6)

12:1

where the mass of the reference model is M„ the mass of a single prism of the density model is
m„ ACE„ Ay,-, and Az,- are the horizontal and vertical dimensions of a single prism, respectively,
the density of a single prism is p„ the homogeneous density of the reference model is ?„ the
volume of a single prism is V„ A, is the area of the planar projection of the bounding surface
of the reference model which is equal to the areal sum of those prism sides being in horizontal
position and having a number of K which cover A,. in the horizontal plane uniquely (K 5 N).

Figure 1. (a) A local density model with a density distribution g(a:,y, z) and (b) its simplified
reference model with homogeneous density @.

Applying the above constraints a horizontal slab having a constant thickness D„ an irregular
horizontal outline and a constant density is obtained. Computing the gravitational effect (eg.
potential) of both the detailed density model (VDM) and its simplified reference model (VRDM)
one can compute local disturbing potential (TL) by

TL = VDM —VRDM - (7)

Concerning the 3-D prism model of the upper mantle beneath Central Europe (Fig. 2) derived
from different maps of the Mohoroviéié discontinuity (Lillie et al., 1994; Horväth, 1993; Posgay
et al., 1991) the computation of its simplified reference density model follows. The horizontal
extension of the model is 950 x 750 km in E-W and N-S directions, respectively (Papp and
Kalma'.r, 1996) consisting of 1821 rectangular prisms. The model possesses homogeneous den-
sity distribution (eg. Ag : +200 kg/m3). The thickness D. of the reference density model is
computed by (8), where the total mass of the model is M and M = M.. Based on (8) the
reference density model of the upper mantle is a horizontal plate of 950 X 750 x 19.92 km with
homogeneous density of +200 kg/m3.

M
D. :-

Ag . 950 . 750
—10“6 [m] . (8)

Comparison of physical and digital filtering

In order to investigate the differences between the two kinds of filtering considered, first
of all the undulation contribution of the upper mantle model was computed (Fig. 3/ a) on a
10 X 10 km grid at 256 x 256 grid-nodes. The characteristic “bulging” of the total potential
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Figure 2. Horizontal arrangement of the prism system of the model of the upper mantle in
Central Europe. Depth values refer to the upper side of the prisms.

field mentioned previously is clearly visible but all the other details are hidden. Computing
the undulation contribution of the reference density model determined by (8) its contour line
map can be seen in Fig 3/b. Both computations resulted in very smooth fields having very
similar topology however subtracting them in the sense of (7) the medium and short wavelength
undulations representing the variation of the local disturbing potential are recovered (Fig. 4/b).
Comparing the contour lines to the gray—shadedmap of the Mohoroviéié discontinuity (Fig. 4/ a)
the large scale correlation between them is obvious. Eg. the highest undulation (% +6 m) is
observed on the area of the Pannonian basin where the upper mantle is in an extremely elevated
position (26—27km) relative to the average Moho depth (33 km) of the surrounding Alpine-
Carpathian orogenic belt (Papp, 1996). Moreover on the area of investigation the magnitude of
the undulations (10—13m peak-to-peak amplitude) recovered by physical filtering are comparable
to the differences of undulations (max. 20 min NE-SW direction) computed from OSU91A global
geopotential model (Fig. 5) whereas the +80 131undulation maximum obtained from the total
contribution cannot be correlated to any details of the OSU geoid easily.

If a digital high-pass filter provided by GMT program package (Wessel and Smith, 1991)
(A„ass : 200 km, Awtoff : 300 km) is applied on the total undulation contribution (Fig. 3/ a) in
order to “amplify” the short wavelength components (A S 300 km) Fig. 6/a may be obtained.
Figure 6/ a shows several artificial characteristics of the high frequency undulations. First of all,
as an undesired phenomenon the shape of the model area (a rectangle) is clearly indicated by
the strong horizontal gradients of the undulations at the edges of the model. Along and near
the edges spurious oscillations are present, however those are not connected to the structure of
the density model at all. Even inside the model area the correlation factor computed from the
simplest linear regression of the depth-undulation data is only 0.19.

Concerning the structure of undulations (Fig. 6/b) obtained by the subsequent application of
physical and digital filtering, where the same transfer characteristics (A„ass : 200 km, Awtoff :
300 km) were applied the deficiencies mentioned above are missing. At the edges the horizontal
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Figure 3. (a) Total undulation contribution generated by the density model of the upper mantle.
(b) Undulation contribution of its reference density model. Contour interval is 5 m, plane coor-
dinates are given in meters. Shaded rectangle shows the location and extension of the density
model whereas dashed line represents the state border of Hungary (Pannonian basin).
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Figure 4. (a) Gray-shaded map of the depth of Mohoroviéié discontinuity beneath Central Eu-
rope. (b) Undulation contribution of the density model of the upper mantle after physical fil-
tering. Contour interval is 1 m, plane coordinates are given in meters. Shaded rectangle shows
the location and extension of the density model whereas dashed line represents the state border
of Hungary (Pannonian basin).
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gradients are small and there are no artificial oscillations neither there nor inside the area. The
correlation factor is 0.41; it indicates a somewhat higher but statistically not yet significant
correlation between the undulations and the topography of the Moho.
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Figure 5. Contour line map of the OSU91A geoid in Central Europe (N=360). Contour interval
is 1 m, plane coordinates are given in meters. Shaded rectangle shows the location and extension
of the density model whereas dashed line represents the state border of Hungary (Pannonian
basin).

Discussion of the results

The significant differences between physical+digital and purely digital filtering demonstrated
in the previous section are caused by the properties of digital Fourier—transform (DFT) which
is the basic tool in digital filtering. The “recipe” of digital filtering is very simple (eg. Meskö,
1984). Take the DFT-s of both the signal to be filtered and of the filter itself and multiply
them. Then perform inverse Fourier-transform of the product to get the filtered signal. Whereas
usually the design of the filter does not make problems the proper spectral modelling of the
signal, what is the undulation contribution generated by the density model is crucial. This kind
of signal is obviously neither periodic nor has - in the practice - infinite horizontal extension in
X and Y directions. Therefore in the whole frequency range from 0 to the Nyquist frequency
the so called spectral leakage distorts the spectrum resulting in false periodicity of the spectrum
itself. Furthermore the high frequencies are influenced by the “aliasing” or “folding” effect the
magnitude of which depends on how sufficiently the sampling rate is able to represent the high
frequency information content of the signal (Brigham, 1974). Serious problems occur if long
wavelength information which may be considered as trend compared to the extension of the
area of investigation is also present in the signal. Unfortunately the potential fields generated
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Figure 6. (a) Short wavelength undulation contribution of the upper mantle obtained by digital
high-pass filtering (Awtoff : 300 km,/\pass : 200 km). (b) Short wavelength undulation contri-
bution of the upper mantle obtained by a subsequent application of physical and digital filtering
(>\cutoff: 300 km, /\pass: 200 km). Contour interval is 0.1 m, plane coordinates are given in
meters. Shaded rectangle shows the location and extension of the density model whereas dashed
line represents the state border of Hungary (Pannonian basin).
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by local density models contain all these undesired properties influencing the results of DFT
disadvantageously. Obviously DFT models the signal self-consistently, but it is not sure at all
that the DFT spectrum in local case is consistent with the global spectrum of potential related
quantities because of the different information content of the signals.
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Figure 7. Radial power spectra of (gray) the total undulation contribution of the upper mantle
and (black) of the residual undulations after physical filtering.

Concerning Fig. 7, one can see that there is not a simple relation between the total undu-
lation contributions and the residuals obtained by physical filtering even in the range of high
frequencies. Physical filtering affects the whole frequency range drastically decreasing the power
at long wavelengths (A > 600 km). Therefore the same result cannot be obtained by usual digital
filtering what is basically a linear operation and loosly speaking it leaves the power of passed
frequencies “untouched” whereas it makes the power “zero” in the cut-off band. Fig. 8 shows
that an ideal transfer function should have a step-function shape providing constant transfer
(O attenuation) for the passed wavelengths whereas the observed transfer function produces
gradual attenuation toward the forbidden long wavelength geoid undulations indicating strong
linear trend in the logarithmic scale. Moreover in certain wavelength ranges the attenuation
differs abruptly from its general trend (see e.g. the range between 105—110km) resulting in nar-
row “spikes” in the transfer function. The reason of this is not known but such characteristics
cannot be easily provided by a common digital filter. Therefore concerning that the application
of physical filtering prior to digital filtering improves the interpretability of the processed data
it is recommended to be used in 3-D forward gravity field modelling.
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Figure 8. Spectral transfer functions of (gray) an ideal high-pass filter and of (black) the “physical
filter” obtained by deconvolution.
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INVESTIGATION OF METHODS PROVIDING FIELD CONTINUATION
BETWEEN ARBITRARY SURFACES

Roland Pail and Bruno Meurers

Institute of Meteorology and Geophysics, University of Vienna

Abstract

In regions of rugged t0pographic relief field continuation from an arbitrary to a plane surface is
required to diminish reduction anomalies due to anomalous vertical gradients. Several methods based
on different concepts are investigated and compared by means of synthetic and field data. Besides
two approaches to reduce edge effects are proposed, i.e. the separate continuation of a trend and
residual field and the application of an appropriate field extension.

1. Introduction

Generally gravimetric or magnetic data are measured on a rugged topographic surface. The
gravity data obtained by "classical" Bouguer reduction do not refer to the reduction level, but
still to the height-correlated station locations. Free-air reduction only considers the standard
gravity gradient and neglects the a priori unknown anomalous vertical gradient between the
station and the reduction level which is caused by all disturbing masses located below the
topographic surface. Therefore Tsuboi (1965) distinguishes the "station Bouguer anomaly"
(SBA) on the observation surface from the "real Bouguer anomaly" (RBA) on the reduction
level.

Many processing techniques, e.g. field transformations or the calculation of the anomalous
mass, assume gridded data on a plane surface. Neglecting the anomalous vertical gradient
results in reduction anomalies, especially in regions with high anomalous gradients and alti-
tudes. Therefore both interpolation and field continuation from a rugged to a plane surface
are necessary.

The problem of field continuation between arbitrary surfaces can be solved by a variety of
methods developed during the latest decades. Tab. 1 shows a selection without claim of
completeness. In this investigation some continuation methods of different conceptions are
analyzed, compared and tested by means of synthetic and field examples.

2. Characteristics of the methods applied

(1) Cordell (1992)

This continuation method is based on the "generalized equivalent source" conception. The
Bouguer anomaly measured on the topographic relief is approximated by the gravity effect
of point sources located exactly below the station locations and at a depth proportional to
the distance to the nearest neighbor. The user defines the value of this proportionality factor
and therefore implicitly the frequency characteristics of the approximated field, too. The
equivalent source distribution is calculated iteratively. The gravity field determined by the
previous iteration step is compared with the observed one. The next point source is then
fitted at the position of maximum deviation. The method solves simultaneously the tasks of
continuation and interpolation of data, because a regular station distribution is not required.
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equivalent source

point mass distribution
Dampney (1969) horizontal point mass distribution (MI)
Xia and Sprowl (1991L horizontal point mass distribution (Mi)

1 Cordell (1992) point source distribution at different cfgpths
density or dipole layer

Bhattacharyya & Chan (197D density layer located on topography (FIE)
Hansen & Miyazaki (1984) dipole layer located on topography (FIE)
' Pilkington & Urquhart (1990) dipole layer located on mirror image of topography (FIE)

2 Graber-Brunner et al. (1991) density layer located below topography (MI)
3 Ivan (1994) continuous dipole layer on topography approximated by a

polyhedral surface (FIE)
horizontal density layer

4]Xia et al. (1993) ] iterative solution applying upward continuation (DFT)
chessboard technique

äCordell (1985) [continuation to different levels (DFT) and linear interpolation
finite series expansion

Henderson & Cordell (1971) finite trigonometric series expansion (Mi)
Granser (1982) finite trig>nometricseries expansion (MI)

6 Grauch (1984) Taylor series expansion (DFT)
iterative approach

Grant & West (1965) anomalous vertical gradient (DFT)
7 Lahmeyer (1989) chessboard technique and iterative downward continuation of

residual @ity (DI-T)
8 Meurers (1992) anomalous vertical gradient (DFT) improved iterativer

least squares collocation
|Lahmeyer (1988) ]

FIE:solutionofFredholmintegralequation,DFT:discreteFouriertransforminvolved,MI:matrixinversion
Tab. 1: methods providing field continuation between arbitrary surfaces

(2) Graber-Brunner, Klingelé and Marson (1991)

This equivalent source method uses vertical prisms of square section and with constant
height and density. The source distribution is placed at a constant depth from the support-
ing surface approximating the rugged topographic relief. The problem is solved by inverting
a square matrix, where the number of columns and rows each is the total number of grid
points. In case of large fields a symmetrical square operator has to be used to reduce com-
puting time. The error made by applying operators increases in principle with continuation
distance, because the vertical gravity component of regions beyond the operator’s area
gains in power.

(3) Ivan (1994)

In this method a continuous dipole layer is located on a polyhedral surface that consists of
arbitrary triangular faces and approximates the topographic relief. Suppose R to be the
observation point with position vector r on this polyhedral surface T defined by position
vectors r'. The magnitude Il of the dipole moment is then obtained from the following modi-
fied Fredholm integral equation of the 2ndkind:
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n(r)=2—rf@ ®(rl—llulr')nlrl—'i'—.dsrl
|r—r'

T* is the surface excluding the observation point R where the potential <D(r)is known, and
n(r') means the upward pointing normal unit vector of each face. II(R) is the bisection of the
solid angle under which the base triangle defined by the neighbor points is viewed from the
observation point R:

21:—A123 below base triangle

II(R) : rc if observation point R within the plane defined by the base triangle

A123 above base triangle

A123represents a sum of arc tangent functions of arguments depending on geometric para-
meters.

(4) Xia, Sprowl and Adkins—Heljeson (1993)

The equivalent source consists of a continuous density layer defined on a plane surface
that must be placed below the minimum station altitude. The density distribution c(r) is
determined iteratively. At the m-th iteration step the density distribution has to be modified
according to the following equation (Rott 1960):

e(r)<m+‘>=o(r)<m>+[s(r) - g(r)<m>]/2 no

where G means the gravitational constant. 8 is the observed and 9 the calculated gravity on
the observation surface z(r) = 20+ h_(r).20 is the mean distance between equivalent source
and topography. The gravity anomaly is then obtained by inverse FFT:

-IkI2o]9(r)= 27r @Z—“"“)3 3"[-

(5) Taylor series expansion (Grauch 1984)

This algorithm is based on expanding the gravity field measured on the rugged topography
by Taylor series up to 2nd order with respect to the reference level 20. During the computa-
tion of the gravity and its derivatives a FFT -low pass filter has to be applied which leads to a
loss of high-frequency information.

(6) "chessboard"-method (Cordell 1985)

In the first step a supporting surface is defined by the mirror image of the observation sur-
face. Besides, the gravity data are assumed to be located on a plane surface. The con-
tinuation from this level to the supporting surface is then performed by means of the
„chessboard“-techniquez The initial gravity field is continued to various levels. The gravity
value at a certain altitude can then be evaluated by linear or spline interpolation in vertical
direction.
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(7) Lahmeyer (1989)

This iterative algorithm also applies the "chessboard"-technique. In this case, however, only
a residual field representing the difference between the observed gravity field on the rugged
topography and the solution of the current iteration step is continued from an optimum sup-
porting level to the target level. The altitude of the optimum supporting level depends on the
cut off wavelength of the low pass filter and is therefore crucial for convergence. The
method developed by Xia et al. (1993) is a special case and moreover the optimization of
Lahmeyer’s algorithm. In this case the target level coincides with the supporting level, which
is located below the minimum station altitude. Then the downward continuation of the resid-
ual field and consequently the filtering procedure are not necessary anymore. The calcu-
lated field in this level coincides, apart from the factor 2nG, with Xia’s density distribution.
Therefore in this study Lahmeyer's method has been excluded from further consideration.

(8) Meurers (1992)

This method represents a modification of an algorithm published by Grant and West (1965).
The RBA is approximated by iterative calculation of the free-air correction term according to
the first mean value theorem for integrals. In this way the anomalous vertical gradient as
well as its vertical derivative is considered. The calculation of the gravity gradient distribution
requires FFT -low pass filtering, which results in a loss of high-frequency information in the
correction term, but not in the original gravity data.

3. Synthetic studies

In this paragraph the continuation methods mentioned above are investigated by means of
synthetic test examples. Topography data have been obtained by interpolating mean alti-
tudes of a high-alpine relief (518 - 3494 m) in Tyrol on a 101 x 101 grid with 1 km spacing
(Fig. 1). The gravity field on this topography (Fig. 2) is generated by a sample of 23 point
masses in various depths between 3 km and 80 km below the zero level (case study A). lt
varies between 10.83 mGal and 98.32 mGal. The object is to continue this Bouguer anom-
aly (SBA) by means of the various methods to a level of 3000 rn (or 3500 m in case of
lvan’s algorithm) and to compare the results with the exact field of the source sample.

The chosen source distribution allows to locate the continuation level below the maximum
station altitude, because in this synthetic case the Laplace equation is valid within the whole
range of topographic heights. On the contrary in lvan’s method the equivalent dipole layer
coincides always with the topographic surface. Therefore the continuation level has to be
located above the maximum station altitude. This is only an apparent disadvantage, how-
ever, because only this and similar equivalent source methods (eg. Bhattacharyya and
Chan 1977, Hansen and Miyazaki 1984) are capable to continue potential fields generated
by very shallow sources, e.g. density variations within the range of topography.

The numeric results of this investigation are summarized in Tab. 2 showing the statistics of
the differences between calculated and exact fields. These would be distorted by method-
dependent edge effects varying in magnitude. Thus only the inner part excluding a marginal
zone of 10 km is analyzed statistically. Besides, the SBA field has been considered as an
approximation of RBA - as it is done with the "classical" Bouguer reduction - and has been
continued from an assumed reduction level of 518 m (minimum station altitude) to 3000 m
respectively 3500 m. The difference between this result and the exact field on the respec-
tive level represents the continued reduction anomaly.
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Fig. 2: Synthetic gravity field (A) on topography (SBA). Colour interval: 5 mGal.
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method Fig. mean min. dev. max. dev. RMS
Cordell 3' 0.72 - 1.81 2.01 0.38
Cordell (sep.) 4 0.77 - 0.34 1.74 0.31
Xia 9 0.66 - 0.24 1.35 0.25
Taylor series expansion 10 0.68 - 0.14 1.40 0.30
”chessboar ” 11 0.75 - 0.18 2.08 0.34
Meurers 12 0.64 0.06 1.36 0.25
reduction anomaly --- 1.11 1.98 5.44 1.42
Tab. 2: synthetic field (81 x 81-grid):errors on continuation plane 3000 m

(1) Cordell

Fig. 3 shows the difference between the continued field obtained by means of Cordell’s
method and the exact one on the plane 3000 m after 1000 iterations. The proportionality
factor between the depth of the fitted point source below the station point and the grid spac-
ing is 1.4. The result demonstrates one of the week points of this algorithm which is based
on the methodical approach: An equivalent point source distribution causes non-real high-
frequency components which prefer to appear in regions with rugged topographic relief. The
edge effects caused by using a finite measurement area increase with continuation dis-
tance, because no equivalent sources exist beyond that area. Applying various types of
field extension does not introduce any additional information and therefore can improve the
results only stochastically. Thus a new method has been developed, which separately per-
forms the continuation of a trend field and of the remaining residual field in order to improve
the representation of long wavelength components (Pail 1995).

The separation procedure is carried out by applying a low pass filter (cut off wavelength of
100 km) to the SBA field that has been previously extended by 50 km on each side. Only
such field extension enables to choose a cut off wavelength similar to the original field
dimension.

In the first step a source distribution is fitted to the trend field by Cordell's routine (840 itera-
tions). As the depth of a point source corresponds approximately to a third of the anomaly’s
wavelength, the proportionality factor 40 has been chosen. Based on the resulting source
distribution, the gravity field can be calculated both on the topographic surface and on the
continuation level. In this way the long wavelength component is continued to 3000 m. The
residual field, representing the difference between the SBA and the long wavelength com-
ponent on the topographic surface, now is continued by a second application of Cordell’s
method (proportionality factor = 1.4, 1000 iterations) and added to the long wavelength
component on the continuation level.

It should be mentioned that the residual field contains not only the high frequency compo-
nent of the SBA field, but also the differences between the trend field and the one calcu-
lated on the topographic surface using the fitted sources, i.e. the errors of the first Cordell’s
computation. Besides, the error resulting from wavelength filtering, which theoretically is
allowed only for potential fields referring to a plane, is not included in the final result. In prin-
ciple Cordell’s deep sources could be replaced by any other equivalent source that repro-
duces the long wavelength component of the gravity field on the topography fairly well. The
trend field represented by this distribution is always continued exactly. lnstead of wave-
length filtering other methods of separation, e.g. higher order polynomials, can be used too.

Fig. 4 demonstrates the improvement of this method compared with Cordell’s original algo-
rithm (Fig. 3). Not only the edge effects, but also the high-frequency errors in the interior
could be diminished.
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Fig. 3: Errors of Cordell’s (1992) method. Contour interval: 0.5 mGal.
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Fig. 4: Errors of Cordell‘s (1992) modified (trendseparation) method. Contour interval:0.5 mGal.

(2) Graber-Brunner et al.

This continuation method requires an inversion of big matrices. Because of limited computer
capacity and computation time increasing with field dimensions an application of operators
is indispensable. However the deviations and RMS errors resulting from the use of 15 x 15
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or 21 x 21 operators are of a similar magnitude as the continued reduction anomaly itself. In
the case of this synthetic study the method fails to improve the original problem.

Graber-Brunner et al. (1991) proposed to apply intermediate continuation levels. This step-
wise procedure, however, often does not improve the accuracy of the method significantly.
On the other hand subtracting the mean from the initial data results in a better conditioning
of the matrix and a prominent improvement of the continuation problem. The continued field
in the plane 3500 m included in Tab. 3 has been obtained by removing the mean value and
applying a 21 x 21 operator. The height of the equivalent source prisms has been 1000 m,
the constant depth below the topography 1.5 times the grid spacing (1.5 km).

(3) Ivan

Fig. 5 shows the errors in 3500 m achieved by lvan’s algorithm after 7 iterations. Prominent
edge effects due to truncation extend farther to the interior of the field compared with the
other methods. This phenomenon can be explained as follows. All methods using an
equivalent source distribution below the topographic surface strengthen the source magni-
tudes at the grid boundary/Vin order to compensate the missing gravity effect of the exterior
while fitting the gravity field on the relief. In case of lvan’s method the dipole layer coincides
with the topographic surface. Therefore the dipole magnitude is not increased that much in
the boundary area. In the course of the continuation however the gravity effect of the exte-
rior is entirer missing, because it is not at least partially compensated by strong magnitudes
in the boundary regions. This phenomenon increases with continuation distance because of
increasing influence of distant masses on the gravity effect. In addition to this height
dependency the magnitude of the truncation effect depends also on the amplitudes of the
gravity field in the edge regions.
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Fig. 5: Errors of lvan’s (1994) method. Contour interval:0.5 mGal.
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Therefore every method diminishing the gravity amplitudes at the boundaries is appropriate
to reduce the truncation problem. In the following two approaches are developed (Pail
1995x

a) separation of a long wa velength trend and separated continuation by means of Cordell 's
routine
This method has been described in paragraph (1). No theoretical objections exist to such
a combined procedure, because the application of two different types of sources
(Cordell: point sources, Ivan: dipole layer) corresponds with the equivalent source princi-
ple in potential theory. Besides only the long wavelength component based on deep
disturbing masses are continued by means of Cordell‘s method. Therefore the greatest
advantage of lvan’s algorithm, i.e. the adequate continuation of masses being located
within the range of topography, remains unaffected.

b) appropriate field extension
The developed field extension method serves the following criteria: The gravity field is
expanded by linear interpolation between the gravity value of the given point at the origi-
nal boundary and zero at the extended field’s edge. A similar procedure is applied con-
cerning the topography data. The only difference is that they do not tend to zero, but to
the mean value of the topographic altitude.

Tab. 3 demonstrates the improvement applying these methods compared with the result
based on the original SBA field.

. mean value min. dev. max. dev. RMS
Meth°d F'9' [mGal] [mGal] [mGal] [mGal]

Graber-Brunner et al. (21x21) --- 0.73 - 2.31 3.70 1.46
Ivan - original 5 - 1.58 - 8.58 - 0.01 1.23
Ivan- separation of trend field --- 0.36 - 1.17 2.41 0.63
Ivan- field extension (20 points) --— - 0.84 - 3.65 0.00 0.59
Xia --- 0.96 0.23 1.76 0.24
Reduction anomaly (continued) --- 1.50 - 1.40 5.51 1.32

Tab. 3: Synthetic field (81 x 81 grid): errors on the level 3500 m

lvan’s method is the only one discussed in this paper that is able to represent adequater
those sources located within the range of topographic altitudes, while all the other methods
fail in that case because Laplace equation is violated. Therefore a second case study (8)
has been performed to investigate the behavior of lvan’s algorithm in such case of high-
frequency gravity fields.

The observation surface is a smaller part of the previously used topography and is marked
in Fig. 1 by a frame. The space between the topographic surface and zero level is entirely
filled with material of unit density. The mass exceeds the boundaries of the observation
area by 5 km. Its gravity effect has been calculated by means of polyhedral approximation
according to Götze and Lahmeyer (1988). The arrangement of triangles corresponds
exactly to that one in lvan’s algorithm, therefore no numerical effects can arise due to the
polyhedral approximation of the topographic surface. This high-frequency field on the obser-
vation surface ranges between 21.05 mGal and 129.28 mGal. The object of this study is to
examine the practical behavior of lvan’s algorithm and different methods for reduction of
truncation effects.

Fig. 6 shows the deviations of the calculated field from the exact one at 3500 m. In addition
to prominent edge effects there exists a significant correlation with high—alpine regions
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Fig. 6: Errors of Ivan’s (1994)method. Case study B. Contour interval:0.5 mGal.

which coincide also with the maximum amplitudes in the initial SBA. The method of trend
field separation (Fig. 7) reduces the truncation effect slightly. On the other hand the interior
shows greater errors compared with Fig. 6. This study demonstrates that the separation of a
long wavelength trend does not represent a general approach to solve the truncation prob-
lem. A successful application depends highly on the structure of the initial field. In this case
the separation of a trend field results in a reduction of amplitudes of the residual field neither
in the interior nor in the boundary regions. Therefore minimizing the amplitudes of the initial
field especially in the edge areas and reducing in that way the truncation effect fails.

On the contrary the method of appropriate field extension strongly improves the results. Fig.
8 shows the errors using a field extension of 20 km on each side. The result in the interior is
similar to Fig. 6, but the truncation effect has been prominently reduced. Though it should
be mentioned that a field extension means increasing dimensions, which could be of rele-
vance considering computation time.

Tab. 4 compares the statistics of the Figs. 6 to 8 and includes the reduction anomaly con-
tinued upward analogous to Tab. 2, assuming a reduction level of 602 m (minimum station
altitude).

(4) Xia

Fig. 9 shows the difference between the field continued by Xia’s method after 10 iterations
and the exact field at 3000 m. The density distribution has been located immediately below
the minimum station altitude at a level of 500 m in order to obtain fast convergence and to
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cope as far as possible with the high-frequency content. The initial field has been extended
by 50 km on each side to avoid FFT edge effects.

01

-sh)(»-h0105\1on..

150002000025000300003500040000450005000055000

10000
.., _.ß\‚‚.:«V.-\

Fig. 7: Errors of lvan’s (1994) method. Case study B. Trend separation.
Contour interval: 0.5 mGal.

‘' " \Wl'd.\"ü;1'fgg_;„xd“1\.'w%“ ‚_.=.;n*.{..\l.‚ä;, -".-<.‘W';'A‚MILMT.—fl \i‚f‚‘g‘££é“/:'*m,g„„-. ««c.‘_‘:rr\ein—. ‘ '\‘ul

....;_“‘??:S".v—:u‘”-(L".fl“.'
..‚_(gM'mp‘'*tAx“-,;.

' *w'é„_-
!“Gb-‘“."53‘9N'h‘"\:é;-r“3*%‘-_ .‘\.. ‘ __ "'***5éiäé“*'
r(“";

€‘L‘s:?7a
$ng

153?"\‘:r+_}<jt’gfd’u.'„.,—,
."!.5@%4\‘"6.‘v\\\.‚3.3 €8

.azääs'äyg..-.ßä;‚:éäqä
.‚._J..]”i"“.\150002000025000300003500040000450005000055000

000$!

. -wm»\„___‚_ _ _ _ .- „' . l‘ . .fifa‘ifl"ä
1500 400 0006

Fig. 8: Errors of lvan’s (1994)method. Case study B. Field extension.
Contour interval:0.5 mGal.



166

method Fig. mean min. dev. max. dev. RMS
[mGal] [mGal] [mGal] [mGal]

o_riginal 6 - 5.46 - 68.93 0.25 8.90
separation of trend 7 4.83 - 5.79 19.04 3.15
field extension 20 points 8 0.66 - 3.65 7.09 0.86
reduction anomaly (continued) ---- —1.18 - 24.50 12.96 6.05

Tab. 4: lvan’s method - different approaches to reduce the truncation effect: errors on
continuation level 3500 m
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Fig. 9: Errors of Xia’s (1994) method. Contour interval: 0.5 mGal.

The method proves to be very reliable and stable even in case of extremely rugged topo-
graphy and high-frequency fields, as long as no sources exist between topography and the
density distribution level, because such a configuration would violate the theoretical
requirements of this algorithm. The most striking problem obviously is the correlation of the
errors with topographic structures. The smaller the distance between the equivalent source
layer and the continuation level, the stronger are the amplitudes of these high-frequency
errors. On the other hand the choice of a great depth of the density layer results in the fail-
ure in fitting high—frequency components adequately. Therefore a compromise is necessary
to enable a correct continuation of shallow disturbing masses and at the same time to
ensure a sufficient net continuation distance. In addition all problems inherent to discrete
Fourier transform occur, e.g. leakage. A reduction of edge effects can be achieved by
applying the trend field separation method described in paragraph (1). In this case the long
wavelength component is continued by Cordell‘s procedure, the residual field by the
method of Xia et al. (1993).

(5) Taylor series expansion

Fig. 10 shows the errors made by Taylor series expansion on the plane 3000 m. The initial
field has been extended by 50 km on each side. Only terms up to 2nd order have been
considered. The algorithm tends to become unstable, particularly in the case of high-
frequency fields.
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Fig. 10: Errors of Taylor series expansion method. Contour interval:0.5 mGal.

(6) Chessboard-Method

Fig. 11 shows the errors of chessboard method on the plane 3000 m using 10 interpolation
levels and field extension of 50 km on each side. The result demonstrates a significant cor-
relation with topography due to the simplistic assumptions of this algorithm.

(8) Vertical gradient methods

In the first step the vertical gradient of the initial field has been calculated applying a low
pass filter with a cut off wavelength of 10 km. 80 an improved Bouguer anomaly according
to Grant and West (1965) is obtained. A second run of this procedure yields an improved
free-air correction term (Meurers 1992), which is applied to approximate the RBA on zero
level. The following level to level continuation to the plane 3000 m results - after subtraction
of the exact field on the same level -in the difference field shown in Fig. 12.

It should be mentioned that the long wavelength nature of the test example is an advantage
to this method. In case of high-frequency components it works incorrectly, because shallow
masses are not taken into account adequater within the free-air correction term due to the
indispensable low pass filtering during the calculation 'of the vertical gradient. Therefore
short wavelength anomalies can not be continued correctly.

4. Field example

This paragraph investigates the continuation methods on the basis of real data. The topo-
graphy (Fig. 13) varies between 530 m and 2530 m. The crosses mark the station locations.
The gravity data have been interpolated on a 31 x 41 grid with spacing of 1 km (Fig. 14).
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Fig. 12: Errors of vertical gradient method. Contour interval: 0.5 mGal.

In the following the continuation solution by Xia’s method serves as reference field on the
plane 2600 rn, because this algorithm has proved to be very reliable and stable even in the
case of extreme relief.
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Fig. 14: Bouguer anomaly (SBA, real case study). Contour interval:2 mGal.

Fig. 15 shows the deviations of the result achieved by Cordell’s method after 1000
iterations (prop. factor : 1.4) from that one by Xia et al. The prominent edge effects in
Fig. 15 can be eliminated by separate continuation (Fig. 16; prop. factor = 10.0, 840
iter.) of the trend obtained by wavelength filtering (cut off wavelength 30 km).
Fig. 17 demonstrates the result of separately continuing the trend field by Cordell's
method (cut off frequency 30 km; prop. factor : 10.0, 840 iter.) and the residual field by
Ivan’s algorithm (field extension 20 km on each side, 6 iter.). The result differs only mar-
ginally from that one obtained by Xia’s method.
Fig. 18 shows the difference field concerning the chessboard technique using 10 inter-
polation levels. Obviously the result correlates significantly with topography.
The Taylor series expansion (Fig. 19; 1 iter.) shows only small deviations from Xia’s
result on the plane 2600 m. Merer the valley stru0ture stands out.
One of the main disadvantages concerning the vertical gradient methods is the arbitrari-
ness relating to the choice of a sufficient cut off wavelength during the indispensable fil-
tering procedure. This problem can be demonstrated by comparing the different results
obtained with cut off wavelength of 5 km (Fig. 20) and 10 km (Fig. 21).
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Fig. 21: Errors of vertical gradient method.Contourinterval: 0.5 mGal.

Tab. 5 analyses the differences between the results of the given continuation method and
the result according to Xia et al. (10 iterations) at 2600 m.

. mean min. dev. max. dev. RMS
meth°d F'9° [mGal] [mGal] [mGal] [mGal]
Cordell 15 - 0.02 - 2.25 400 0.53
Cordell (separation of trend) 16 - 0.01 - 0.53 0.63 0.13
Ivan - separation of trend 17 0.04 - 0.35 0.53 0.10
„chessboar “ 18 - 0.20 - 1.13 0.79 0.23
Taylor series expansion 19 0.04 - 0.61 0.78 0.17
Meurers (5 km) 20 0.17 - 1.21 1.27 0.32
Meurers 00 km) 21 - 0.09 - 2.14 1.21 0.43
Tab. 5: Real field study -:differences referring to Xia et al. on the plane 2600 m

5. Conclusions

Both synthetic and field studies of this paper demonstrate the similarity of the method’s
results. All the algorithms except for the method of Graber-Brunner et al. (1991) are appro-
priate to reduce the initial reduction anomaly. However, in case of short wavelength fields
on extreme topographic relief lvan’s and Xia’s methods give more accurate results than the
others. This has been shown by Pail (1995) and is not discussed by this paper.

Frequently Cordell’s continuation routine produces quite prominent edge effects and high
frequency errors due to the use of discrete sources for fitting the SBA field. Both problems
can be considerably reduced by the proposed method of trend field separation (Pail 1995).
The results of the chessboard technique correlate significantly with topography, which can
be explained with the simplistic basic assumptions of this algorithm. Taylor series expansion
is a fast method that tends to become unstable in case of gravity fields with high frequency
content. Calculating the vertical derivatives requires low pass filtering so that high frequency
information is lost. The vertical gradient methods, which have originally been developed for
downward continuation, are burdened with similar problems. As low pass filtering is neces-
sary for calculating the free-air correction term the high-frequency components can not be
continued correctly. Xia’s FFT -method is a very fast, reliable and stable routine even in case
of high-alpine relief.
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From a theoretical point of view the equivalent source methods are only working correctly if
the source distribution coincides with the observation surface. In that “case very shallow
sources can be represented, too. From all investigated methods only the one of Ivan (1994)
fulfills this condition. The most striking problem of lvan’s algorithm certainly is the truncation
effect that could only be partially reduced by the methods introduced in this paper. Except
of the edge regions the results obtained by lvan’s and Xia’s methods are of a similar quality.
Therefore Xia’s routine should be preferred regarding the long computation time required by
lvan’s procedure. However, once more it has to be pointed out, that lvan’s method is the
only one discussed in this paper that is able to represent and to continue high-frequency
components generated by sources located within the range of station altitudes. The special
case study investigating the gravity field caused by topographic masses proves the excel-
lent performance of lvan’s method even if short wavelength features are dominant. In prac-
tice, however, this advantage often is lost because of wide grid spacing. Usually station
intervals are large (> 3 km) in mountainous regions and in that case high frequency signals
are not well represented by the observed gravity data. This justifies to apply also methods
which basically assume Laplace’ equation to be valid in a specified range below topography
although this is not true in most cases. lvan’s algorithm is especially suited for detailed
gravity investigations in mountainous areas.
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A NON-ITERATIVE 3-D INVERSION OF A GRAVITY ANOMALY
IN THE VICINITY or= BAD AUSSEE (STYRIA)

Rainier Arndt, Alexander G. Römer and Wolfgang Seiberl

Institute of Meteorology and Geophysics, University of Vienna

Abstract

During the 80 ’ies two geophysical campaigns had been conducted to map a negative gravity anomaly
in the SW vicinity of Bad Aussee (Styria). Results derived from the data suggest a diaphir-Iike salt
body. Three dimensional inversion methods available at this time have been restricted in their mining
geological operability. Therefore, the former results have been re-interpreted by a modern Fourier-
based non-iterative 3-D inversion. This non-iterative inversion algorithm, based upon a 3-D Fourier
transform expression for the gravitational field of homogenous bodies, employs the spatial equivalent
of frequency-domain autoregression to determine a series of coefficient from which the positions of
polyhedral vertices, called depths points, are calculated. The number of these gross depths points is
reduced to a final batch of vertices forming an polyhedral envelope around the proposed body. The
solutions correlate well with results derived from former geophysical campaigns and are geological
interpretable. The causative body associated with this gravitational anomaly has an depth extend of
100 m to 1100 m below surface.

Alpine Saline Deposits

Salt mining has a long tradition in Austria and is still done in three locations

— Bad Ischl
— Alt-Aussee
— Hallstatt.

According to ANONYMOUS (1986) in 1985 the total production reached approx. 2.2 Million m3
of brine. The geographical position of the salt mining districts is given in Fig. 1

approx.100km

@

BadIschl. _v_/\

“93?Alt-Aussee
Hallstatt .
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The geological position of the mineable alpine saltdeposits are associated with the Per-
moskyt successions of the northern calcareous Alps. Inside this sedimentation cycle the salt
beds are associated with the HALLSTÄ'I'I'ER facies, thus having an age of z 200 Mill years.
During the Alpidic orogenesis the initial successions were overthrusted, tectonized and,
finally knead with adjoining strata together. PETRASCHEK&POHL (1982) described these salt-
bearing structures as sediments in a saliniferous depositional environment altered by post-
tectonization processes. Salt diapirism is widely observed around the mining locations. At
present, the exploitation strategy applied is lixiviation.

Mining Geophysical Campaigns

The high degree of plasticity in conjunction with adjoining positions to regional structural
interfaces explain the complicated structure of salt deposits. As a result ofthe absence of
sharp boundary surfaces between salt and the surrounding host rocks mining-geophysical
campaigns remain a challenge.

Within the framework of the International Geodynamic Project and within the national
reconnaissance aeromagnetic survey the anomaly in the vicinity of the village Bad Aussee
was discovered and roughly outlined in 1980. Five years later STEINHAUSER et al. (1985)
conducted a second geophysical campaign to resolve more details of this potential field
peculiarity. The geophysical methods applied during the latter survey focused on refraction-
and reflexion-seismics which had been combined with a high resolution gravity survey. The
distribution of the gravity stations plotted onto the topographic contour lines is given in
Fig. 2. This drawing, showing the dense distribution of approx. 18 gravity points per km2,
give emphasis to obstacles encountered during high—resolution gravity surveys in alpine
regions.

The results of both surveys finally merged into a regional and a local gravity map. Table 1
gives the slap densities in kg rn“3applied to the BOUGUER correction of both gravity surveys.
With the anomalous feature circumscripted by two kinds of horizontal gradients - a steep (up
to 16 mgal km ") in the north and south and a gentle one (z 4 mgal km ") at the east and
west flanks (z 4 mgal km "), the average trend appears as WSW-E bound. The signal
strength of this salient gravitational minimum reaches —8 mgal below the regional field. The
isolines in the horizontal section, Fig. 6, also emphasis the discussed detail of the local
BOUGUER map.

Rock Type Density
[ in kg m '3]

Crustal Rock 2670

Lime 2680
Bitter Spar 2800
Till 2400

Gypsum 2200- 2400

Saliferous Rock 2140- 2240

Table 1: Slap densities of BOUGUER corrections within in
the density district SW of Bad Aussee / Styria
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Via a complex interpretation drawn from seismic and gravity data, an initial ambiguous
geological model had been refined by combining the observation of high P-waves velocities,
>4000 m s ", with the mass deficiency traced to the negative anomaly. Thus STEINHAUSER
et al.(1985) concluded, that a diaphir—like structure of salt with an estimated bulk deposit
volume of approx. 3x109 m3 or an approx. size of 6><1012kg is the source of the negative
anomaly SW of Bad Aussee.

3-D Method

As it was pointed out by PEREYRA (1992), the 3—D modelling of deposits is seen as an
important aspect of exploration geophysics. Based on the experience encountered by
GÖTZE (1984), who compared results derived from 2-D and 3-D gravity inversions using a
prominent gravity anomaly from the eastern alpine region, the decisission was made to re-
interpret the initial findings from both Bad Aussee campaigns. The choice to apply a 3-D
inversion is reinforced by LINDNER& SCHEIBE (1977), declaring the non-validity of 2-D algo-
rithms for a complicated geology, and NABIGHIAN (1984), observing various success rates
for the application of 2-D algorithm onto real field data. By applying a non-iterative algo-
rithm, no initial guess for a start model is needed, hence an unbiased approach is guaran-
teed.

The inversion routine used in this gravity data processing is based on a forward algorithm
introduced by HANSEN & WANG (1988). This fomrard expression, herein given as (E2) for
magnetic and (E1) for gravity, calculates the contributions of the single facets of an individ-
ual homogeneous polyhedron in the time-domain of a FOURIER-transform. Fig. 3 provides
the notation for the input data of (E1, E2). By summing up the various spectral components
of several polyhedral bodies and performing a spatial transform on the whole spectrum, the
potential field of even complicated structures is gained.

Fig. 3: Geometry of a triangular facet with vertex point P}.formed by three edges m„, ml.?
and m. .1-3

m

j'2 e-K m. m. —m.P (E1) ‘g'q(k): - 2 75G pl ( )( 1—1X 1—2) 1—3 E]

]. m g k (mi-1 'K)(mj—2 'K)(mj-3 "0
f‘3 .. J.K —K . . . .

(52) B.,(k) : - 2 +1 ( “" )(m‚_, x ""—2) m,.3 ]
k (mi-1 'K)(mj—2 'K)(mj—3'K)

@ (k) Sum of contribution of vertex ] to the total gravity field of a
‘” homogenous polyhedral body - as 2D discrete FOURIER-

time domain notation for position k of the spectra

@ (k) Sum of contribution of vertex j to the total magnetic field of
81 a homogenous polyhedral body - as 2D discrete FOURIER-

time domain notation for position k of the spectra

e unit vector in direction of FOURIER-transformed spectra
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Ej Exponential factor, whereas
exp(- ikx xj - iky yj - kzj)

= exp (-K-r j)

G Universal gravitational constant, SI notation

(6.673 + .003)40'11 m3 kg'1 s'2

l k l

Component of wave in the (kx, ky, O) plane

J Magnetisation vector of body

m],- unit vector of vertex j- with edges i, whereas i = 1, 2, 3

p Density or density contrast

The inversion method presented by WANG&HANSEN (1990) is basically a three dimensional
assemblage of the classic CompUDepths algorithm introduced by O’BRIEN (1973), their for-
ward expression, HANSEN&WANG (1988), and NABIGHIAN ‘s (1984) generalised HILBERT
transformation. This method is used to invert the gravitational field of the Bad Aussee
anomaly and providing co-ordinates of a polyhedral source body given as so called depth
points. Seen from a strictly theoretical approach, these depth points can be described as
numerical solutions of the Poisson Equation.

Like in CompuDepths, no initial guess or density distribution is needed, but other constraints
have to be met, such as

approximation of source body by polyhedrons,
homogeneously distribution of density or susceptibility,
regularly sampled data on a constant elevation;
an even number of depths points to be calculated;

The inversion algorithm employs the spatial-equivalent of an autoregression in the fre-
quency-domain to determine a series of coefficient. These coefficients are used as input-
data for complex polynomials, which, in the subsequent, give the lateral and horizontal
position of depth points. In order to reflect the degree of freedom, which is determined by
the given number of depths points to be calculated, different frequencies are resolved into
polyhedral co-ordinates. Then, in a final procedure, all the batches of depth points derived
from the different frequency components are compiled and evaluated by statistics.

A flowchart summarising the principle steps of this inversion strategy is given in Fig. 4.

Processing Strategy

With the inversion algorithm of WANG&HANSEN (1990) implemented in the computing envi-
ronment of the University of Vienna, four main steps to invert gravity data had been con-
ducted: '
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gridded-dataofanomaly ' Input
amountofdepthspoints

Calculationof
powerspectrum

Calculationofradialinward
orientedderivafives

HILBERTUansf0mation

FFT'1 +Solvingofover-
determinedlinearequaltions

Solvingcomplexn-thorder
polynomicalequaltion

Fig. 4:
Flowchart of principle steps of the
3-D non-iterative inversion
after WANG&HANSEN (1990)

statisticmeanofdepths Output
points/vertexcoordinates

. pre-processing
within a PC environment the raw data are interpolated onto a square grid either using an
algorithm proposed by BRIGGS (1974) or a geostatistical approach as introduced by
MATHERON (1971). For this case-study a clipped window with 51 times 96 data points
was prepared. However, depending on the FFT-subroutines used in the subsequent pro-
gramme flow and the processing power available, the acceptable values of transform
lengths have to be equal to the number of grid points in E and N direction.

. inversion
The only inputs supplied to the inversion routine are the grid data and an even number of
depth points to be calculated. Thus, several batches of depth points had been calculated
to account for different spectral contents of the clipped data. In this casestudy batches of
12,14‚..., 26 depth points for three different windows had been determined.

. post-processing
As a primary step, all depth points calculated had been merged into one single file. By
visual examination, points derived from the high-frequency part, containing an consider-
able amount of misinterpretable numerical noise, had been deleted. Also depth points
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derived from the vicinity of the spectral DC-term, cf. BUTTKUS (1991), give no contribu-
tion to the final result. With the relative error margins set to ‚<.15 % for findings, other
points had to be excluded also - derived from the widths of the standard derivation, which
is calculated during the final processing step of the inversion algorithm, all depth points
not meeting this quality level had been seggareted. Therefore the n-raw points, in this
casestudy equal 324 gross depths points, are reduced to n-net, in this casestudy to 58
net depth points.

. visualisation
For a better insight into the distribution pattern of the net points, a workstation-based
visualisation package is used. The ability to mark and visualise arbitrary sections through
the 3-D distributed point cluster and to form a single model is the actual key-operation for
the final interpretation process. In a preparatory step the amount of n-net points is further
reduced - only the points forming the outside of a volume are accepted.

. The following strategy is used for the shrouding: all possible facets spread between the
N-net points, thus n-net3triangles, are calculated and the cross vector product is formed.
By comparing the sizes and the spatial positions of all the unit vectors, marginal positions
of the depth point cloud are identified and selected. In this casestudy, n-yield equals 22
depth points, forming an integument composed of 126 triangular facets. In a very last
step these co-ordinate pairs had been fed into standard volumization & rendering rou-
tines to display a final model.

Derived Results

The presented results focused on the distribution of the n-yield points, but for the ease of
interpretation all n-net points are discussed. A vertical S-N section, shown in Fig. 5, show a
slight north-dipping cluster with an depth extend from 100 m to 1100 m below surface. The
horizontal extend is approx. 1500 m. An E-W section is presented in Fig. 6, showing the
same minimum/maximum depth distribution. To some extend a steep dip to the W is inter-
pretable. The horizontal extend is approx. 2000 m. The top view in Fig. 7 gives the hori-
zontal distribution of the 58 n-net depth points. A principle WSW-ENE trend, which corre-
lates well with the average strike direction observed in the input-data, is demonstrated.

Discussion of Results

The second report, STEINHAUSER et al.(1985), proposed a model of uplifted block-like basin
facies forming local sills with considerable displacements. The geometric parameter for this
model, as derived from a complex geophysical interpretation, suggest a causative body
stretching from 115 m to 775 rn below surface. Based on this assumption, a 3-D forward
model had been proposed by employing a 3-D forward algorithm published by
TALWANI&EWING (1960), suggesting a WSW—ENE striking body with a depth extend from
135 m to 900 m below surface.

The n-yield depth point cluster derived from the applications of the WANG&HANSEN (1990)
are well in accordance with the initial model published by STEINHAUSER et al. (1985).

Concerning the computational efficiency It is important to note, that sufficient hardware
resources designed for numeric intensive computing, such as a multi-processor environ-
ment with a performance above 50 MFLOPS per chip, is compuisory. Whereas the CPU
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Fig. 5: Vertical S-N section of depthspoint distribution of a gravitational prospecting -
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and the M 31 system notation for the lateral coordinate.

time increases quasi linear with the number of depth points to be calculated, the memory
requirements grows exponential - typical resource demand for a grid of 2560 data points, for
the computation of batches with 14, 16, 18 40 depth points, are approx. 70,000 CPU
seconds and roughly 300 MB of working storage for an AlphaServer with 2100 4/275 proc-
essor. Despite the hardware necessities, this algorithm is useful for rapid examination of
anomalies in large data sets and increases the efficiency of professional staff - within 8
man/hours a single casestudy can be prepared, inverted and an initial visualised model.

One typical problem, which is also adherent to the 3-D EULER deconvolution, REID et al.
(1990), remains - the separation of valid from non-valid solutions is complex and based
solely on the experience of the interpreter. However, the inversion algorithm of
WANG&HANSEN (1990) is a good boundary finder and depth estimator for causative bodies,
thus providing an initial model for further modelling.
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Conclusion & Outlook

The 3-D inversion method described in this paper is best applied to real 3-D structures,
because it provides realistic solutions for the geometry and the depths of the gravity source.
A severe warning is necessary to be issued concerning the quality of raw data: If data are of
poor quality, sources will be misinterpred or reported on a total wrong depths. Thus special
care is necessary to choose the geometry and content of the initial window containing the
element to be inverted. The grid has to be representative of the isolated anomaly clipped
from large data sets.

The authors plan to combine results derived from the application of 3-D Euler deconvolution
with depths points computed from the WANG&HANSEN (1990) algorithm to curtail the ambi-
guity of 3-Distributed point clusters. Further research is planned to feed validated points into
fowvard algorithm, such as BARNE'IT (1976) or ROUTOISTENMÄKI (1993) aiming to provide
relative density / susceptibility contrasts between causative bodies and host rocks.
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PROPERTIES OF THE TOTAL NORMALIZED GRADIENT OF POTENTIAL
FUNCTION FOR THE DETERMINATION OF SOURCE DISTRIBUTIONS

Roman Pasteka
Institute of Geophysics, University of Vienna,

Department of Applied Geophysics, Comenius University, Bratislava

Abstract:

The basic property of the total normalized gradient operator F =(fx2+ f22)1'2‚where fx and fz are the
derivatives of the potential function with respect to the )(and 2 directions) is shown for the case of 2D
horizontal cylinder —the elimination of disturbing oscillations, which occur in the process of analytical
continuation of a potential field (or its components) to the depths, which are close to the depth of the
singularity or deeper. The maximum values of the total normalized gradient of a potential function
FN(x‚z) determine the position of shallower singularities for simple elementary bodies and by using
empirical criteria, defined by Jelisejeva (1982) we can also make estimates about the depth of deeper
sources. Results, obtained by means of this modification of the FN(x,z) method are shown for model
studies and for one practical example from Gebharts region in Austria.

The method of the total normalized gradient is one of the most successful methods
applied in “Russian potential school” for the determination of singular points of potential
fields. This method was introduced in the middle 603 by V. M. Berezkin (Berezkin and
Buketov, 1965; Berezkin, 1967) and further developed by him and many other authors
(Jelisejeva 1982; Berezkin and Skotarenko, 1983; Berezkin, 1988; Jelisejeva, 1995) from the
Moscow Geophysical Institute for Oil and Gas Prospecting (VNIIGe0fizika). ln western
geophysical literature this method was published by Ciancara and Marcak (1979), Pasteka
and Seiberl (1992) and also by Lindner and Scheibe (1977). The method of the total
normalized gradient of potential function is very close to the method of analytical signal,
introduced by Nabighian (1972), especially to it‘s later modification (Nabighian, 1974).

The basic property of the total normalized gradient operator F = (f„2+ ff)”, where fx
and f‚_ are the derivatives of the potential function with respect to the x and 2 directions) is
the elimination of disturbing oscillations, which occur in the process of analytical continuation
of a potential field (or its components) to the depths, which are close to the depth of the field
singularity or deeper. From the point of view of the potential theory we cannot perform such a
continuation (we cannot continue a potential field to the depths which are deeper than the
position of the shallowest source), but for sampled fields it is possible to perform it formally
(Jung, 1961; Berezkin, 1967). We only need to know and recognise all the distortions which
result from ignoring this basic rule for the analytical continuation downwards.

For the analytical continuation we can use standard routine based on Fourier series
(e.g. Jung, 1961)(we use the Sine Fourier series) which realises the analytical continuation in
the wavenumber domain. For the analytical continuation of a harmonic function, given on
interval <O,L>, to the level 2 we can write well known relation (for the 2D-problem):

N ”_"7;
f(x,z)=ZlBn sin 7rInx e L , (1)

n=I

2 L 7rnxwhere B„ : —L—jf(x‚o)sin dx -
0

For the derivatives with respect to the x- and z—direction we get:
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7rN 7znx 3
f_ =_ B L ! 2.<x‚z> „Z., L e (>

75“ . 7znx &
fz(x,z)=fZBn sm L e L (3)

n=l

In Fig. 1,2 and 3 we can see such typical oscillations (we can see for deeper depth levels a
dominant sinusoidal component with Nyquist wavelength) for gravity field and its first
derivatives with respect to the x- and z- directions for a horizontal cylinder in the depth of 50
m. The scales of the graphs had to be adjusted, because of the strong increase of the
values of the continued field (especially on levels deeper than 50 m).

In Fig. 4 we can see the total gradient (also the amplitude of the analytical signal),
calculated from components fx (x,z) and fz (x,z) by means of relation:

F(x‚z) = Jf.f(+ 2) + ff(x‚z) . (4)

As we can see, there still exists a strong increase of the continued values, but the disturbing
oscillations are removed. This property of the total gradient (or amplitude of the analytical
signal) was also shown by Nabighian (1974) for a function Zz(x)+Hz(x), where Z(x) and H(x)
are the vertical and horizontal components of the magnetic field respectively.

For the case of the 2D horizontal cylinder we can analytically describe the behaviour
of the continued field. For the Fourier spectrum of the gravity field V„ caused by a 2D-
horizontal cylinder with the centre in the depth h and length density ). (e.g. Gladkij, 1967) we
can write for the level of continuation z :

S(a>)„ =F{Vz(x,z)} = Tvz(x,z)e°i“dx =2 7zfÄe'w(h'z) , (5)
—®

where f —is the gravitational constant. lnverse Fourier transformation yields to an integral,
which can be evaluated only for levels z<=h, for z>h is this integral singular. This is also the
reason for the basic rule of analytical continuation: we can continue only to the depths which
are shallower than the depth of the first singularity. lt means that breaking this rule for
functions with unlimited spectrum yields to a singular integral.

The inverse Fourier transformation of this spectrum for limited spectrum
<- (00,coc>equals:

+0)c
- 1 icoxF 1{s(...)„} = v,(®c)(x,z) = g,; [ S(03)Vze de; =

h—z e“°°°(h'z)
=2f7L 2 —2f7t 2

(h—z) +x2 (h—z) +x
2[(h—z)cosmcx —xsincocx] .

Similarly we can derive relations for the derivatives with respect to the x- and z-direction:

F-l{s(a‚),n}= v„„„(x‚z) = 21_fi+i‘s(w),n amd... =

_ —w„(h—z)
x(h Z) +2fÄ e 2[A cos cacx+Bsina)cx]=: —4fÄ 2

[(h—z)2+xz] [(h—z)z+xz]
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—w„(h—z)
: Vu(x‚z)+ 2fÄ e 7 2[A cos a)cx+Bsin cocx]’ (6)

[(h —z)“ + x2]

F1{S(w)va}= Vu(wc)(X,Z) : Z__([S(CÜ)VR eiü’xda) :

h— 2_ 2 _m,(h-z)
= 2fÄ ( Z) _x —2ffl. @ 2 [B cos wcx —-Asincocx] =

[(h—z)2 +x2]2 [(h—z)2+x2]

e-mc(h—Z)

[(h— 2)2+x2]
2[Boos cacx—Asinwcx]’ (7)

where A : a)cx(h—z)2 +cocx3 +2x(h—z) ;B= mAh—z)3 +cocx2(h—z)+(h—z)2 —x2 -

We can see that breaking of the basic rule of analytical continuation for functions with
a limited spectrum yields additive disturbing functions (containing sinusoidal and cosinusoidal
components with the wavelength = (DC)which ”overlay" the correct solution for greater depths
than the depth of the source.

We now create a summation of squares from these two derivatives (6), (7) and
obtain:

—2m,.(h—z)
V 2(m,)(x,z)+szz(mc)(x‚z)= szz(x,z)+szz(x,z) + 4f2Ä2 e 4

[(h—z)2 +x2]
X.Z [A2+ B2]-

_ —a,(h—z) (h _ Z)2_ x2 e-w.(h-Z)
(h z)e 4 [A cos wcx+Asincocx]—8lez[ ]
[(h—z)2 +x2] [(h—z)2+xz]4

(8)

As we can see, the obtained result consists of three components: the first is a sum of
squares from “correct” derivatives of the field v„; (x,z)+ szz (x,z) , the second component
describes the disturbing part (without oscillations) with dominant exponential function, which
increases for z>h, and the third component, which is more complicated and contains the
oscillating terms, the amplitude of which decrease fester with the x-distance from the source
as that in equations (6) and (7). In the Fig. 5, 6, 7 and 8 we can see the graphs of the total
gradient and its three components on depth levels z = 21 rn, 41 m, 61 m and 71 m (passing
the singularity in the depth of 50 m). We can see that there is a compensation of the
disturbing oscillations, but they are not totally removed. Sinusoidal and cosinusoidal
component stay in the third component, but their amplitudes decrease very quickly in the x-
direction from the source and also after passing the source (this is connected with the lower
exponent of the exponential function in the third component). Berezkin (1988) and Nabighian
(1974) explained the removing of sinusoidal and cosinusoidal oscillations by summing the
squares of the orthogonal components (in the derivation showed it is the second
component), but as we can see on results, the third component cannot be removed from the
considerations connected with the behaviour of continued orthogonal components of a
potential field.

After calculating the total gradient F (x,z) by means of relation (4) we can construct its
normalized value by dividing it with the average value of the total gradient on every continued
level 2:
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Jf‚f(x,z)+ fzz(x,z)
FN(X>Z) : ’ (9)M

_I\1XZ\fixi2(xaz) + fzi2(x’z)i=l

where M - is the number of points on the profile <0, L> .
In Fig. 9 we can see the picture of the total normalized gradient field for the case of

2D horizontal cylinder in the depth h = 50 m. lsolines of the total normalized gradient are
closed and the maximum value points approximately at the centre of the cylinder (it is about
10 % shallower). A similar result was obtained by Nabighian (1974), where he constructed a
normalized function Z’2(x)+H’2(x)/( Z2(x)+H2(x)), where Z and H are components of the
magnetic field and Z’, H’ are derivatives in x-direction of this components. It is important to
point out the fact that in western geophysical literature were not published many applications
of this modification of Nabighian’s analytical signal method in the comparison to the total
normalized gradient method, which was applied and further developed by many authors from
the Russian geophysical school.

In the Fig. 10 we can see the field of F“(x,z) values for a thin ribbon - two local
maximums point the horizontal extension of the ribbon. In the Fig. 11 we can see similar
picture for a depth extended rectangular prism. The maximum values of F“(x,z) determine
the position of upper corners of the prism.

For the elimination of the Gibb's effect (Berezkin, 1967), the Lanczos smoothing term
[sin(mdN)/(mdN)]2 was added to the equations (2) and (3) which can be now written in the
form:

. 7rn
7z N 7L'IIX 33 SID—N— 10

f.(X.Z)=—ZB„cos e L ‚ ( )
Ln-l L 7T_fl

N

2. 7rn
7: “N rcnx ”—“3sm?

fz(x,z)=—Zanin e L —— . (“)
Ln=l L 3

N

Berezkin (1967) found out that by using the equations (10) and (11) with various N (number
of Fourier terms in the summation process), causes changes of the “picture” of the F”(x,z)
field, how it can be seen in Fig. 12. Maximum values of the field are “moving upwards” along
the edges of the prism until they achieve approximately the upper boundary of the prism (for
N = 150 = M - 1, where M is the number of profile points). Changes of the maximum are
shown in Fig. 13: a) changes of the depth position of the maximum according to the
increasing number of Fourier terms and b) changes of the value of this maximum in the
process of the movement. We can see that the movement made a strong change of its
“velocity” near the lower boundary of the prism and after this change it was slightly stable
until it reached the upper boundary of the prism. The highest value of all maximum values
(for every used N) fixed approximately the centre of the edge.

Jelisejeva (1982) enlarged the possibilities of the interpretation of the maximum
values in such a way that she introduced the determination of so called “zones of maximum
values”. This semi-empirical approach is based on the recognition of these zones as micro
structures of the F“(x,z) field. Zones of maximum values are obtained by connecting the
positions of all local maximums, which are situated approximately beneath each other, on all
depth levels. These zones have a start-point, end-point and a maximum, which can lie
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betüveen them. Maximum and also the start- and end-point can change their position and
value during the process of increasing the number of Fourier terms (N). Behaviour of these
zones was studied and tested on many model studies and Jelisejeva (1982) defined
empirical criteria for the determination of positions of singular points. These criteria are based
on changes of the position and value of the characteristic points of a zone (maximum, start-
and end-point). Two basic types of zones were classified: the first is connected with
subvertical and the second with subhorizontal density contacts. Subvertical zones have
always the highest values from all determined zones and the axes of them cross mostly all
depth levels. Subhorizontal zones have lower values and contain only few depth-levels.

Results of the interpretation by means of this two types of zones are shown in Fig. 14,
where fields from a rectangular prism and a model of a fault (two prisms with opposite
density and inclined contact) were interpreted. Subvertical contacts were detected by the
slightly stable movement of maximums of subvertical zones (x) and by highest values of a
maximum from interpreted zone for all used N (+) and subhorizontal contacts were
determined by changes of the movement of end-points of subhorizontal zones (.). False
subhorizontal points in the right part of the profiles are connected with the Gibb’s effect
(which is connected with the discontinuities of the profile curve in start- and end-points of the
profile).

In Fig. 15 we can see results, obtained by means of the total normalized gradient
method, applied on one profile which was extracted from the map of Bouguer anomalies
from the region Gebharts (Austria). Before starting calculations a linear trend (by connecting
the start- and end-points of the profile curve) was subtracted from the profile values. In the
middle part of the profile (2000 - 3000 m) we can see a positive anomaly, caused by a diorite
complex body. Results obtained by means of the total normalized gradient method show that
the depth extension of the complex body could be about 300 m. This result stands in
disproportion with results obtained by 2D and 3D modelling of the gravity field (König, 1994),
where the diorite body has the lower boundary in the depth about 100 m. This disproportion
can be connected with the fact that the results, obtained by means of F“(x,z) method cag
reflect a bigger structure, which is built by cordieritic gneiss with density contrast 0.1 g.cm'
according to the surrounding granites of Eisgarner and Weinsberger types.
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Berechnung der topographischen Reduktion mit digitalen Geländemodellen
in den zentralen Anden

Georg Goltz, Sabine Schmidt, Andreas Müller und Hans-Jürgen Götze
Institut für Geologie, Geophysik und Geoinformatik, FU Berlin

Abstract

This study provides information about availability of digital elevationmodels for the Central Andes which
may be used for the calculation of gravimetric terrain corrections. First results of a accuracy analysis
of the high resolution 30”><30”DEM published by JENSON &: BLISS (1995) of USGS are presented.
Finally, the paper is introducing a method for calculation of terrain corrections which is based on the
approximation of the terrain by polyeders.

Einführung

Seit Beginn der Achtziger Jahre sind die zentralen Anden Südamerikas, zwischen etwa 20° und
26° südlicher Breite, Gegenstand intensiver geowissenschaftlicher Forschung der Forschergruppe
”Mobilität aktiver Kontinentalränder” und des Sonderforschungsbereichs ”Deformationsprozesse
in den Anden”. Die Schaffung eines dichten gravimetrischen Stationsnetzes ist dabei stetig voran-
gebracht worden, um sowohl regionale, als auch lokale Fragestellungen in Zusammenarbeit mit
den Nachbardisziplinen lösen zu können. Die auf Messungen vor 1982 basierende Datenbasis
war sehr lückenhaft und ausschließlich für global-regionale Untersuchungen geeignet, wie die
Arbeiten von DRAGICEVIC (1970), JAMES (1971), GROW & BOWIN (1975) zeigen, in denen
lediglich die Grobstruktur der Anden in gravimetrischen Modellen erfaßt wurde.

Aufgrund der schlechten Zugänglichkeit vieler Teilgebiete in den Hochanden und der sehr lücken-
haften Erschließung Chiles und Argentinens mit Straßen, ist die Stationsverteilung insgesamt
sehr inhomogen (GÖTZE et al., 1990, 1996); angestrebt wurde ein Stationsabstand von etwa
5km entlang der befahrenen Wege. Eng verknüpft mit der, verglichen mit mitteleuropäischen
Verhältnissen, völlig andersartigen Infrastrukur, ist die nur sehr eingeschränkte Verfügbarkeit
eines Netzes von Höhenfestpunkten, Nivellements und Triangulationspunkten, deren Qualität
zudem sehr unterschiedlich ist. Bei der Bestimmung der Höhen der Gravimeterstationen muß des-
halb in vielen Fällen auf die barometrische Höhenbestimmung (SCHMIDT, 1986) zurückgegriffen
werden, so daß die Genauigkeit der Stationshöhen im günstigsten Fall bei etwa i 0.1m und im
ungünstigsten Fall nur bei :1:15m liegt (GÖTZE, 1986).

Die zum Erhalt der Bougueranomalie an den Schweremeßwerten anzubringende topographische
Reduktion erfordert in den Anden, wie im Hochgebirge allgemein, bei der Bestimmung einige
Sorgfalt, weil die Reduktionbeträge in Einzelfällen 25 bis 40mGal betragen können (STRUNK,
1990). Methoden, bei denen die Geländeoberfläche gut approximiert wird, sind hier besonders
gut geeignet.
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Digitale Höhenmodelle

Weil ein digitales Höhenmodell des Meßgebiets zu Beginn der Meßkampagnen (1982) fehlte,
wurden durch Digitalisierung des vorliegenden Kartenmaterials im Maßstab 1:50000, 1:100000
und 1:200000, mittlere Höhen bestimmt, um eine Grundlage für die Berechnung der topo-
graphischen Reduktion zu erhalten. Als Rastergröße dieses DEM’S (Digital Elevation Model),
das fast 21000 mittlere Höhen umfaßt, wurde 2.5’x2.5’ gewählt. Es liegt innerhalb des Gebiets
-67° bis -72° westlicher Länge und —19.3°bis -26.5° südlicher Breite vor. Für das Höhenmo-
dell außerhalb des kontinentalen Festlands wurden die Tiefenlage des Trenchs aus der geo-
logischen Karte Chiles im Maßtab 1:1000 000 und Tiefen von Stationen der Seegravimetrie des
BGI (Toulouse) benutzt (STRUNK, 1985). Für Teilgebiete mit extrem schroffer Topographie
existieren darüberhinaus verfeinerte Raster mit der Rastergröße 0.625’x0.625’ (Chile) bzw.
0.75’X0.75’ (Argentinien), um den Übergang der Reduktion vom Nahbereich zum Fernbereich
bei der Methode von EHRISMANN & LETTAU (1971) zu gewährleisten.

Weitgehend ersetzt wurde dieses Höhenmodells durch das digitale Geländemodell Südamerikas,
das an der Cornell University im Rahmen des ”Central Andes Project” entwickelt wurde (ISACKS,
1988). Basierend auf Luftfahrtkarten im Maßstab 1:1000000 (Operational Navigation Chart,
CNC) der Defense Mapping Angency (DMA) wird etwa der Bereich zwischen -62° bis -80°
westlicher Länge und -12° bis -36° südlicher Breite mit einer Rastergröße von 3’x3’ erfaßt. Für
einige wenige Gebiete in Bolivien und Peru dienten topographische Karten als Grundlage der
Digitalisierung. Im Gegensatz zum DEM der TU Clausthal handelt es sich nicht um mittlere
Höhen, sondern um digitalisierte Punkthöhen. Der Offshorebereich von der Pazifikküste bis
zum Peru-Chile Trench wurde der bathymetrischen Karte von PRINCE et al. (1980), die eben-
falls im Maßstab 1:1000 000 vorliegt, entnommen. Für die weiter westlich liegenden Gebiete
dienten digitale bathymetrische Daten (Synthetic Bathymetric Profiling System, SYNBAPS)
der NOAA als Grundlage, die an den Nahtstellen zwischen beiden Tiefenmodellen möglichst
plausibel angepaßt wurden. Eine Angabe zur Genauigkeit dieses Höhenmodells liegt nicht vor.

Eine von der TU Graz bearbeitete Version des globalen Höhenmodell ETOP05 ergänzte das
DEM von Isacks im Pazifik, war aber wegen der geringeren Auflösung kein Ersatz für die
landseitigen Höhen. Zwei hauptsächliche Quellen sind Grundlage dieses DEM, das die Raster-
größe 5’x5’ aufweist, nämlich zum einen ein vom US Navy Fleet Numeric Oceanographic
Center (FNOC) generiertes 10’-Gitter, das eine Genauigkeit von i 30feet aufweist und für
die Kontinente nachträglich auf ein 15’-Gitter interpoliert wurde (:1:lm Auflösung). Während

Tabelle 1: Zusammenstellung der für die topographische Reduktion in den zentralen Anden
benutzten digitalen Höhenmodelle.

Jahr Gebiet Rastergröße Erstellung Dat engrundlage

ab 1982 Chile 2.5’ x 2.5’ TU Clausthal Karten 1:50000
Pazifik 2.5’ x 2.5’ TU Clausthal geol. Karte 1:1000000

BGI-Daten
Teilgebiete (Chile) 0.625’ x 0.625’ TU Clausthal Karten 1:50000
Teilgebiete (Argentinien) 0.75’ x 0.75’ TU Clausthal Karten 1:50000

ab 1986 zentrale Anden, Pazifik 3’ x 3’ Cornell University DMA 1:1000000
ab 1988 Südamerika, Pazifik 5’ x 5’ TU Graz ETOPO 5
ab 1996 Südamerika 30” X 30” USGS DMA 1:1000000
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Abbildung 1: Abweichung der Stationshöhen vom digitalen Geländemodell von J EN SON &
BLISS (1995).

der marine Bereich aus der Digital Bathymetric Data Base 5-minutes (DBDB5) des USA Naval
Oceanographic Office’s abgeleitet wurde.

Eine wesentliche Verbesserung der Auflösung der bisher beschriebenen DEM bietet das von
J ENSON & BLISS (1995) beim USGS kompilierte Höhengitter mit der Rastergröße 30”x30”, das
seit Ende 1995 in einer vorläufigen Version frei verfügbar ist und im Rahmen des ’EROS Data
Center (EDC) 30 arc-second DEM project’ entstand. Bei der Generierung des Höhengitters
wurden verschiedene Quellen verwendet, u. a. ein 3”—Raster (Defense Mapping Agency) und
Karten im Maßtab 1:1000000 (Digital Chart of the World, DCW). Eine spezielle Bearbeitung
der hypsographischen Information der DCW wurde mit der AN UDEM-Gridding-Software von
HUTCHINSON (1988, 1989, 1991) durchgeführt, um ein hydrologisch realistisches DEM zu
erhalten. Darüberhinaus sind diverse Techniken angewandt worden, um Diskontinuitäten an
den Nahtstellen der verschiedenen Datensätze zu minimieren. Meerestiefen sind im bislang
publizierten Datensatz noch nicht enthalten.

In Tabelle 1 sind die für die zentralen Anden vorhandenen Höhenmodelle ihrer zeitlichen
Verfügbarkeit nach aufgelistet. Daneben existieren noch weitere DEM’S aus dem militärischen
Bereich, die jedoch der Öffentlichkeit nicht zur Verfügung stehen.

Da eine Angabe zur Genauigkeit des US GS—Höhengitters nicht vorliegt, wurde durch einen Ver-
gleich der Höhen der Gravimeterstationen mit den Höhen des DEM’S eine erste Abschätzung
der Brauchbarkeit des Gitters versucht. Durch Projektion der Lage einer Gravimeterstation auf
das zugehörige Rasterelement erhält man für jede Station die durchschnittliche Höhe in der
Stationsumgebung (etwa 800m). Grobe Fehler im DEM lassen sich dadurch schnell ermitteln,
wenn man annimmt, daß die Stationshöhenbestimmung korrekt durchgeführt worden ist. Trägt
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Abbildung 2: Histogramm der Abweichungen der Stationshöhen vom digitalen Geländemodell
von JENSON & BLISS (1995).

man die so erhaltenen Höhendifferenzen gegen die Stationshöhen auf (Abb. 1), zeigt sich, daß
für Stationshöhen um etwa 500m und bei etwa 3400m die Abweichungen besonders groß sind.
Eine genauere Untersuchung hat ergeben, daß tatsächlich in der Puna Nordargentiniens bzw.
Boliviens das DEM fehlerhaft ist. Da es sich jedoch um eine vorläufige Version de Höhenmodells
handelt, werden die festgestellten Unstimmigkeiten in der endgültigen Version behoben werden.
Um das Höhenmodell bis zu diesem Termin verwenden zu können, wurden die entsprechenden
Bereiche von S. Mohr (FU Berlin) lagemäßig erfaßt. In einem zweiten Schritt sind dort Höhen
aus dem DEM der Cornell University, nach einem Regridding auf die Rastergröße 30”><30”,
eingepaßt worden.

Insgesamt beträgt der Mittelwert des Betrags der Abweichung zwischen den insgesamt 12415
Schwerestationen von den Höhen des DEM’S etwa 61 111;während der Mittelwert der gebildeten
Differenzen -O.1m und die Standardabweichung 167m beträgt. Für ein Gitter mittlerer Höhen
repräsentiert das neue DEM die Topographie für die Geländereduktion in ausreichender Genau-
igkeit (Abb. 2). Aus Ubersichtsgründen sind in dieser Abbildung nur Abweichungen dargestellt,
die kleiner als i 600m sind; in diesem Bereich liegen über 99% aller Abweichungen.
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Topographische Reduktion

Die Berechnung der topographischen Reduktion wird bislang mit der Methode von EHRISMANN
& LETTAU (1971) durchgeführt, die schon in der Alpengravimetrie ihre Tauglichkeit für die
Verwendung im Hochgebirge bewiesen hat (MEURERS, 1992). Die Bestimmung der Gelände-
reduktion erfolgt in drei Stufen. Zuerst wird die Nahreduktion durchgeführt, für die das Gelände
topographisch bis zu einer Entfernung von 200m auf acht Strahlen für verschiedene Entfernungs-
zonen aufgenommen wird. Es schließt sich die Berechnung des Beitrags des Ubergangsbereichs
an, der die Zone zwischen dem festen Raster des Höhenmodells und der Nahaufnahme umfaßt.
Die Berechnung der Fernreduktion basiert auf dem digitalen Geländemodell eines regelmäßigen
Gitters. Dieses Berechnungsschema ist zwar sehr flexibel, hat aber mehr oder weniger historische
Gründe. Die erzielte Genauigkeit ist hervorragend, weil zum einen die Sphärizität der Erde
berücksichtigt wird, und zum anderen die Approximation des Geländes durch die verwendeten
Elementarkörper sehr realistisch ist; auf eine Näherung durch artifizielle Körper wie Massenlinien
wird verzichtet.

Eine Mitte der Achtziger Jahre vorgeschlagene Methode zur schnellen Berechnung der
Geländereduktion, die auf die Verwendung von digitalen Geländemodellen zugeschnitten ist
(SIDERIS, 1984), benutzt die Fast Fourier Transformation, erzielt aber, wie die Untersuchungen
von GOLTZ (1989) zeigen, nur die Genauigkeit der sogenannten Massenlinienformel. Für größere
Höhenunterschiede zwischen Schwerestation und Punkten des digitalen Höhenmodell können
sich beträchtliche Unterschiede zum Ergebnis anderer Methoden ergeben. Die Nichtberücksich-
tigung der Erdkrümmung könnte durch Benutzung eines modifizierten FFT-Verfahren umgangen
werden.

Die schon seit einiger Zeit für die dreidimensionale gravimetrische Modellierung von Unter-
grundmodellen eingesetzte Polyedermethode (GÖTZE & LAHMEYER, 1988), kann auch für die
Berechnung der topographischen Reduktion benutzt werden, wobei drei Arbeitsschritte durch-
zuführen sind:

. Aufbau eines digitalen Höhenmodells,

. Vermaschung aller Höhenpunkte durch ein Dreiecksnetz,

. Berechnung der Schwerewirkung aller Polyeder für jede Schwerestation.
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Abbildung 3: Stützstellen der verwendeten Höheninformationenen bei der Berechnung der to-
pographischen Reduktion mit der Polyedermethode, a} DEM, b} Stationshöhen, c} topographische
Geländeaufnahme.
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Tabelle 2: Zusammenstellung der für die topographische Reduktion benutzten Methoden.

Jahr Geländeapproximation durch Berechnungsart Entwicklung

ab 1982 Quader sphärisch Ehrismann, Lettau
ab 1989 Massenlinie (FFT) eben Sideris, Goltz
ab 1996 Polyeder eben Götze, Müller
geplant Polyeder sphärisch

Zuerst wird ein kombiniertes Höhenmodell aufgebaut, das aus den Höhen der Gravimeter-
stationen (Abb. 3 a) und den auf einem regelmäßigen Gitter vorliegenden Höhen des digitalen
Geländemodells (Abb. 3 b) besteht. Dazu kommen eventuell Höheninformationen aus einer topo-
graphischen Geländeaufnahme in unmittelbarer Stationsnähe (Abb. 3 c), wobei im Gegensatz
zur Methode von EHRISMAN N & LETTAU (1971) keine Einschränkung bezüglich der Lage der
Höhenpunkte besteht.

Die sich anschließende Triangulierung aller Höhenpunkte benutzt den Algorithmus von REN KA
(1984), der die Topographie durch möglichst gleichseitige Dreiecke annähert. In Stationsnähe
ist die Geländeapproximation aufgrund genauerer Höheninformationen in der Regel wesentlich
genauer als in den übrigen Bereichen, wo ausschließlich die Höhen des DEM’S benutzt werden.
Da die Generierung der Dreiecke jedoch zunächst nur dem mathematisch vorgegebenen Prinzip
einer ”optimalen Dreiecksbildung” genügt, ist eine nachträgliche Kontrolle notwending, um zu
entscheiden, ob die Topographie dem erzeugten Modell entspricht. Durch Vorgabe von Zwangs-
bedingungen kann die Dreiecksbildung so gesteuert werden, daß bestimmte Punkte durch Drei-
ecksseiten verbunden werden müssen. An Gravimeterstationen, an denen keine topographische
Geländeaufnahme vorliegt, werden im Umkreis von 200m zusätzliche Hilfshöhenpunkte einge-
fügt, die auf dem gleichen Höhenniveau wie die Station selbst liegen, um ebenes Gelände in
Stationsumgebung zu simulieren. Es könnten sonst Dreiecksflächen mit sehr starker Neigung
entstehen, wenn eine Station in unmittelbarer Nähe eines Rasterpunktes des DEM’S läge, deren
Schwerewirkung die topographische Reduktion verfälschen würde. Abbildung 4 zeigt die Drei-
ecksbildung für ein Testgebiet im Nordwesten Argentiniens.

Die Geländereduktion für eine Station erhält man schließlich durch Summierung der Schwere-
wirkung aller Polyeder, deren Grundflächen aus ebenen Dreiecken im Stationsniveau und deren
Deckflächen aus geneigten Flächen der Geländeapproximation bestehen. Die Berechnung der
Schwere erfolgt durch eine von GÖTZE (1995) entwickelte analytische Lösung des auftretenden
Volumenintegrals, die sich gegenüber anderen Lösungen durch seine Rechengeschwindigkeit
auszeichnet .

Erste Testrechnungen mit dem Höhenmodell des USGS haben ergeben, daß die mit der Polyeder-
methode berechneten Reduktionen zu etwas größeren Reduktionsbeträgen führen, weil der
Nahbereich- und Übergangsbereich wahrscheinlich besser erfaßt wird als bei der Methode von
EHRISMANN & LETTAU (1971).

Es ist geplant, bei der Berechnung der topographischen Reduktion die Sphärizität der Erde
zu berücksichtigen, was nur geringe Modifikationen am Rechenalgorithmus erfordert. Darüber-
hinaus sollen alle vorliegenden Informationen, die bei der topographischen Geländeaufnahme
bei den Meßkampagnen angefallen sind, vom polaren, stationsbezogenen, Koordinatensystem in
geographische Koordinaten umgerechnet und in das Höhenmodell integriert werden. Schließlich
soll demnächst das bislang verwendete Verfahren von EH RISMANN & LETTAU (1971) durch die
vorgestellte Polyedermethode abgelöst werden (s. Tabelle 2).
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Abbildung 4: Triangulierung der Höhenpunkte aus dem Geländemodell des USGS und sieben
Schwerestationen bei der Berechnung der topographischen Reduktion mit der Polyedermethode.

Anmerkung

Ffir die anregendeDiskussion der hier behandeltenFragestellungendankenwir Herrn Dr. Bruno Meurers
(Universität Wien) ganz herzlich. Die Untersuchungensind entstanden im Rahmen der Teilprojekte D3
und B1B des Sonderforschungsbereichs267, der von der Deutschen Forschungsgemeinschaftund der
Freien Universität Berlin finanziert wird.
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30 SEISMIC VERSUS GRAVITY IN THE VIENNA BASIN

Harald Granser

OMV AG

Introduction

After a hiatus of several years OMV renewed its exploration efforts in the Vienna basin,
especially in the Neogene Section which is the most important hydrocarbon region of
Austria (Fig. 1). As the Vienna basin is a very mature exploration area, 3D Seismic was
viewed as the most promising exploration method (e.g. Nestvold 1987). OMV’s 3D cam-
paign began in the southern Vienna basin in the area of Wienerherberg and Fischamend
(Fig.1)‚ the paper however is mainly concerned with the Matzen area in the northern Vienna
basin where the acquisition of 30 seismic started in 1994 and is still ongoing.

Matzen is a giant field located about 30 km northeast of Vienna. It is the largest oilfield of
onshore Central and Western Europe. Cumulative production since discovery in 1949 is
about 500 MMbe and almost 1 ch gas.

The interpretation of the newly acquired seismic obviously included reevaluation of existing
data like 2D seismic lines, well logs, etc. and also gravity data.

Zych (1988) describes OMV’s gravity data base in detail which was actually also very valu-
able in a slightly unconventional way. The very accurate elevation of the gravity stations
was utilized to calculate the elevation static corrections in processing the 3D seismic data.

Geological Background

The Vienna basin is a Tertiary, rhomboidal pull-apart basin in the Alpine-Carpathian Over-
thrust belt superimposed on the allochthonous Flysch and Calcareous nappes which in turn
overthrust the authochthonous Molasse and Mesozoic cover of the Bohemian massif. The
up to 5 km deep Neogene sedimentary basin formed along a Miocene transform system
which links the Eastern Alps and the Western Carpathians. To the east a number of NNE-
trending basement highs (Leithagebirge, Male Karpaty) separates the Vienna basin and the
Pannonian Basin. To the west, several major NE-striking faults delimit the basin from the
Eastern Alps (Thermenlinie, Steinbergbruch). Subsidence commenced in Early Miocene
(Burchfiel and Royden, 1982) and continued probably up to late Pannonian / Pontian with a
possible inversion (Decker and Peresson 1996) at the Pannonian-Pontian boundary.

Most significant hydrocarbon pools in the Vienna basin are associated with fault controlled
uplifted blocks forming structural highs where hydrocarbons accumulate in stacked reser-
voirs in Miocene beds (mostly lower Sarmatian and Baden). The most important of these oil
and gastields is the Matzen field which is described in detail by Kreutzer (1992).

Processing and Interpretation of Gravity Data

The Bouguer gravity data of the Vienna Basin were subject of a recent detailed investiga-
tion (Kröll et al. 1993). In short the main results may be summarised as follows. The "raw"
Bouguer gravity data has a strong long wavelength overprint related to deep sources, pos-
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Figure 1: Main Elements of the Vienna-Basin. Oil and gastields in the Austrian part of the Vienna
basin and surrounding regions. (According to Wessely, 1988).

sibly the Moho relief (see also Granser et. al 1989) which obscures the gravity image of
shallower strata. Nevertheless major structural features are clearly discernible like the
Anderklaa buried hi", an oilfield actually discovered by means of gravity, the St. Marx /
Oberlaa uplifted block, etc.

A much improved resolution was achieved by horizontal gradient filtering of the Bouguer
gravity grid. The main intrabasinal fault system like the Markgrafneusiedler fault, the
Kopfstettener fault zone, the Leopoldsdorfer fault and many more are delineated. Further-
more the basin margins like the Steinberg fault are accurately mapped.
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Additionally a system of NE-SW trending lineaments is delineated by the horizontal gradient
filtering of the Bouguer gravity in the Matzen area. This previously unknown "structural fea-
ture" is approximately at right angle to the Steinberg fault which is tectonically difficult to
explain. However, if interpreted as previously unknown fault trend it would obviously greatly
influence the structural pattern of the central zone of the Vienna Basin and the area of the
Matzen field.

For further investigation the gravity of the Vienna basin area was reprocessed using OMV’s
complete data set. Bouguer gravity data sets with reduction densities of 2.67 gcm‘°’ and 2.00
gcrn“3were gridded with a grid size of 250 x 250 meters.

The two Bouguer gravity grids were subsequently FFT filtered (Hildenbrand 1983) using a
variety of options like bandpass filtering , horizontal, lst and 2nd vertical derivative and the
total gradient (analytic signal). The vertical gradient filtering probably produced the most
interpretable results (Fig. 2) delineating the fault system in the Vienna basin as well as the
intra-basinal t0pography.

Whereas most filtered maps of the 2.67 Bouguer gravity replicated the previously described
NIE-SW trending lineaments in the Matzen area (Kröll et al. 1993), these lineaments are
completely absent in the processing products of the 2.00 Bouguer gravity. Comparison of
the 2.67 maps with the topography in this area, mainly characterized by the drainage sys-
tem of the Northern Vienna Basin, revealed a close correlation to the lineaments. Quite
obviously the lineaments are caused by a Nettleton effect using a wrong reduction density
of 2.67 gcm'3; A reduction density of 2.00 gem“3is more appropriate for the Vienna basin.

In general a remarkable amount of structural detail is imaged in the vertical gradient map of
the 2.00 Bouguer gravity. Many major intrabasinal faults are clearly delineated. However,
additionally to the fault delineation which are also well shown in the horizontal gradient
maps also the main structural highs within the Vienna basin are well imaged - and such the
major HC accumulations as they are associated with them. These are in particular the
Matzen-Anderklaa uplifted bock,- the Enzersdorfer Hochzone associated with biogenic
gasfields, the Zwerndorf horst associated with the Baumgarten gasfield, the Rabensburger
Rücken sofar devoid of major HC finds and the very shallow uplifted Laxenburg-Oberlaa
Hochzone which is also a prominent feature of the unfiltered Bouguer map. Closer inspec-
tion of the vertical gradient map on a different colourscheme than black and white of figure
2 shows that also secondary structural highs located on downthrown hangingwall blocks are
delineated. HC accumulations associated with such structures are RAG’S Gaiselberg oilfield
and OMV’S Moosbrunn Gasfield in the Southern Vienna basin.

Comparing the vertical gradient map with the Top Sarmat map published by Unterwelz
(1980) based on well and seismic data shows a remarkably good correlation. Especially the
fault positions are similar which is not straightfonrvard as the dip of the faults is typically
about 45 degrees and the Sarmat/Pannon boundary is an intrasedimentary timeline in the
late Miocene (11.5 Ma) when the environment changed from brachyhaline to brackish.

Nevertheless the Sarmat/Pannon boundary is associated with a density contrast, otherwise
the fault positions would not correlate that well with the top Sarmat map.
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processing scheme was applied with the static corrections being probably the most critical
sequence.

Data quality is excellent for land 3D seismic standards. Figure 3 shows a typical seismic line
running from the SW edge to the NE edge of the survey. The interpreted horizon is near the
Sarmat/Pannon boundary and the little circles indicate faultplanes - The Hochleithen faults
in the West then the Bockfliess faults and the North and South dipping Matzner Nordrand-
brüche. The faultcuts with the near Top Sarmat seismic horizon are posted on top of the
vertical gravity gradient in Figure 4. The correlation of the Bockfliess faultsystem as a con-
tinuation of the Steinberg fault is quite obvious. Also for the Hochleiten and the Hohen-
ruppersdorf faultsystem a correlation between seismic faults and vertical gradient linea-
ments is present. Less clear but arguable is the correlation of the Matzner faultsystem.
Again the position of the gravity lineaments is very near to the Top Sarmat faultcuts.

Conclusions

Gravity can be a very powerful exploration tool not only for mapping of structural highs but
also for faultcorrelation in case of sparse 2D seismic. Filtering of potential field data some-
times helps.
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ZUM EINSATZ VON GPS IN DER HOCHGEBIRGSGRAVIMETRIE
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Kurzfassung

Beim letzten AlpengravimetrieKolloquium wurde eine Studie über die Einmessung von Gravi-
meterstationen mit GPS vorgelegt. Mittlerweile wurden die dortigen Anregungen aufgegriffen
und in insgesamt drei gravimetrischen Kampagnen im hochalpinen Bereich erfolgreich ange-
wendet. In der vorliegenden Arbeit wird über die dabei gewonnenen Erfahrungen bezüglich
Durchführung und Auswertung der GPS—Beobachtungen berichtet. Ferner werden Vorschläge
zu einer weiteren Steigerung der Wirtschaftlichkeit des Verfahrens unterbreitet.

Abstract

A feasibility study for GPS-positioning in the context of gravimetric surveys was presented at
the last „Alpengravimetrie-Kolloquium“. Meanwhile, GPS was successfully applied during three
gravimetric campaigns in high—mountain regions. The present paper reports on experiences ob-
tained in performing and processing the GPS—observations. Also‚ possible further economic
improvements are discussed.

1. Einleitung

Beim letzten AlpengravimetrieKolloquium in Leoben wurde eine Machbarkeitsstudie
über die Einmessung von Gravimeterpunkten mittels GPS vorgelegt‚ vgl. Lichtenegger
und Kraiger (1993). Danach ist es mit Einfrequenzgeräten und bei Beobachtungszeiten
von maximal 30 Minuten möglich,.für Basislinien bis 15 km Länge eine relative Höhenge-
nauigkeit von :l:lO cm zu erzielen.

Die vorgeschlagene Methodik wurde vom Institut für Meteorologie und Geophysik der
Universität Wien (Dr. Meurers) aufgegriffen und im Rahmen von insgesamt drei gravi-
metrischen Kampagnen (1993, 1994‚ 1995) im hochalpinen Bereich der Ötztaler Alpen
praktisch erprobt. In der vorliegenden Arbeit wird über die dabei gewonnenen Erfah-
rungen hinsichtlich Durchführung und Auswertung der GPS—Beobachtungen sowie das
Ergebnis berichtet.

Bezüglich theoretischer Details wird auf die bereits erwähnte Arbeit von Lichtenegger
und Kraiger (1993) oder auf die Fachliteratur wie zum Beispiel Hofmann—Wellenhof et
al. (1994a) oder Hofmann-Wellenhof et al. (1994b) verwiesen.
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2. Beobachtungen

Für die Planung und Durchführung der Beobachtungen war der zweitgenannte Autor
verantwortlich. Vor dem diesbezüglichen Erfahrungsbericht werden allerdings noch die
Veränderungen mitgeteilt, die sich seit dem letzten Alpengravimetrie-Kolloquium im
GPS—Status ergeben haben.

GPS-Status
Im Jahr 1993 wurden insgesamt sechs GPS-Satelliten in eine Umlaufbahn gebracht und
es wurde somit gegen Ende des Jahres die volle Konstellation mit 24 Satelliten erreicht.
Kurz danach, Ende Jänner 1994, erfolgte überraschenderweise die Aktivierung von Anti-
Spoofing (A-S) und damit die Verschlüsselung des P—Codes auf dem Satellitensignal. Da-
mit war für viele Empfänger die Phasenmessung auf dem Träger L2 entweder nicht mehr
oder nur mit verminderter Genauigkeit möglich. Nach dem Test der vollen Konstellation
mit 24 Block 11 Satelliten wurde schließlich im Juli 1995 offiziell die volle Verfügbarkeit
des Systems erklärt.

Beschreibung des Meßgebietes
Das Meßgebiet, in dem vom Institut für Meteorologie und Geophysik der Universität in
Wien in den letzten Jahren gravimetrische Kampagnen durchgeführt wurden, liegt im
Bereich der Ötztaleralpen. Die Ausdehnung des jeweiligen Meßgebietes ist in der Ta-
belle 1 angegeben. Aus der Tabelle geht hervor, daß es sich um hochalpines Gelände mit
Höhen bis über 3 000 m handelt. In dem Gebiet wurden insgesamt 138 Gravimeterpunkte
mit einem mittleren Punktabstand von 3km eingemessen. Die Bezeichnung der Punkte
erfolgte durch eine vierstellige Zahl, wobei die beiden ersten Ziffern nach Addition von
100 die Blattnummer im österreichischen Kartenwerk 1:50 000 und die beiden letzten Zif-
fern die eigentliche Punktnummer darstellen. Dabei bezeichnen Nummern unter 10 die
Referenzpunkte und jene über 10 die N eupunkte.

Jahr Breite Länge Höhe

[Grad] [Grad] [Meter]
1993 46.8 —47.1 10.5 —11.1 1050 —3030
1994 46.8 —47.1 10.5 —11.1 1270 —3230
1995 46.9 —47.2 10.1 —10.6 890 —2700

Tabelle li Ausdehnung der Meßgebiete

GPS-Beobachtungsmethodik
Die Bestimmung geodätischer Koordinaten im hochalpinen Bereich stellt durch den Ein-
satz von GPS prinzipiell kein Problem mehr dar. Für den angestrebten Genauigkeitsbe-
reich und wegen der großräumigen Verteilung der Gravimeterpunkte kommen nur relativ
statische Beobachtungsmethoden unter Verwendung der Trägerwellenphase in Betracht.
Falls Zweifrequenzempfänger und die entsprechende Software verfügbar sind, kann vor-
teilhaft das Verfahren der statischen Schnellmessung („rapid static“) genutzt werden.
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Die GPS-Empfänger wurden vom Institut für Angewandte Geodäsie der Technischen
Universität in Graz angemietet. Es sind dies ehemalige P—Code Empfänger der Firma
Ashtech, wobei die zweite Frequenz nach Aktivierung von A—S zunächst nicht genutzt
werden konnte. Daher standen im Jahr 1994 nur Ll-Beobachtungen zur Verfügung. Erst
nach geeigneter Aufrüstung der Empfänger („ Z—tracking“) konnten in der Kampagne 1995
wieder die Phasen auf beiden Trägern beobachtet werden.

Die Planung der Beobachtungssessionen und die Auswahl der GPS-Punkte erfolgte
nach den üblichen Richtlinien. Dabei ist zu beachten, daß sich seit der vollen Verfügbar-
keit des Systems meist sechs Satelliten über dem Horizont befinden. Diese konnten im
allgemeinen auch beobachtet werden, da Abschattungsprobleme seltener als erwartet auf-
getreten sind.

Referenzpunkte
Zur Transformation der GPS-Ergebnisse in das Landessystem müssen im jeweiligen Meß-
gebiet mindestens drei Paßpunkte mit bekannten Koordinaten in beiden Systemen vor-
liegen. Diese Referenzpunkte wurden so gewählt, daß sie auch mit Landfahrzeugen leicht
zugänglich waren. Somit konnte deren GPS—Einmessung auch während Schlechtwetterpe-
rioden erfolgen, ohne den Meßfortschritt der Gravimetrie zu beeinflussen.

4401

0
0 7101 7302 7401

2710 O 7301

4501
O

7301

4403
4402

4501

7001

0km. B0bn

Abbildung 1: Verteilung der Referenzpunkte in den
Jahren 1993 (oben), 1994 (Mitte) und 1995 (unten)
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Die Konfiguration der Referenzpunkte ist in der Abbildung 1 dargestellt. Daraus
ist ersichtlich, daß im Jahr 1993 das aus drei Punkten (oder zwei Basislinien) beste-
hende Paßpunktnetz (4401, 7102, 7401) nicht mit den Basispunkten für die graVimetrische
Detailaufnahme (7101, 7301, 7302) verbunden war. Damit waren wohl die Landeskoordi-
naten der Paßpunkte, nicht aber jene der Basispunkte für die Detailaufnahme genügend
genau kontrollierbar. So konnten beispielsweise fehlerhaft angegebene Landeskoordinaten
für den Punkt 7401 korrigiert werden. Auch eine (grobe) Punktverwechslung im Punkt
7301 wurde über die GPS—Navigationslösung festgestellt. Hingegen blieb eine fehlerhafte
Zentrierung im Punkt 7302 vorerst unentdeckt und konnte erst im Folgejahr richtiggestellt
werden. In der Kampagne 1994 wurden die drei Basispunkte des Vorjahres (7101, 7301,
7302) durch drei Basislinien kontrolliert verbunden. Ein vierter Referenzpunkt (4501)
konnte wegen fehlender Einbindung in das Paßpunktnetz nicht zur Datumstransforma-
tion herangezogen werden. Eine optimale Lösung stellt das Referenznetz der Kampagne
1995 dar. Sämtliche Referenzpunkte (4402, 4403, 4501, 7001) wurden über GPS einge-
messen und konnten daher als Paßpunkte verwendet werden.

Wie aus der Tabelle 2 abgelesen werden kann, lagen die Längen der (primären) Ba-
sislinien zwischen den Referenzpunkten im Bereich von 20 bis 50 Kilometern und die
Beobachtungszeiten schwankten zwischen einer und zwei Stunden. Erwähnenswert ist,
daß hinsichtlich der Beobachtungszeiten für die Einmessung von Referenzpunkten noch
ein Einsparungspotential vorhanden ist.

Jahr Basislinie Länge Beobachtungszeit Beobachtete

[von—nach] [km] [Minuten] Satelliten
1993 4401—7102 28.9 120 6

4401—7401 49.7 120 7
1994 7101—7302 27.0 78 6

7101—7301 409 71 7
1995 7001—4402 22.3 67 7

7001—4403 32.1 124 7
7001—4501 33.8 128 7

Tabelle 2: Statistik für die Basislinien zwischen den Referenzpunkten

N eupunkte
Der Transport des lnstrumentariums zu den Neupunkten wurde üblicherweise mittels
Hubschrauber durchgeführt. Nur bei Schlechtwetter wurden für die Einmessung zufahr-
barer Punkte auch Landfahrzeuge benutzt.

An den Neupunkten wurden neben den GPS-Beobachtungen die gravimetrischen Mes-
sungen und die tachymetrische Erfassung der Nahzone durchgeführt. Für die beiden
letztgenannten Tätigkeiten wurde erfahrungsgemäß ein Zeitraum von etwa je 15 Minuten
benötigt. Für die GPS—Beobachtungen an den Gravimeterpunkten wurden im Jahr 1993
und 1994 in Abhängigkeit von der Basislinienlänge Richtwerte von 25 bis 35 Minuten
angesetzt. Diese Zeiten gelten unter Berücksichtigung der angestrebten Genauigkeit für
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normale statische Einfrequenzbeobachtungen und für Basislinien bis etwa 15 km Länge.
Die Sessionslängen können jedoch bei Anwendung des Verfahrens der statischen Schnell-
messung wesentlich reduziert werden. Diesbezügliche Detailuntersuchungen wurden mit
den Meßdaten der letztjährigen Meßkampagne durchgeführt.

Als Datenaufzeichnungsrate wurde in den Jahren 1993 und 1994 ein Intervall von 20
Sekunden gewählt. Im Jahr 1995 wurde die Datenrate wegen einer Verkürzung der Sessi-
onslängen auf 10 Sekunden erhöht. In allen drei Kampagnen wurde die untere Schranke
für die Satellitenelevation mit 15° und jene für den maximalen PDOP-Wert auf 5 gesetzt.

Die Tabelle 3 vermittelt einen statistischen Überblick über die Basislängen bei der Ein-
messung der Gravimeterpunkte. Es kann abgelesen werden, daß seit 1993 eine deutliche
Zunahme von Basislinien über 10 km zu verzeichnen ist.

Jahr Basislinienlänge Minimum Maximum Mittel

< 5 km 5—10km > 10 km [km] [km] [km]
1993 11 27 17 2.1 17.2 8.3
1994 1 9 25 3.6 19.0 11.4
1995 7 16 25 1.7 17.4 9.9

Tabelle 3: Statistik der Basislinien zur Festlegung der Gravimeterpunkte

Wirtschafi‘lz'che Aspekte
In der Tabelle 4 sind Daten für eine Analyse der Wirtschaftlichkeit angeführt. Bei der

Anzahl der Beobachtungstage gilt die erste Zahl für die Einmessung von Neupunkten, die
zweite jene für die Einmessung der Referenzpunkte. Hierbei sind Tage nicht berücksich-
tigt, an denen wegen Schlechtwetter oder aus anderen Gründen ein Hubschraubereinsatz
ganztägig nicht möglich war. Die höchste Zahl von Neupunkten pro Beobachtungstag

wurde im Jahr 1993 erreicht. Diese Zahl täuscht allerdings, da in dieser Kampagne die
Einmessung der Referenzpunkte vollständig von der Neupunktaufnahme getrennt war. In
den Folgejahren hingegen wurde beides weitgehend gemeinsam durchgeführt. Dies drückt
sich in der Gesamtanzahl von Punkten pro Tag aus, wo im Jahr 1995 eine deutliche Stei-
gerung gegenüber den Vorjahren zu verzeichnen war. Dies ist eine Folge der verkürzten
Sessionslängen in den Gravimeterpunkten.

Jahr 1993 1994 1995

Referenzpunkte 3 3 4
Neupunkte 55 35 48
Beobachtungstage 9+3 7+1 8—l—1
Neupunkte pro Tag 6.1 5.0 6.0
Punkte pro Tag 4.8 4.8 5.8
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3. Auswertungen

Die Auswertungen wurden vom Erstautor durchgeführt. Sie beinhalteten die Editie-
rung und Bereinigung der Beobachtungsdaten, die Berechnung der Basisvektoren und
die Transformation der GPS—Ergebnisse in das System der Landesaufnahme.

Dateneditierung
Wegen mangelnder Beobachtungserfahrung ergab sich für die Daten der Kampagne 1993
noch die Notwendigkeit einer umfangreichen Datenbereinigung. Dies gilt nicht mehr für
die letztjährige Kampagne, bei der die auf Disketten gespeicherten Beobachtungsdaten
mehr oder weniger direkt zur weiteren Auswertung übernommen werden konnten.

Basislinienauswertung
Es soll an dieser Stelle nicht im Detail auf die Auswertung von Basislinien eingegangen
sondern vor allem das Problem der Lösung der Phasenmehrdeutigkeiten („Ambiguitäten“)
diskutiert werden.

Die ganzzahlige Lösung der Ambiguitäten ist ein wesentlicher Parameter für die Qua-
litätskontrolle. Eine diesbezügliche Statistik für die Basislinien zwischen den Neupunkten
ist in der Tabelle 5 enthalten. Die Erfolgsquote wurde durch verschiedene Auswerte-
strategien, wie Wahl verschiedener Referenzsatelliten oder Elimination von schlechten
Beobachtungsdaten, noch erhöht. Trotzdem konnten mit Einfrequenzdaten nicht alle
Ambiguitäten eindeutig gelöst werden. Dabei muß jedoch festgestellt werden, daß die
Nichtlösbarkeit nicht unbedingt mit der Basislinienlänge korreliert ist. Beispielsweise
haben drei der problematischen Basislinien des Jahres 1993 eine Länge von unter 5km
während nur drei mehr als 10 km lang sind. Bemerkt wird, daß auch gute DOP-Faktoren
noch keine Garantie für gute Ergebnisse sind. Zum Beispiel ist die optimale geometrische
Konfiguration gegeben, wenn ein Satellit im Zenit beobachtet wird und sich die übrigen
Satelliten in Horizontnähe befinden. Für letztere erhöht sich aber das Meßrauschen, wobei
allerdings die Lage gegenüber der Höhe wesentlich stärker verfälscht wird.

Die nicht eindeutige Lösbarkeit der Ambiguitäten führt zu fehlerhaften Ergebnissen,
die jedoch nicht wesentlich über dem angestrebten Genauigkeitsniveau liegen.

Jahr Anzahl der Basislinien mit ganzzahliger Erfolg

Basislinien Ambiguitätenlösung %
1993 55 48 87
1994 35 30 85
1995 48 41 85

Tabelle 5: Statistik für die Basislinienauswertung

Für die Kampagne im Jahr 1995 lagen Zweifrequenzdaten sowie Software für die Aus-
wertung nach der statischen Schnellmessung vor. Damit konnte eine 100% Erfolgsquote
erzielt werden. Darüber hinaus bietet dieses Verfahren aber auch die Möglichkeit, die
notwendigen Beobachtungszeiten ganz wesentlich zu reduzieren. Als Faustregel kann eine
Zeit von 10 Minuten vermehrt um eine Minute pro Kilometer Basislänge angesetzt wer-
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den, solange mindestens fünf Satelliten unter guter Geometrie beobachtbar sind und die
Basislinienlängen nicht mehr als 15 km betragen.

Abschließend sei angemerkt, daß für die Basislinien zwischen den Referenzpunkten
durch die längeren Beobachtungszeiten sämtliche Ambigutäten eindeutig bestimmt wur-
den. Wiederholungsmessungen oder Schleifenschlußfehler in den Referenznetzen lassen
auch eine Aussage über die mit GPS erreichte Genauigkeit zu, wobei diese erwartungs-
gemäß im allgemeinen bei :l:1 ppm lag.

Datumstransformatz'on
Für die Transformation des geodätischen Datums wurde das Modell der räumlichen Dreh-
streckung angesetzt. Dieses Modell beinhaltet insgesamt sieben unbekannte Parameter,
nämlich die drei Komponenten eines Verschiebungsvektors, die Drehwinkel um die drei
Achsen des Ausgangssystems und einen Maßstabsfaktor. Jeder Paßpunkt gibt Anlaß
zu drei Bestimmungsgleichungen, daher liegt ab einer Anzahl von drei Paßpunkten eine
Überbestimmung vor. Die optimale Lösung für die Transformationsparameter wird dann

durch eine Ausgleichung gefunden,.

In die Berechnung der räumlichen Drehstreckung müssen ellipsoidische Höhen ein-
geführt werden. Diese ergeben sich aus den Gebrauchshöhen der Landesvermessung durch
Anbringen der Geoidhöhen. Das österreichische Geoid ist derzeit mit einer Genauigkeit
von etwa 5 cm auf 100 km bekannt, vgl. Sünkel et al. (1987). Die Geoidhöhen bezogen auf

das österreichische Datum standen in Form von Punktwerten eines 3 x 5 Bogenminuten
Rasters zur Verfügung und konnten daraus für die GPS-Punkte interpoliert werden. Wie
aus der Tabelle 6 abgelesen werden kann, schwanken die Geoidhöhen in den einzelnen

Meßgebieten im Bereich von etwa 1.5 bis 3.0 Meter und sie sind daher für die geforderte
Höhengenauigkeit von :l:10 cm in Rechnung zu stellen.

Geoidhöhen

Jahr Minimum Maximum

lm] im]
1993 1.60 2.95
1994 1.77 2.93
1995 1.53 2.02

Tabelle 6: Statistik der Geoidhöhen in den Meßgebieten

Die in den einzelnen Jahren erhaltenen Parameter der Drehstreckung sind in der Ta-
belle 7 angeführt. Dabei wurde auf die Angabe der Komponenten des Verschiebungsvek-
tors verzichtet, da diese für die Transformation der Basislinien nicht relevant sind. Aus
der Tabelle kann abgelesen werden, daß die angegebenen Parameter in einem Bereich
schwanken, der zu Basislinienänderungen von etwa 5 ppm führen kann. Dieser Wert liegt
unter dem angestrebten Genauigkeitsniveau.

Eine Aussage über die Genauigkeit der Landeskoordinaten der Referenzpunkte kann
nach der Transformation des geodätischen Datums aus den Restklaffungen getroffen wer-

den. Diese betragen im allgemeinen nur wenige Zentimeter und beweisen die kleinräumige
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Homogenität des österreichischen Festpunktfeldes.

Jahr Maßstabsfaktor Drehwinkel

1993 0.999 9861 7”2 0"3 5”7
1994 0.999 9849 8”1 3"7 6”1
1995 0.999 9792 7”2 —0”6 5”7

Tabelle 7: Parameter für die Datumstransformation

Wirtschaftliche Aspekte
In der Tabelle 8 sind einige Kenndaten zur Abschätzung der Wirtschaftlichkeit bei der
Auswertung der Ergebnisse angeführt. Daraus geht hervor, daß seit 1993 eine Reduzie-
rung der Auswertekosten um 42% erzielt werden konnte. Dies ist in der nunmehrigen
Verfügbarkeit geeigneter Software für alle Auswerteschritte begründet.

Jahr 1993 1994 1995

Neupunkte 55 35 48
Auswertekosten pro Punkt 520.— 510.— 300.-
Gesamtkosten pro Punkt 1 180.— 1370.— 1 030.-

Tabelle 8: Wirtschaftliche Aspekte der GPS-Auswertungen

Der Vollständigkeit halber enthält die Tabelle 8 auch Angaben über die Gesamtko-
sten pro Neupunkt. Darin sind neben den Auswertekosten auch die Mietkosten für das
Instrumentarium berücksichtigt. Im Vergleich zu den Auswertekosten konnten die Ge-
samtkosten nur um 13% reduziert werden. Daraus folgt, daß die Beobachtungen noch
weiter rationalisiert werden müssen, um die Gesamtkosten auf etwa 600 Schilling pro
N eupunkt zu senken.

4. Ausblick

Entgegen der ursprünglichen Zielsetzung werden in Zukunft grundsätzlich Zweifrequenz-
empfänger zur Verfügung stehen. Es können daher die Beobachtungszeiten reduziert wer-
den. Die in der Tabelle 9 angegebenen F austformeln berücksichtigen nur den Einfluß der
Basislänge und gelten im Fall von fünf beobachteten Satelliten, einem PDOP—Faktor von
unter 5, sowie bei normalen atmosphärischen Bedingungen. Ein beobachtbarer Satellit
mehr oder weniger kann die notwendige Beobachtungszeit um bis zu 20% verändern.

Für die Einmessung des jeweiligen Referenznetzes ist das normale statische Verfah-
ren anzuwenden, da die statische Schnellmessung derzeit auf Basislinien unter 15 km be-
schränkt ist.

Hingewiesen wird, daß eine weitere Verkürzung der Beobachtungszeiten durch verbes-
serte Auswertestrategien zur Fixierung der Phasenmehrdeutigkeiten möglich ist. Wird
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jedoch die GPS-Beobachtung gleichzeitig mit der gravimetrischen Aufnahme und der Ein-
messung der Nahzone durchgeführt, ist eine weitere Reduktion der Sessionslängen nicht
notwendig.

Träger Normalmessung Schnellmessung

L1 30 Minuten + 3 Minuten/ km 20 Minuten + 2 Minuten/ km
L1+L2 20 Minuten + 2 Minuten/km 10 Minuten + 1 Minute/km

Tabelle 9: Zeitaufwand für statische Beobachtungen

Bei Parallelbeobachtungen ist eine exzentrische Aufstellung der GPS-Antenne notwen-
dig. Dabei können Exzentrizitäten von einigen Metern in der Lage mit Hilfe von Kompaß
und Schrittmaß einfach berücksichtigt oder sogar vernachlässigt werden. Die Höhenüber-
tragung kann unter anderem mit Hilfe des kinematischen GPS-Verfahrens erfolgen.

Die Wirtschaftlichkeit wird gesteigert, wenn gleichzeitig zwei Gravimetertrupps ope-
rieren, weil dadurch Personalkosten, Gerätemietkosten und Hubschrauberkosten gesenkt
werden. Da die Betreuung der GPS-Empfänger keine spezielle Qualifikation erfordert,
kann diese durch das Gravimeterpersonal erfolgen. Die Steuerung des GPS-Einsatzes
hingegen soll durch einen Fachmann an der jeweiligen Referenzstation erfolgen, der im

Feld auch eine vorläufige Basislinienauswertung durchführt.
Ein noch ungelöstes Problem stellt die Kommunikation zwischen dem Referenzpunkt

und den Gravimeterpunkten dar. Eine solche ist aber notwendig, um auf unvorhergese-
hene Meßunterbrechungen, etwa infolge lokaler Gewitter, reagieren zu können.

In Zukunft wird jedenfalls der Einsatz von GPS bei der Hochgebirgsgravimetrie kein
Problem mehr darstellen. Der Einsatz wird routinemäßig erfolgen und wird auch die
eigentliche gravimetrische Aufnahme weder zeitlich noch personell behindern.
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COMPARISON OF FEEDBACK CALIBRATION METHODS -
RESULTS FROM LCR D-9

Bruno Meurers

Institute of Meteorology and Geophysics, University of Vienna

Abstract

During the last ten years the SRW feedback system of LCR D-9 has been regularly controlled on ver-
tical calibration lines. The results are discussed and compared with different calibration methods which
could be intensively performed in recent time. The feedback parameter obtained by adjusting the ten
years’ observations on different vertical calibration lines (Hannover, Vienna, Sevres) are in excellent
agreement. Results from investigating the periodic errors of the LCR scale factor function fit very well
to the vertical calibration line observations especially when regarding the quadratic term. The heavy
mass experiment performed in the geophysical observatory near Budapest shows very high inner
accuracy (0.1 - 0.2 uGal), but the linear term is too large (1 - 2.5 %) compared with the results
obtained on calibration lines. Obviously systematic effects are present. This can be shown by com-
paring the differences between the adjusted and theoretical gravity signal. The periodic vertical
movement calibration is in better agreement with calibration line observations, but also in this case the
linear term is slightly too high (0.6%).

1. Introduction

One of the most severe problems in high precise gravimetry is still the calibration of relative
gravimeters. Today systematic errors introduced by non-linear scale factor functions and
periodic errors of LCR gravimeters are eliminated by implementation of feedback systems.
Nevertheless the calibration problem remains as the scale factor function of the feedback
equipment may vary irregularly with time. The accuracy of relative gravity measurements
during the absolute gravimeter intercomparison of 1989 and 1994 in Sevres/Paris (Becker
et al. 1990, Becker et al. 1995) could not be essentially improved in comparison to earlier
campaigns, although meanwhile all participating instruments had been equipped with feed-
back systems. Gravity net determination on the 1 uGal (10 nms‘2) accuracy level can still be
achieved only by using a set of gravimeters. The results of individual gravimeters some-
times deviate by more than few uGal from the gravity obtained by a common adjustment of
all instruments’ data. Of course, this is not only due to imperfect calibration but mainly
caused by phenomena systematically affecting the measuring device (instrumental drift,
anelastic effects, atmospheric influences, magnetic fields, etc.). However, just these effects
severely trouble the results of gravimeter calibrations too.

The most important and common calibration methods are summarized in Tab. 1. The pos-
sibility of temporal gravity variations at individual stations (e.g. due to aquifer level varia-
tions) is the fundamental problem of using vertical or horizontal calibration lines. It is impos-
sible to distinguish between gravity and calibration factor variations, because the feedback
parameters can not be assumed to be stable in every case. Therefore it is necessary to
control the calibration factor of feedback systems regularly and to apply different calibration
methods. However, mostly the different devices are not available at the measuring site. ln
that case combining calibration line observations with repeated non-linearity investigation at
a specified scale position of the LCR gravimeter can be a very effective tool for feedback
control (e.g. Meurers, 1995).
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method advantage disadvantage
unstable reference due to
unknown temporal gravity
vafiafions

Vertical or horizontal high amplitude reference
calibration line full feedback range coverage

transfer function required

W W......9 g Wenzel 1999

Periodic vertical movement
(Richter 1987,
Van Ruymbeke 1989)
Heavy mass experiment
(Varga et al. 1991, Varga et al. 1995,
Csapö and Szatmari 1995)

stability of the reference. . low am litude referenceh|ghprecrse reference p

Tidal monitoring at stations with low amplitude reference
well determined tidal parameters dritt determination

Comparison with absolute low amplitude referenceabsolute reference drift determinationgravimeters scatter of single drop results

Tab.1: Comparison of feedback calibration methods

In 1986 the LCR D-9 was equipped with a SRW-D electrostatic feedback system (Schnüll et
al. 1984) and calibrated at the precise vertical calibration line in Hannover (Kanngieser et al.
1983). Using these results a vertical calibration line was established in Vienna to detect
temporal variations of the feedback parameters. The gravity values at the six stations of this
line cover almost regularly the full measuring range of the feedback system (z 5 mGal). For-
tunately the feedback equipment is operating since the beginning without interruptions,
therefore observations over a 10 years’ interval are available.

In the last two years the opportunity of using further calibration methods could be utilized
within short time intervals. The LCR D—9participated in microgravimetric measurements at
the 1994 international comparison of absolute gravimeters in Sevres. During this campaign
a local calibration line was established by 18 gravimeters with different feedback types (14
LCR, type D or G and 4 Scintrex CG-3M), offering the linear feedback parameter determi-
nation in a common network adjustment (Becker et al. 1995). Most gravimeters could also
apply the calibration method of periodic vertical acceleration on two different litt types
(Richter et al. 1995, Van Ruymbeke et al. 1995). In 1994 and 1995 additional measure-
ments have been performed using the heavy mass experiment in Budapest (Varga et al.
1995, Csapö and Szatmari 1995). They were combined with observations at the vertical
calibration line in Hannover. In combination with additional feedback control performed in
Vienna immediately before and after gravimeter transportation all these measurements
contributed to a dense series of feedback calibrations. The main task of this paper is the
comparison of different calibration methods by analyzing the results obtained from LCR D-9.

2. Vertical calibration line

Fig. 1 shows the temporal variation of the linear and quadratic term of the feedback calibra-
tion function calculated by adjusting the observations at the calibration lines in Vienna
(squares) and Hannover (triangles) and by investigating the non-linearity of the LCR D-9
scale factor function (open circles). Both the gravity at the stations of the Vienna calibration
line and the relative gravity corresponding to three equi-spaced scale positions of the LCR
D-9 have been recalculated using the feedback parameters obtained in Hannover 1995. In
this computation the temporal variation of the feedback parameters observed in Vienna
immediately before and after the Hannover calibration was taken into account. Contrary to
an earlier interpretation (Meurers, 1995) the Vienna calibration line was assumed to be
stable for adjusting the feedback parameters. Fig. 2 shows the most recent part of the
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Fig. 1. Temporal variation of the linear and quadratic term of the feedback calibration function
calculated by adjusting the observations at the calibration lines in Vienna (squares), Hannover
(triangles), Sevres 1994 (dot) and by investigating the non-linearity of the LCR D—9scale factor
function (circles).

0

observation series in a higher time resolution. The black dot corresponds to the independ-
ent adjustment result obtained by using the gravity of the local calibration line in Sevres,
which was established during the intercomparison 1994 (Becker et al. 1995).

When adjusting the linear term by using the relative gravity observed at different LCR scale
positions (non-linearity experiment) the result is systematically affected due to anelastic
spring behavior. Such effects occur because in this experiment the spring length varies due
to the dial displacement. Considering this fact all results agree remarkably well and clearly
prove the temporal variations to be significant. The linear calibration factor obtained for LCR
D-9 in Sevres 1994 by common network adjustment is 1.1149. This figure fits also very well
to the results presented in Fig. 2.

Just in the beginning of the observation series a great misfit occurs. The reason is not yet
clear. One possible explanation could be a gravity variation at some stations of the Vienna
calibration line. However, this is improbable, because a variation of up to 8 uGal would be
required (Meurers, 1995). The more probable explanation is a rapid decrease of the linear
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Fig. 2: Temporal variation of the linear and quadratic term of the feedback calibration function
calculated by adjusting the observations at the calibration lines in Vienna (squares) and Han-
nover (triangles) and by investigating the non-linearity of the LCR D-9 scale factor function
(circles). B: Heavy mass exp., Budapest 1994 resp. 1995, S: intercomparison, Sevres 1994 (dot)

and non-linear term between the initial calibration in Hannover and the first measurement at
the Vienna vertical line. A similar discontinuous variation can be observed in 1994 too,
which is significant. This is shown by repeated measurements immediately before and after
the intercomparison campaign in_Sevres and additionally confirmed by the combined non-
linearity experiment (Fig. 2). Sudden variations are caused probably by a changing capaci-
tor geometry due to transportation shocks. The occurrence of such discontinuous variations
therefore requires in situ calibration during microgravimetric measurements. Beside using
transportable platforms or local calibration lines, investigating the non-linearity of the LCR
scale factor is very effective for controlling the feedback calibration function.

3. Moving mass calibration

In the Geophysical Laboratory of the Eötvös Lorand Geophysical lnstitute (ELGI) near
Budapest a moving mass calibration device has been installed (Varga et al. 1995). A gravity
signal of about 110 uGal is caused by a heavy cylinder ring, which slowly moves up and
down while the gravimeter is fixed on an iron pillar coinciding with the cylinder ring axis. The
mass movement is completely computer-controlled. The ring can be moved continuously or
stepwise in user defined intervals. A data acquisition system samples the output voltage of
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the feedback, the air pressure and the accurate position of the ring. Detailed information
about technical design and accuracy investigations are given by Varga et al. (1995).

This experiment was performed for the first time with the LCR D-9 in May 1994 just before
the gravimeter intercomparison in Sevres. ln autumn 1995 the measurements were
repeated again. During both campaigns four independent calibrations could be analyzed
each with 3 cycles of stepwise up and down movement. Near the positions of the gravity
signal extremes the mass was moved in 5 mm intervals. The feedback output voltage
(resolution 0.1 mV) was sampled twice with one minute interval, the second sample is used
for data analysis. The first sample was taken one minute after the mass came to rest. This
procedure is sufficient to get accurate gravimeter readings. Fig. 3 shows the gravimeter
response to a stepwise up and down movement after earth tidal correction. The drift func-
tion is undisturbed at least one minute after the mass has been stopped.
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Fig. 3: Gravimeter response to cylinder ringmovements (LCR D-9)

The first step of data processing consists of earth tidal correction and instrumental drifl
determination by adjusting polynomials up to third degree. The applied feedback para-
meters have been determined by linear interpolation of the results shown in Fig. 2. The
earth tides were calculated very precisely by using the Tamura (1987) tidal potential and
tidal parameters derived from the body tide model of Wahr-Dehant (Wahr 1981, Dehant
1987) and from Schwiderski’s (1980) ocean tide model (Timmen and Wenzel 1995). Fig. 4
shows the results of drift and earth tide elimination for the observation series in 1995. The
individual drift data does not represent simple noise as it does not irregularly scatter around
the adjusted trend. On the contrary it is aligned to a continuous dritt function which some-
times correlates with the mass position. This indicates the presence of systematic effects.

In a second processing step the difference between the extremes of the gravity signal is
determined by fitting a 2nd degree polynomial to the gravity data close to the upper and
lower extreme position respectively. The results are presented in Fig. 5 for the 1995 obser-
vations again. With except for the minimum position of the first measurement the adjusted
parabolas are very similar proving the results to be reliable. The rms error is less than 0.05
uGal. In 1994 the observations were sometimes disturbed by smaller earthquakes, there-
fore not all up and down cycles could be evaluated. The polynomial adjustment in general
shows greater rms errors than in 1995. Tab. 2 compares the results of the observations in
1994 and 1995. The maximum deviation from the mean are less than 0.4 uGal, the stan-
dard deviation is 0.2 uGal only for both calibrations.
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maximum position minimum position
1994 g„,ax h„.‚ax rms Qmin h,„-„ rms ög

luGal} [mm] [uGall [uGall [mm] [uGall [|JGall
00009F03 —143.50 —507.9 10.15 —252.46 586.1 10.08 108.96
00009F04 —138.94 —507.0 10.15 —247.67 579.9 10.14 108.73
D0009F05 —136.33 —507.1 10.35 —245.00 586.4 10.25 108.67
DOOO9F06 —134.76 —507.7 10.16 —243.79 582.1 10.17 109.03

mean: 108.86 uGal a: 10.19 pGal

maximum position minimum position
1995 gm hmax rms gmin h„,-„ rms ög

[uGal] [mm] [uGal] [pGal] [mm] [uGal] [uGal]
00009F02 —35.46 —493.4 10.03 —142.35 602.6 10.06 106.90
D0009F03 —94.83 —495.0 10.03 —202.12 598.2 10.04 107.29
DOOO9FO4 —19.95 —491.0 10.05 —127.11 601.0 10.05 107.16
00009F05 —30.47 —491.4 10.04 —137.60 596.4 10.04 107.13

mean: 107.12 uGal c: 1 0.16 uGal
Tab. 2: Results of moving mass calibration in Budapest (LCR D-9)

Tab. 2 shows a rather big difference between the mean obtained in 1994 and 1995 respec-
tively which can not be explained by the different linear eccentricity of the gravimeter sensor
mass with regard to the cylinder axis. The theoretical gravity signal only slightly changes
when the eccentricity increases. A comparison with the theoretical gravity signal requires a
correction factor of more than 1% in 1994 and more than 25% in 1995. These factors are
unrealistic because consequently in that case the gravity on vertical calibration lines would
show errors of more than 100 uGal. Therefore systematic effects must be present. They are
visible when comparing the observed relation between gravity and mass position with the
theoretical one. These differences‘are shown in Fig. 6. They have been adjusted to zero at
the maximum position to make them better comparable. Within each campaign the differ-
ence functions are almost identical, but they are clearly different between both campaigns

D0009F03(940521)
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Fig. 6: Difference between observed and theoretical gravity signal vs. mass position
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although possessing the same characteristics. ln contrast to the theoretical gravity vs. posi-
tion function the observed ones are asymmetric. That proves systematic effects to be
present which can not yet be explained. Further investigations will be necessary.

4. Periodic vertical acceleration

During the intercomparison measurements in Sevres 1994 most of the relative instruments
were additionally calibrated by evaluating the gravimeter’s response to vertical accelera-
tions. For this purpose the Frankfurt calibration system has been used (Richter et al. 1995).
While at the mass moving calibration one up and down cycle lasts several hours in this
experiment the periods of the vertical acceleration vary between 200 and 2400 s. Therefore
the frequency transfer function resulting from the LCR mechanics and the filter characteris-
tic of the feedback system must be determined too. This is done by observing the response
function at different frequencies and adjusting a simple 2nd degree lowpass filter. In con-
trast to the mass moving calibration the non-linear term of the feedback factor must be well
known as the signal amplitude reaches 1 mGal at the 200 s period. Introducing an erro-
neous non-linear feedback term can cause systematic errors especially when the signal is
asymmetric with respect to zero voltage.

The following estimation shows that such effects do not contribute if the quadratic term b is
some orders of magnitude less than the linear term a. Let 0(c0)be the frequency dependent
attenuation factor, go the gravity corresponding to the feedback voltage at zero acceleration
and v0 the acceleration amplitude, then the following equation holds for the feedback output
voltage U:

aU(t) + bU2(t) : c(co)v0cos(oat) + g0 (1)

The peak to peak voltage amplitude AU then results to:

2 2a cv go a CV() 9()
AU=U_ -u_ = +——°-+—— —-—+— 2

"° "“"" (402 b b (402 b b ()

If the non-linear term is completely disregarded, eq. (1) is reduced to:

äU(t) : c(co)v0 cos(mt) + 90 => AU = 2ovo (3)
a

Equating eqs. (2) and (3) leads after simple algebra to the estimate 8 of the linear term:

ä=J?/4+b(cv„+go)+Ja2/4+b(go—cvo) (4)

Fig. 7 shows the estimated linear term as function of the acceleration amplitude and in
dependence on the offset go for three different feedback parameters b. Of course, this is an
estimate for the maximum error, as commonly the non linear term is known at least roughly
and therefore can be introduced into the analysis procedure. Mostly this term is of order 10“3
mGal/\F. In this case the maximal error results only to few 0.1% only and therefore can be
neglected also in the vertical acceleration experiment.



245

1.2000 _

% 1.1000 —_-8}(5 _ .
£ ..

35 10000-0 _
.‘E :
26 _
3 0,9000?

; b=0.1mGaW2
0.8000 | _- 1 ' l ' 0

O 1 2 3
1.1260

_ 0.3 F +

2 1.1240—_ 02% .
(”U
0 1.1.220-& _ 0.1

j<_>j1.1200———43 ----------0 -
59 -018 1.1180—_ -

£- 1.1160— “02 ‘ F,
- b=0.01mgalN

1.1140 1 - 1 ' | ' l
0 1 2 3

1.1206
] 03 e c o 4

% “204— 0.2 0 4 o o r0 _

15.. 1-1202“ 0.10 o 0— 4 % +
0 _

33 1.1200 a—-50 . 4 F—-——‘-—————v——o
& -
@ 1.1198—’°'1° . . O————O———Q—q

_ b=0.001mGalN”

1.1196 “02? '- $ '- f +. fi'
0 1 2 3

amplitude [mGal]

Fig. 7: Estimate of the linear feedback term obtained by neglecting the quadratic term b.
Curve parameters indicate gravity offset in [mGal],

The linear feedback parameter of the LCR D-9 resulting from this calibration method was
1.1211 (Richter et al. 1995) which is too high by 06% compared with the value obtained on
the Sevres calibration line. Similar differences have been observed with other LCR gravime-
ters too, only for three instruments both calibration methods agree well (Tab. 3).
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LCR owner difference PVA - SOL
[mGaW] %

D-6 GSG, Ottawa +0.0136 +1.32
D-9 Inst.Geoph., Univ. Wien +0.0062 +0.56
G-156 Geodetic lnstitute +0.0036 +0.33
G-249 Univ. Karlsruhe —0.0019 —0.17
G—258 Inst. Phys. Geod., Darmstadt —0.0014 —0.13
G-298 Inst. Erdmessung +0.0088 +0.82
G-709 Univ. Hannover —0.0000 0
G-1919 ELGI Budapest +0.0032 +0.27

Tab. 3: Comparison of calibration methods in Sevres 1994
PVA: Periodic vertical movement (Richter et al. 1995)
SGL: Sevres calibration line (Becker et al. 1995)

5. Conclusion

The results of feedback parameter determination obtained by adjusting the ten years’
observations on different vertical calibration lines (Hannover, Vienna, Sevres) are in excel-
lent agreement. Both the linear and quadratic term vary irregularly with time. This may be
caused by a changing capacitor geometry due to transportation shocks and therefore
makes in situ calibration necessary for microgravimetric applications besides regular feed-
back parameter control. lnvestigating the periodic errors of the LCR scale factor function is
an effective tool for that purpose. The results from these experiments fit very well to the ver-
tical calibration line observations especially when regarding the quadratic term.

The heavy mass experiment (cylinder ring) performed in the geophysical observatory near
Budapest shows very high inner accuracy (0.1 —0.2 uGal) but the linear term does not fit to
the results obtained on calibration lines. The difference (1 - 2.5 %) is not constant in time
and is too large to be explained by erroneous gravity determination on these lines. Obvi-
ously systematic effects are present. This can be shown by comparing the differences
between the adjusted and theoretical gravity signal. In each set of observations these dif-
ferences can be reproduced very exactly while their characteristics change significantly
between 1994 and 1995 when the instrument was set up with different eccentricity regard-
ing the cylinder axis. Of course this may be specific for the investigated LCR D-9 because
similar phenomena are not reported from other instruments.

Applying the periodic vertical movement calibration also results to a linear term which is
slightly too high compared with calibration line observations. It is not yet clear whether this
is due to systematic effects or not, because three of eight gravimeters agreed very well.

It has to be mentioned that in all calibration methods the instruments are operating differ-
ently. The operation mode used on calibration lines corresponds exactly to that of micro-
gravimetric net determination. During the heavy mass experiment the gravimeter remains
unmoved without arresting the system between successive readings and is exposed to low
frequency gravity variations. In the periodic vertical movement method the instrument is
accelerated with relatively high frequencies. In this case therefore it is very important to
determine the frequency transfer function of the sensor system. This may introduce an
additional systematic error source.
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GRAVIMETRY FOR ENGINEERING APPLICATIONS

Georg Walach

Institute of Geophysics, University of Leoben

Abstract

In engineering geophysics gravity measurements are used mainly for the evaluation of ground
stability. The tasks set include static risks such as unknown cavities, ground depressions and other
inhomogeneities, as well as ecological risks such as investigation of hazardous waste deposits and
monitoring of waste deposits. In the following four typical cases will be discussed.

Unknown underground cavities mostly occur in karst and mining areas but also in urban centres.
Measurements above a tunnel situated 20 m below the surface show that a well defined anomaly
appears only after collapse of the hangihg wall, if the ratio between overburden and the height of the
cavity goes below a critical value of 2,5.

Depressions of the surface caused by underground coal mining in sedimentary rocks generally are
investigated using geodetic methods. An experiment with gravimetry shows that both methods in
principle yield identical results. The advantage of geodesy lies in a precise description of the surface
movements, whereas gravimetry records mass movements in deeper parts of the settlement cone.

In the investigation of hazardous waste deposits gravimetry will be used, if the surface above the
waste deposit is not accessible for other geophysical methods (concrete or macadam cover; inside
buildings). It can be shown that waste deposits possess a significant density contrast of -500 to
-1500 kg/m3against natural rocks. Therefore, strong gravity minima can be recorded.

The compression respectiver the determination of the waste density, is a problem in deposit
management, as it determines the capacity of the facility. Using the method after NETTLETON the
(time dependent) block density of the waste body can be determined from differential measurements
with a precision of app. 5%.

The measurements, in the described cases were executed using a gravity meter LaCoste Romberg,
G-type. Depending on the measuring conditions accuracies between 0,01 and 0,025 mGal were
reached.
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Table 2. Root mean square (rms) error values in pGal
relative to the expected theoretical variation of the gravity.

Number of observations rms errors

6 0.47 (0.40%)

. 12 0.41 (0.36%)

40 0.29 (0.25%)

50 0.25 (0.22%)

70 0.25 (0.22%)

Because of the need of very accurate determination of the extrema it is necessary to
introduce adjustment calculations. This can be the least square method (the L; norm)
in case of a Gaussian error (noise) distribution. In the observations of the gravity during
the calibration procedure a number of outliers —possibly due to the long-periodic (1—5
minutes) beating of the microseisms —were detected which cannot be handled effectively
with the commonly used least square method. For the adjustment calculations —on the
basis values —possibly instead of least quares the robust estimation method must be used
(Somogyi & Zävoti, 1993).

On the basis of our experience with the calibration device equipped with a heavy
cylindrical ring it can be concluded that it is one of the most reliable method of laboratory
calibration of gravimeters. Its accuracy is at present 0.1—0.2 % and it can be further
developed by using more sensitive instruments and more convenient annular masses.

3. SCALE AND TIME DEPENDENCE OF THE NEWTONIAN
GRAVITATIONAL CONSTANT

There are several publications which report on the large-scale (10—1000 m) determina-
tion of gravity constants. Geo with numerical values significantly differing from the results
of Go values determined in laboratories. A theoretical basis of this deviation can be given
by introduction of the so called non-Newtonian gravity potential. This phenomenon can
be given analytically in the following form (Stacey et al., 1987):

V=—gi°%inl(1+a.e-ß)=V-V+Vy (2)

If a = 0, V = VN where VN is the Newtonian potential. If a # 0, Vy appears
additionally which is called the Yukawa term. If ß <<1 we get

G0 = Goo(l + a) (3)

On the basis of large scale Airy type experiments Stacey et al. (1987) got for Geo
a value which is bigger than the Go value obtained in laboratories. The difference is
Goo — Go N 0.01 what leads to'a N 0.0075 :l: 0.0036. To study this problem a special
gravimeter calibration line was installed at the Geodynamical Observatory in Budapest
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Windrichtung 1973-1976 (Fusch, Wallack-Haus,
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Klimadaten des Glocknergebietes, V. Teil: Tabellen der
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Luftfeuchte, 1977-1979 (Wallack-Haus, Hochtor-
Süd, Hochtor—Nord,Fuscher-Lacke).Wien 1980,
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Wien1981,110Tab.
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CHALUPA, K.: Ergebnisseder Registrierungder Schwefeloxid-
Immission in Wien —Stephansplatz, 1975-1979.
Wien 1981,50 S., 13Tab.,21 Abb.

LAUSCHER, F.: Säkulare Schwankungender Dezennienmitte/
und extremaJahreswerteder Temperaturin allen
Erdteilen.Wien 1981,42 S., 8 Tab.

CHALUPA, K.: Ergebnisseder Registrierungder Schwefeloxid-
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Stephansplatz,1980.Wien 1981,46 S., 24 Tab.,
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MELICHAR‚ P.: Ergebnisse der vergleichendengeomagneti-
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35 S.

BRÜCKL, E. und K. ARIC: Die Ergebnisse der seismischen
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Klimadaten des Glocknergebietes, VII. Teil: Tabellen der
Stundenwerteder Windgeschwindigkeitund der
Windrichtung1977-1979 (Fusch, Fuscher Lacke,
Wallack-Haus,Guttal).Wien 1982,82Tab.
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DOBESCH, H. und F. NEUWIRTH: Wind in Niederösterreich,
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Klimadaten des Glocknergebietes, VIII. Teil: Tabellen der
Stundenwerteder Globalstrahlung1975-1980(Fu-
scher-Lackeund Wallack-Haus).Wien1983,39 S.

WEBER, F. und R. WÜSTRICH: Ergebnisse der refraktions-
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Wien 1984,29 S., 13Tab. 3 Abb.

Klimadaten von Österreich Mittelwerte 1971-1980. Teil |
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DRIMMEL, J.: Seismische Intensitätsskala 1985 (SIS-85).
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S., 32 Tab.,5 Abb.

vergriffen

50,—-

100‚--

50,--

vergriffen

120,—-

120,--

vergriffen

50,--

100;-

70,—-

80,--

40,--

60,—-

40,--

80,--

90,--



Fachgebiet Autor Titel und Umfang Preis
in öS

65

66

67

68

69

70

71

72

73

74

303

304

306

308

309

312

314

315

317

322

Geophysik

Meteorologie

Geophysik

Hydrometeorologie

Meteorologie

Meteorologie

Meteorologie

Geophysik

Meteorologie

ZYCH, D.: Messungen der erdmagnetischenVertika/intensität
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Results of the Austrian lnvestigations in the International
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ECKEL, O. und H. DOBESCH: Mittelwerte der
Wassertemperaturvon Traunsee und Millstätter
See nach mehrjährigen Registrierungen in
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KOLB, H.,G. MAHRINGER, P. SEIBERT, W. SOBITSCHKA, P.
STEINHAUSER undV. ZWATZ-MEISE:Diskussion
meteorologischer Aspekte der radioaktiven
Belastungin Österreichdurchden Reaktorunfallin
Tschernobyl.Wien 1986,63 S., 4 Tab.,20 Abb.
E. BRÜCKL: Ergebnisse der seismischen
Eisdickenmessungenim Gebiet der StubaierAlpen
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Tab.,10Abb.,4 Kartenbeilagen

CHALUPA, K.: Ergebnisseder Registrierungder Schwefeloxid-
Immissionin Wien - Hohe Warte und in Wien -
Stephansplatz,1981.Wien 1987, 67 S., 41 Tab.,
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CHALUPA, K.: Ergebnisseder Registrierungder Schwefeloxid-
Immissionin Wien - Hohe Warte und in Wien -
Stephansplatz,1982-1985.Wien 1987, 76 S., 27
Tab.,15Abb.

ARIC, K. et al: Structureof the Lithospherein the EasternAlps
Derived from P-residual Analysis. Wien 1988, 35
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CHALUPA, K.: Ergebnisseder Registrierungder Schwefeloxid-
Immissionin Wien - Hohe Warte und in Wien -
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of AtmosphericDispersionModels Applied to the
Release from Chernobyl.Wien 1989,20 Beiträge,
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