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Tiltrecords in a Coal Mine 

/Gabor HARTHA/ 1 ) 

In 1978 in the south part of Hungary on the 

seventh level of the Szechenyi mine /Mecsek Goal 

Company/ horizontal pendulums and a gravimeter 

were installed for recording earth tides. All mines 

of the Mecsek Coal Company are endangered by gas

eruptions. Therefore one of the goal of recording 

was to investigate a possible connection between 

gaseruptions and earth tides effect or local move

ments. 

Here we report on the recording with horizon

tal pendulums and on their analysis wich could be 

perhaps of interest for audience of this symposium. 

1. The underground observatory has been set up

in a not working area, near shaft in an engine cham

ber. It lies in a Liassic hard coal layer in a depth 

of~600 m. The place of the pendulums was formed with 

the same well-known method as in the Sopron observa

tory. A niche 2xl m size was engrawed into the coal 

wall. At the bottom of the niche a 10-15 cm thick sand 

bad has been installed on which four artificial stone 

pillars are swimming. �he horizontal pendulums - a 

pair of Tomaschek-Ellenberger type and a pair of ca

pacitive pendulums - were installed on the pillars. 

The scetch of the observatory and the forming of the 

1) Hungarian Academy of Sciences, Geodetic and Geophysical
Institute. H-9401 Sopron, I\:uzeum Str. 6

.. 
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niche are demonstrated on Fig. 1. The inside of 

the observatory is illustrated on Figs. /2/, /3/, 

/4/. 

533 

The directions of the pendulum arms were 

East-West and North-South. The movement of the 

arms of TE pendulums was recorded with the classi

cal photographic method. The light from the arm 

mirror was projected to a photodrum. Checking and 

paper change were made weekly. The first effective 

recording was rnade with the TE pendulum pair. 

After the start in turned out soon that this 

place had a very big local movement - the local 

tilt had the amplitude 2-3 orders higher than that 

of the earth tides - therefore on this place to get 

earth tides records with the horizontal pendulums 

was perfectly impossible. But we were interested 

in the local movement effect as well as in the earth 

tides, therefore the recording was continued. Of 

course the sensitivity of the pendulums had to be 

decreased to about the tenth part of the normal. In

such a way we got the records which can be seen on 

the Fig. /5/. These were got after a four months 

recording period. Before the interpretation of the 

records, I'd like to speak about the analysis method 

of the rougb. records. The curves on Fig. /5/ are 
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already an intermediate product of this analysis. 

2. Speaking about the analysis of an:y local

tilt records the first question is the task of the 

analysis. The short answer is: to give the analyti

cal form of the record. When }mowing the analytical 

form we can give the tilt between any two epochs, 

and we have possibility to ma�e a careful predic

tion for the tilt tendency. Further the analytical 

form is a basis to look for correlations with other 

local effects. 

The photorecords can be characterized as follows: 

a/ The records have many gaps. This fact is the 

consequence of maintanance and technical 

problems. There was often happened that the 

light run out from the drum due to the very 

big movement. 

b/ On the record a nearly linear trend /further 

on the polinomial part/ and a harmonical pro

cess /f'urther on the harmonical part/ could 

be observed. 

Considerating these such an analysis method was

elaborted which was suitable to determine the Fourier 

spectrum of the harmonical part inspite of the gappy

data, and to give the factors of the polinomial part 

/Pig. 6/.
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Let ol / t/ be the analytical form of a record and 

w be the frequency on which we 'd l:ike to fit a 

filter for the gappy data. Let 1/t/ be an ordinate 

of the record in the epoch t, then 

1/ t/ = h cos / w t + f / + d/ t/ /1/ 

where h, f are unknowns and d/ t/ an unknown :f'unc

tion which denotes that part of the ordinate, wich 

is left ower the w harmonic. With simple trigono� 

metric transformation the formula /1/ can be linea

rized: 

1/t/ = h cos f cos 6..>t - h s1n7 sin wt + d/t/ -

= x cos c:.Jt + y sinwt + d/t/ 

1 

h • /x2 + y2/"}. 

f = - arctg !½J
/2/ 

Let the ordinates be the usu.al hourly equidistance 

values naturally with exept of the vacancies of the 

record. Let us assume that the following conditions 

are valid for the neighbouring ordinate couples 

without gap beetwen them: 
• 

• 

• 

• 

d/t/-= d/t + 1/ 
• • 

• 

d/ t + n/ a d/ t + n + 1/ 
t 

• , 

,. 

/3/ • 
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Meaning of this conditions is that unknown function 

d/t/ as approximated with a histogram, and the con

tiunity is required only for two hours. 

The correction equation system is: 

I. 1/t/ + v/t/ = x cos ev t + y sinw t + a/t/

II. 1/t+l/ + v/t+l/ = x cosEv/t+l/] + y sin[w/t+1J + d./t+l/

/4/ 

Let us perform now the following symbolical operations 

for all system: 

I - - /I + II/

II - 1 /I + II/
2 

•·

/5/ 

Using the conditions /3/ such correction equation 

system is got which not contains the unlmown function 

d/t/ and the new corrections are the same as the ori

ginal ones. This is the consequence of the least 

square method hence it can b� written: 

v/t/ + v/t + 1/ = 0 /6/ 

.. 

In matrix symbol: 

/7/ 

• 

.. 

l 

2 

. 
• 
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From the least square method 

By means of the fil ter E /w / the ampli tude and 

phase lag of thew harmonic can be got from gappy 

data series �• 

The total process of this method is that a 

frequency series wi are choosen by the user; and

537 

for this series are made the E{wJfilters. With this 

filter series the Fourier spectrum of the record can 

be determined. From this spectrum the cha.racteristie 

frequences are choosen and by means of these harmo

nics is the harmonial part of the record can be given. 
So, we can write: 

ol / t/ = t hi cos / wi t 
+ f i/ 

+ (31 
t 

+ r 2 
t2 

+ • •  • 
/9/

i=l 

from which the factors of the polinomial part must 

be determined. These factors can be get with a new 

simple least squere adjustment. 

3. Returning to the records got in the mine, the

analysis gave the following results /Fig. 7/ 

harmonical part 

characteristic 

frequences 

w 1 "--' 0, 5° /hour . periods rv 30 day

w 
2 

rv 1, 4 ° /hour periods rvll day 
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polinomial part 

factors (,1 = o.1a63 �
day 

"EW component 

?31 = o. 0676 �
day 

NS component 

The vectorial sum of the polinomial part of the two 

components, lies in the plain perpedicular to the 

long-axis of the gallery. This effect can be inter

preted as the tilt of the gallery floor. The inter

pretation of the harmonical part is a harder task. 

As seeing on /Fig. 5/ there is no correlation beet

wen precipitation and local tilt. The harmonical 

part can be interpreted perhaps as a possible "os

cillation" in the tilt of the gallery floor. 

Swmnarizing the tilt records with horizontal 

pendulums may be usefUl complements to the investi

gations of the movements in mines. First of all the 

interpretation of the tilts must be developed and 

their connections to other local effect mu.st be 

cleared. 

(Die Abbildungen 2, 3, 4, 6 und 7 lagen der Redaktion 
nicht vor.) 
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Geodynamic interpretation of repeated gravity observations 

by 

1/ v··1 .l/ 
P. Bir6 - L. o gyesi 

Zusammenfassung 

Die Intensität eines Schwerefeldes ist eine Funktion 

des Ortes. Ist die Verteilung der das Schwerefeld 

hervorgerufenen Massen zeitlichen Änderungen unter

geworfen kann die beobachtete Schwereänderung einer 

Station auf der Oberfläche der Masse als Funktion der 

Änderung des Schwerefeldes und der Verlagerung des . 

Beo oochtungso rtes ausgedrückt werden. Wiederholte geo

dätische Beobachtungen liefern relative Bewegungen 

der Beobachtungs stationen in Bezug auf das Schwerefeld 

der Erde bzw. auf das Geozentrum /den Massenmittelpunkt 

der Erde/. Bis die Bestimmung der wahren Bewegungen 

des Beobachtungsortes auf der Erdoberfläche nicht mög

lich wird, bilden die Ergebnisse von wiederholten 

Schwerebeobachtungen keine ausreichende Informationen 

um irgendeine Aussage in der Frage der zeitlichen Än

derung des Erdschwerefeldes machen zu können. 

------------

l/ Institute for Geodesy, Surveying and Photogrammetry,

Department of Geodesy, Technical University of Budapest

H-1521 Budapest

DOI:https://doi.org/10.2312/zipe.1981.063.03



542 

\,_Of 
With the developmen�our knowledge in geodynamics. 

the earlier static aspect in connection with the Earth, 

a part of which, among others, is the assumption being 

Earth•s gravity field constant in time, can be regarded 

less and less acceptable. Nowadays, on the basis of 

the modern dynamic view increasingly raore people are 

dealing with the possibility of the non tidal variation 

of gravity that is the long period and the secular change 

of Earth's gravity field. These changes are caused by 

more or less known processes as e.g. the surface tectonic 

motions or the extensive mass rearrangements assumed in 

the deeper parts of the Earth. Lately, as a conscquence 

of the recent development of instruments .and methods, 

observations of gravity of special accuracy can be carried 

out, the accuracy of which surpasses the assumed order 

of thia type of changes of the gravity field. 

On the basis of the present practice, from the 

repeated observations of gravi ty performed on the physical 

surface of the Earth authors have concluded to the 

stability resp. variations of thetarth's gravity field. 

At the sarne time other examples show that the observed 

changes of heights are connected with gravity changes 

observed just there. 

Thus the question arises whether in any earth sur

face point the time change of the gravity field or the 

displacement of the Earth surface for any reason can 

be calculated only from the change of gravity. To answer 

• 
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the question the change of gravity in time in arbitrary 

Earth surface point has to be given physical contents 

- 1. e. it has to be interpreted precisely.

The change of gravity for any reason on the surface 

of the Earth can be given by the differential formula 

og 
dg c: - • d rl

aw 

• /1/ 

However this relation can easily mislead us, as at first 

sight it shows that from the change of gravity g the 

variation of the potential W of the gravity field 

can be calculated. If the physical contents of dVJ is 

examined then we can be convinced easily that actually 

it is not possible. 

The drJ in relation /1/ represents the total change 

of potential in any point of the physical surface of 

the Earth. This change of the potential can be traced 

back to two independent reasons. One of the possible 

reasons is the displacement and rearrangement of the 

inner masses generating Earth's gravity field /e. g. 

the displacement of the solid core of greater density 

of the Earth in the fluidal outer core of smaller densi ty/. 

As a result of it in given Earth surface point both 

the gravity itself and its potential will change, 

tenned usually as the non tidal variation of gravity 

field. Another cause of the change of potential can be 

DOI:https://doi.org/10.2312/zipe.1981.063.03
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that as a consequence of different surface geological 

processes /e. g. rock compaction, etc./ the station it

self shifts in space, and by this it gets to a location 

with an other potential. 

Let's examine, first, in case of inner mass rearrange

ment the change of potential in any arbitrary Earth 

surface point assumed motionless. 

In epoch t = O the potential in the surface 

point generated by the mass point m1 inside of the

Earth in point O is 

w. 
l. 

= k 
m. 

l. 

r. 

where r. is the distance between points 0 and P.
J. 

Now if for epoch t = tl the mass point r.l. 
J.

raoves

to point Q f.rom its original position in the 'Nay 

seen in Figu re 1, the potential ac�ordingly will be: 

m. 
W � = k ---

1
---

1 
1 r 1 - c5"ü 1 1

Then in point P assumed to be in unchanged position 

the variation oi.�
1

/u/ of the potential appearing

because of the displacement r-u of · ·to 1 mass po.in. 

l. 
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o�"/./u/ • w�
l. l. 

m. ri w. = k ...! /----- - 1/
1 r. 1 r. - d"u

1
.1 

l. l.
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/2/ 

If not only one mass point of Earth's core but a system 

of n points does change its location then the change 

of potential in the surface point P will be 

Jv/u/ =

i=l 
cr�✓-u/ 

l. 
/3/ 

Let's suppose that in the Earth's core there is no 

kind of mass rearrangement and let's examine now the 

case when the potential will be changed only because of 

the displacement of the Earth's surface. In this case, 

if the observation station moves in the gravity field of 

mass point mi from point P with the potential WP
to point P' with the potential WP, , then the potential

change corresponding to the displacement ov /Fig. 2/ 

can be expressed by 

J'v/v/ = k __ m_i __ _
1 1 F. + ov 

J. 

• 

This will be in the case of r1 >> v and taking only

the vertical component cfr of the surface displacement 

of general direction ov into consideration 

cfr 

r� 
l.

n 

~ 
n "1i r 

= k L~ _ 1 _ - 1/ 
i=l 1 Ir.- du.l 

l. l. 

rfv/r/ = - k ~ 
l. 
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and finally for the Earth 

• /4/

Further on let's examine the general case when 

the potential change dVI in /1/ takes place as a 

consequence of the common oxistence of the previous 

two reasons. For this case the absolute value of the 

change of gravity can be calculated by using Eq. /1/ 

in the forr.i: 

Ög 

or regarding /4/; 

cfg = 
6g 

aw 
g • o r , 

being tfv/ r/ the change of potential caused by the

vertical displacement cfr of the station and 

d�/u/ the potential change in consequence of

the physical reasons /rearrangement of masses/ taking 

place in the Earth's 1nterior. However the partial 

derivative 69/ aw can be written in another way: 

8r 1 89 
-:a----•-a - --

aw ar aw g ar 

o\'/u/ - - ,-
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where 89/ or is the vertical gradient of gravity. 

Considering this and neglecting the superscript /u/ 
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og = 
og

aw 

cfw -
8r 

cfr • /5/ 

Among the quantities in /5/ the variation of gra

vity dg on the left side of the expression can be 

determined by observations and from it we usu�lly want 

to deduce the change of ow - the non tidal variation 

of the gravity field. 

Our repeated observations of gravity can lead to 

two types of result: we can find either that within 

the observed period cfg = O, i.e. gravity has not 

changed; or repeated observations result in other values 

thus dg # o.

First let's examine the case when cfg = O will 

be observed. On the basis of /5/ this can occur 

in two cases: 

One case is when cfw = or = O: i. e. it has 

actually nothing happened - thus neither the gravi ty 

field of the Earth has been changed / cfw = 0/ nor 

the station has moved / cfr • 0/. Knowing the

dynamism of the Earth this possibility is hardly 

feasible. 

'ag - -
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The other possibility of observed dg = O is if 

ag 

a ,, 
�J :: -

og 

or 

cf r , /6/ 

thus the change of the gravity field will be coQpen

sated by a defonnation of the Earth's surface corres

ponding with it. This could be experienced in the case 

of a modal Earth, where the lithosphere reacts as 

fluidity to the long period secular changes of gravity 

field. Or reversed we can say: if lithosphere behaved 

as fluidi ty we could observe only cfg = O variations 

on the surface, but according to /5/ we must not 

conclude form theril that in the meantimc the gravity 

field has not been changed. So it can be stated that 

under the assumption of a lithosphere reacting as 

fluidity it is in principle impossible to determine 

the time variation of Earth's gravity field only on 

the basis of repeated observations of gravity carried 

out on the Earth's surface. 

Another possible result of the repeated observa

tions of gravity can be that within the observed 

period gravity has been changed, thus cfg ,' 0. I f 

this will be derived from the observations the lithos

phere cannot be considered to behave as fluidity bacause

in the case of cfg; O /6/ does not exist. 
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cfg p o can occur in the folbwing three cases. 

According to a first possibility og I o can 

arise so that cfr = O consequently ow I o. In this 

case the change of potential is a consequency of inter-

nal mass rearrangements; cfr = O means that lithos-

phere is entirely rigid, thus it is not able for any 

kind of deformation. As an example let's imagine a 

modal Earth having a rigid crust, a fluid external 

core and an eccentric solid inner core. If the inner 

core of greater density moves in the fluid material 

of the external core of smaller density, the change 

of gravity field can be experienced at the rigid 

Earth surface. In this case - excluding the possibility 

of surface displacements - on the basis of the repeated 

g ravi ty observations dlv can be calculated - that is 
�f 

the time variation the gravity field can be determined. 

After having considered the further possibilities we 

shall see that the variation of the gravity field can 

be determined by gravity observations at the Earth's 

surface only in this exceptional case. 

According to an other possibility cf'g I O can 

be imagined if dW = 0 and d r I O. So i f we assume 

that dW a O - i.e. a constant gravity field - then 

the experienced change of gravity can be caused 

only by the displacement of the Earth surface point. 

Such surface displacements can 1!ke place because of 
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local geological /tectonic/ reasons, as a consequence 

of which the observed point gets at a new location of 

an other potential value in the space. In this case, 

the change of Earth's gravity field is �ot questionable, 

as its possibility has been excluded. So it can be stated 

that the vertical displacement of any point, at the 

Earth's surface can be determ.ined on the basis of 

repeated gravity observations Using Eq. /5/ only 

under the condition if the real change of the gravity 

field has been excluded. 

At last a third case is the general case, when 

cfg /: O if &a /: O and cfr /: O; i.e. the observed 

change of surface gravity appears as the resultant of 

thetwo effects. In this variant the real change of 

the field can be determined only in two· special cases: 

on one hand if or could be observed in some way: 

on the other hand if cfr could be expressed as any 

known function of �,. First let's deal with this second 

possibility. If the displacement of the Earth surface 

cfr were any function of the change of gravity 

field then it could be expressed mathematically in the 

form 

cfr = f / d'.'J/ • 

Substituting it into /5/ it would be: 

c)g 

or 

/7/ 

/8/ 
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On the basis of relation /8/ in the knowledge of 

the function /7/ the cange of gravity field could be 

determined unequivocally. However the detennination 

of the function /7/ is not a simple task, it can be 

done only approximately in cases of adequate Earth 

rnodels. Such a function can be given e.g. on the basis 

of Love's theory of elasticity: 

d'iJ 

cfr = h /9/ 

where D /= 1-h+k/ is the ratio of the potential change 

of the real elastic and a totally rigid Earth mass, 

h ond k aro Love's numbers characterizing the 

elasticity of the Earth mass. - The figures of h and 

k are different at different Earth models, e.g. h=1 

in case of a fluid lithosphere, h=O in case of a 

lithosphere assumed to be entirely rigid and 

O < h < 1 in case of the elastic lithosphere. 

Thus to give relation /9/ numerically is possible 

only by giving a known �arth modal. 

In the case of the real Earth a further term 

raust be �dded to relation /9/ becauoe of the local 
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geological-tectonic movements 

or = f /�'J/ + b

being b the unknown surface displacement of the Station. 

Finally the real change of the gravity field could 

be determined in the general case of �1 J O and 

cfr j o even in that case if d-r could be observed 

in some way. Then �1 could be calculated with 

through Eq. /5/ knonn og and cfr 

But unfortunately cfr is composed of two parts 

as it can be seen in Figurc 3 

cfr = cfN - cfH

being oH the change of height of the Earth su rf ace 

point p as compared to the displaced level su rf ace 
potential 
�,. , ., 

= ' p 
• and ON the vertical displacement of the

level surface - that is unknown and so far we do not 

know any possibility to determine it. 

Summarizing the facts mentioned so far wo can 

state that in any Earth surface station only from 

with 

the observed change of gravity. in the cases of 

practice. unambiguous conclusion can be drawn neither 

to the time variation of Earth•s gravity field nor 
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to the real vertical displacement of the surface point. 

If the repeated observations of absolute gravity at 

the same Earth surface station significantly differ 

frorn each other, our only conclusions can be that 

lithosphere does not behave as fluidity. 

0 
(t = 0) ,:-

öH 

�ig.l 

[ ____ _!!_'= Wp
--

p' 
-----------

,- ' 
, ... ___ 

-,-' f(ÖW)' 

p 

Fig.3 

w' .. W + c5w
W „ Wp

oN 

m· 1 
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The Uplift Process in Fennoscandia and the Corresponding Geopotential 
Field from Satellites. 

Arne Bjerha11111ar 1/ 

The Fennoscandian uplift process has been studied for 
consideral time. Most modern authors have accepted the 
hypothesis of an isostatic origin for the major part 
of the present uplift. A few authors have questioned 
th�s approach and found evidence for other explantations. 
The present study anticipates that if the uplift process 
has an isostatic origin, then the potential field of the 
earth should include some significant 11anomalies" which I 
can be traced back to the last gtaciation. 

Oplift data from the last two Swedish precise levellings 
have been used in a regression analysis where the 
local disturbance potential is the second variable. 
The correlation eoeffitient between uplift rate and 
the local disturbance potential was found to be as high as 
0.96 when using present available satellite data for the 
the potential. The peak value of the disturbance potential 
was found in the dire6t vicinty of the site for the 
maximum uplift for Fennoscandia! ! This seems to give a 
conclusive proof for the isostatic origin of the major 
part of the present uplift. 

HaJunoru.c. w.lndow, i..601,ta.CJJ, p11.ewe levelUn.g, 1,a.,t.el.li;te 

da.t:a, u.pUft , u.pU6t: Jta.te. 

11 Kungl. Tek.aiska Högskolan� Inst. för Geodesi
Drottning Kristinas Väg 30, S-10044 Stockholm 70 
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1 UPLIFTS IN FENNOSCANDIA 

The Fennoscandian uplift has been studied by several 
authors. Mörner ( 1979) gives an excellent review of all the major 
contributions in this field. The isostatic origin of the present uplift 
was first documented by de Geer (1888). Varve dating was used by Liden 
( 1938) at the center of the uplift area. Further observations were made 
bY von Post (1947). Mörner· ( 1969) made numerous measurements of the uplift 
with the use of c 14 dating. Niskanen (1939, 1943) made an analysis of the 
uplift process and Sauramo (1928, 1939, 1955, 1958) contributed with 
further analysis and he introduced the concept "hingelines". Vening 
Meinesz ( 1937) analysed the gravity anomalies, but found no obvious 
correlation with uplift rates. Jeffreys (1959, 1975) argued that·either 
the gravity anomalies of Fennoscandia were wrong or that the theory of 
isostacy was incorrect. Mörner (1973) presented a new method of separating 
the glacio-isostatic and the tectonic components in tie Scandinavian 
crustal movements. He used a graphical method for separating the isostatic 
uplift from the non-isostatic uplift. He concluded: " ••. the Swedish 
uplift is complex and composed of two factors; one glacio-isostatic 
factor that decreased continuously with time and distance from the 
perphery and died out some 2000-3000 y_ears BP, and one "tectonic" factor 
that has remained constant and is responsible for the present uplift." 
Earlier studies of the gravity field were made with rather incomplete 
data. Therefore, now obvious correlation between the gravity field and 
the uplift process could be found. Furthermore, most of the Fennoscandian 
area is highly elevated in the general geoid of Europe. (The geoid is 
the equipotential surface that coincides with mean sea level.) This means 
that_ a traditional interpretation of the gravity field can only result 
in a "sinking" peninsula. 

The isostatic nature of the present uplift can hardly be accepted if no 
proof is given for a well defined correlation between the geopotentials 
and the uplift rate. Such a correlation has up to now not been proved 
in a convincing way. 

See �lso: Asplund (1968), Bergsten (1930,1954), Berzelius {1843), B�ll1ng (197�), de Ge�r (1890,1898), Donner (1977), Kääriäinen (1953,1966),Morner (1976,1977), N1skanen {1939,1943), Rosen (1886-1905) Witting (1943)and Ase (1969). ' 
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2. THEORETICAL ASPECTS 

Geophysical interpretation of the potential field can be made with the 
use of "harmonic windows" in the spherical harmonic expansion of the 
geopotential. This technic was independently presented by ßjerhanvnar (1976) 
and March (1976). There are no principal differences between the two 
methods but the first study is making use of the disturbance potential 
for the local area (local geoid anomaly) and the second study is referred 
to the gravity anomaly. (lt should be emphasized that the gravity anomaly 
(free air) has no direct lin·k with the geophysical parameters because this 
anomaly is the difference be'tween the true gravity at the actual point and 
the ·. · theoretical gravity at a different point displaced by the quantity 
corresponding to the geoidal height. See below.) 

We are here going to follow the first procedure and give an elementary 
presentation of the applied procedure. 

Definitions: 

1. Geopotential

(rP·
W = GM 

J
-1 J 

J rji 
V 

w 

dV. 
l 

2 2 2
+ i w r. cos cf>

J 

where WJ is the geopotential at the point PJ, G the Newtonian gravity 
constant, M the mass of the earth, p. the density at the moving point, 

l 
rji the distance between the point Pj and the moving point, dVi the
volume element , w the angular velocity of the earth, r. the geocentric

J 
distance of the point PJ and geocentric latitude. 

2. Gravity g

3. Gravity anomaly 69

lig. = ( g. - y )
J J z 

where gJ is gravity at the point PJ and y
2 

is the corresponding theoretical 
gravity for a point with the same potential. (Note all gravity anomalies 
have an obscure reference which can only be eliminated after solving 
complicated integral equations. This 1s also true for the Boguer anomaly 

g. = - dW/dr 
J J 
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and the isostatic anomaly. They all give controversial geophysical 

information.) 

4. Disturbance potential T

T = W - U 
J J J 

where UJ is the theoretical potential at the actual point PJ.

557 

(Note. The theoretical potential is defined for a model earth with known 

mass and rotation. This definition is made by the International Associa

tion of Geodesy.) 

5. Gravity disturbance (- dT /dr) 

5. This quantity has a natural geophysical meaning. Most authors make

interpretations of the gravity anomaly as if it was the gravity disturbance.

6. Harmonie variable

The potential Vis a harmonic variable if it satisfies the Laplace condition 

2 2 2 2 2 2 
V= d V/dx + d V/dy + d V/dz = 0 

The geopotential is not a harmonic variable because it includes the 

centrifugal part of the potential. All disturbance potentials are normally 

harmonic quantities (at least good approximatiöns). Harmonie variables can 

be expanded in spherical harmonics. Cf below. 

7. Harmonie window

If a potential is expanded in spherical harmonic, then a power series is 

used. A selected section of this power series represents a harmonic window 

in our presentation. The complete power sertes represents all gravity 

information from the interior of the earth. This information is so complex 

that an interpretation is extremely difficult. If we have a well defined 

problem then we can focus our study to the actual information by excluding 

such degrees of the power series which only carry· bias or noise with 

respect to the selected parameter. A harmonic window is the obtained. 

An early study was made with the use of satellite data combined with 

terrestrial data up to degree 30 (Bjerharrmar 1977). This study ;evealed

that the hannonic window with degrees 10-30 clearly in�icated 

the existence of a depression in the Fennoscandian geoid. 
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See also: Andrews (1974), Cathles (1979), Clark (1978), Gutenberg (1941) and 
Svensson (1980). 

3 THE GEOPOTENTIAL FIELD 

There are two ways for obtaining the gravity field of sorne area on the earth. 
The classical method was rnaking use of discrete gravity observations at the 
surface of the earth. This technique is rather limited because surface 
measurements of the gravity are rather difficult to perform on the 
oceans. Furthermore, many countries have serious restrictions on the 
distribution of gravity data. Therfore, studies of the geopotential field 
with the use of terrestrial data were normally rather incornplete and often 
directly misleading. 

Satellite obeservations make it possible to rnake rather detailed studies of 
the potential field of the earth. The advantage with this rnethod is that 
we obtain a much more hornogeneous presentation. There is furthermore a 
natural··. filtering. The local disturbances frorn the terrain are of no 
interest for a study of the isostatic pararneters but are very difficult to 
filter out with traditional nurnerical filters. The  gravitational force 
attenuates with the square of the distance and this mean that we have very little 
contribution from higher harmonics at the satellite altitude. Local anornalies 
from the topography are apparently less critical with this procedure. 
Terrestrial gravity data are norrnally not available for the "East of Europe" ., 
However, satellite data have a global coverage and no national borders cause 
any problerns. We have still sorne practial lirnits. Cornplete spherical harrnonics 
were only available to degree 23 when rnaking this study. Additional harmonics 
were available up to degree 30 in a somewhat incomplete way. 

Standard deviations of the induvidual harrnonics are obtained frorn the 
original solutions and not included here. We include instead the complete 
listings of two sets of solutions. 

1:o Grirn 2x)

2:o Goddard flight center Gern 10 (satellite data) 

We have not listed the Standard deviation, which we think should be used with 
some care. However, the difference between the two solutions c.an be found in 
the listing. The reader will find considerable differences between induvidual 
harmonics of the two solutions. The Gern 10 solution is newer and should 
be tonsidered to have the best accuracy. 

x)Grim 2 is the result of a French German contribution. The original data
include terrestrial and satellite data.

DOI:https://doi.org/10.2312/zipe.1981.063.03



The induvidual harmonics cannot be interpreted straight for�ard. lt must be 
realized that the potential field or any "window" in the potential field 
includes a number of harmonics and the integrated values have a remarkable 
consistency even if the local harmonics include considerable differences. 

Standard deviations for the complete gravity field of Gem 10 have been
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estimated to ±, 5 m when computing the equipotential surface coinciding 
with mean sea level ("the geoid"). 0ur study is making use of local 
harmonic windows (often using degrees 10 - 23)!these harmonic windows

have have mostly standard deviations of approximatel1 ±, 2 m. 

Spherical harmonics are used with many different normalizations. We have 
here used fully normalized spherical harmonics. 

The spherical harmonic presentation we have used is the following one: 

CD n ( V =(GM/(rJ
.)) I r Cnmcos m:>. + Snm sin m:>. ) P nmsin4>

n=o m=o 

where 

G = Newtonian constant 
M = mass of the earth 
rj= radius of the earth 
P

nm
sin = associated Legendre polynomial 

Cnm,S
nm 

= harmonic constants

n = degree 
m = order 
V= potential 
♦ = latitude
A = longitude

x) For a harmonic window of combined satellite and terrestr1al aata see Bjerham
ar. (1976). This was a special solutfon where satellite data and terrestrial
data were mixed. A solution of this type is optimal for the study of the
maximal peak value of the geoidal subsidence, but it cannot be used for a
determination of the location of the peak value. Such a solution requires
homogeneous data. Only satellite data can be used for this purpose.
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4 LEVELLINGS 

There are two precise levellings in Sweden. The first, • was made 1886-1905 

and the second was made 1951 - 1906. 

lt is obvious that the old nivellement from 1886-1905 is the main error 

source in this type of study. The improved accuracy of the modern measure

ments can hardly improve any deficiency in the old nivellement. 

Rosen (1906) gives a number of different estimations of the standard 

deviation, bud we think that the most realistic error estimate is obtained 

from the misclosures of the various polygons. We have found the 

the following results: 

Polygon Misclosure Length 

1 -0.048 m 347 km 
2 -0.194 976 
3 +0.039 1068 
4 +0.034 317 
5 -0.132 551 
6 -0.002 216 
7 -0.055 227 
8 -0. 117 354 
9 -0.009 429 

10 +0.066 281 
11 +0.129 310 
12 -0.032 670 

We note that at least polygons 2, 4, 8 and 11 can hide some 

unexpected "errors". Ros�n estimated the standard deviation 

of a height difference to be 

s = + 4.40 mm

This estimate is related to two points at a difference of 

1 km. (Error estimate from misclosures.) 

For an arbitrary distance, we use the formula 

s = 4.40 {L (L is length in km) 

This error estimate seems to be obtained with 12 degrees of 

freedom. 

We use the confidence interval for a risk level of 5 % and obtain 

s2n/ 2 < cr2
< s2n/ 2

X X 

2.5 97.5 

The value of n is not indicated in the actual publication but it 

is known a priori that that n � 12+1 = 13. Thus we have the limiting 

value for the smallest confidence interval of the standard deviation 

(risk level 5 %). 

3.3 < a < 1.6 (Unit ntn) 
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Our study i_ndicates that we have to use our two levell ing systems with 
some care. If we find an "unexpected" difference between the two 
procedures, then it is not possible to exclude that the measurements 
already in the first levelling can explain most of the "error". 

The "new" 1 eve 11 i ng i s of very high qua 1 ity and we have not found it 
necessary to include the corresponding error analysis for this part. 
The old measurements dominate in the error budget. 

It should be noted that the polygon 2 is found in an area where the 
uplift is very small. This means that it will be impossible to locate 
any significant differences between adjacent points inside this rather 
unfortunate polygon. 

We disregard all remaining polygons and compute the standard deviation 
for a height difference which refers to two points at a distance of 1 km. 

s = + 6.2 mm

This standard deviation is obtained for 1 degree of freedom. The confidence 
interval for a risk level of 5 % is (normal distribution postulated) 

s5% = ±. 78.8 mm 

For an arbitrary height difference h between two points at a distance 
of k km we have the corresponding confidence interval 

This confidence interval will include the "true" value 95 times out of 100. 

Example: In the Sternö area was found a difference between the uplift 
ratesfor two points at a distance of approximately 15 km. This difference 
was recorded to 0.18 mm per year which corresponds to 12.6 mm height 
difference. The corresponding confidence interval is 

+ 304.9 mm
The recorded difference is not at all significant. 

x)

See also: Rosen (1906), Kääriäinen (1966), Norges oppmäling , Hefte 15, 
(1966) and Hefte 16, (1967) and RAK (1974). 

x�The recorded difference in uplift rates must be approximately 24
t,mes larger if it should be accepted as a significant difference! 
The standard deviation for a height difference between two points at a 
distance of 1 km is estimated to + 1.6 ITin in the new precise levelling. 
Uplift rates are estimated with standard deviations of ±_0.2-0.3 mm/year 
according to RAK (1974). 
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5 HARMONIC WIND0W F0R THE UPLIFT 

We postulate that if the present uplift in Fennoscandia has an 

isostatic origin then there must be a geopotential subsidence 

which can be traced by the movement of the satellites. It is also 

obious that there is no tlear depression in the Fennoscandian local 

geoid. Most of Fennoscandia.is highly elevated above the international 

reference ellipsoid. However, this reference surface has no irrrnediate 

geophysical meaning when analysing the isostatic uplift process. We have 

therefore to filter out all irrelevant information with the use of a 

suitable harmonic window. This can be done in two different ways. 

1. Geometrical design of the harmonic window.

The actual uplift zone of Fennoscandia has an estimated diameter 

of approximately 18° (geocetric measure). This mean that the

harmonic window should have a lower limit of degree 10. (We note 

that 180
°
/10 = 18°.) 0ur first harmonic window for Fennoscandia

was made with this lower limit. (See ßjerhammar 1�76,1977) 

2. Statistical design of the harmonic window.

We consider the geometrical design to give a crude estimate of the lower 

limit and make a regression analysis with the following windows: 

Degrees: 
8 - 23 
9 - 23 

10 - 23 
11 - 23 

The upper limit of this window is defined by the fact that harmonics of higher 

degree are not available with full coverage from satellite data. 

The truncation at this limit will not be critical for the location of 

the statistically predicted uplift center. However, the actual 

peak value will most certainly be underestimated. 

We compute the uplift rates from the two precise levellings of 

Sweden and express them as a power series of the qeopotentials in the 

harmonic windows described above. The study is made as a regression ana

lysis and the optimal window is obtained when the variance is minimized. 
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Regression fonnula: 2 
h = x

0
+x1N+x2N +

where 
h = uplift in 11111 per year 

N = geoidal height in the hannonic window (10 <n > 23) 

x. = unknown quantities
1 

The set of observation included 856 uplift values. 

The study was made for different degrees of the polynomial 

Degrees of the polynomial: 1,2, ... 9. 

0egrees of freedom, sum of sq.uares, mean square, F-value and 

improvement of sum of squares were computed for each degree. 

Conclusions: 

1. There was a drastic improvement in tenns of sum of squares for the

first polynomi�l of degree 1. Fonnula: h= x
0
+x1N

2 
Standard deviation s = 0.76 (mm per year)- Improvement: 5616 mm .

2. The second degree polynomial gave 40 times less improvement in. 
2tenns of sum of squares. Fonnula: h= x

0
+x1N+x2N 

Standard deviation s = 0.63 (mm per year), Improvement: 145 mm2.
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3. A polynomial regression of degree 10 gave no improvement in the tenns
loof sum of squares. Fonnula: h=x

0
+x1N+ ..• +x

10
N 

' 

We conclude that there is a strong justification for the linear approach. 

Correlation coefficient: 0.95911 

This means that in the harmonic window 10 - 23 we have found an excellent 

correlation between geoidal heights and annual uplift. In other words: 

The gravity force we have found is behaving as could be expected in 

a glacio- isostatic situation. 

All hannonics above degree 23 are excluded and this means that the peak 

value is most certainly underestimated. 

The study was completed with all together four diff�rent harmonic 

windows with the following results: 

-

.•. + X Ng 
9 
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Window: l 
N�RMAL EQUATIONS: 

Hannonics: 8 - 23 

[
101..33Ael�7 
-q2 05e .SfJO

XO= 
Xl= 

)(0/'Xl= 
Cf"J;�1:,ffLA TI rJ"I COEFF IC IENTS= 
iTA�DAR� O�VIATIUNS= 

-9205 • .360
] 

lxoj 
856 Xl 

= 

-a.Y�R�OCl272J
-l.241J�t,O'll7

ML�N S�UA�C SUCCESSIVC OIFFe=

7.2427 lf.12052
-0.76911

+t.70775 ßlll
- o. 06461'.>

Window: 2 Hannonics:. 9 - 23 

NORMAL EQUATIONS: 

XO= 

[ 
9!,397.128' 
-8893.410

)( 1 = 
XO/'Xl= 

COI-JRtLAT I C� C•Jt::FF IC IENTS= 
STAN�AR� ��VIATIUNS= 

-8A93e410
J [

XJ
]

855 Xl 

= 

-9. 4Al.:?5522iJ5
-l.330�194742

7el24173t>751 
+o• 91659 l11T1
_t.06813

�CAN �QUAME SUCCESSIVt OIFFe= o. os•1s

Window: 3 

NORMAL cOUATION3: 

XO:

[3 5 6 .l 2 • ;> A6 

-'.,.J41.200 

Xl= 
X(')/Xl=

Hannonics: 10 - 23 

-5341.200
][ 

xo
l 

856 Xl 

= 

-5.3822175255
-l.560·�6lbl94

3.4480140052

-43024.208
37311.230

-4263'3.666
3729.050

-2613 7 3. l JO
3730.230

COP�tLATION C�EFFICltNTS= 
5T�N-JARD �EVIATIJN5= 
��AN S�UAME SUCCES51VF DIFFe= 

+ o. 75626 mm oes 
-o. gs911 

�
besf

-o.0•109 bes 

value
jva ue 

va ue 

Window: 4 Hannonics: 11 - 23 

NORMAL EQUATIONS: 
. [ 2190.288 

XO= 

Xl= 
XO/Xl= 

-1166.790

C•Jt-i�I': l AT 1 0"1 COEFF I C IENTS= 
5TA�JA�D �EVIATIJN5= 

-1166. 790
1 
l- xol 

1356 X l 
s 

Q. J!'>57531.J<J4
-2. '-1360 o�•c.1 • 
-0.1211689762
+0.92036
_t.04�C)Q ßlll 

�EAN SOUA�t SUCCESSIVE DIFFe= Oell49l8 

Number of observations: 856 

-6845.794
3710.210

Optimal window: 3 (Also precalculated from size of the glaciation}
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Standard deviations of the optimal linear solution (number 3) 

s = + 0.0157 mn
X -

0 

s = + 0.10xl 

We have a qreat number of degrees of freedom and the confidence 

;ntervals at a risk level of 5 % will be: 

t
5%

s = + 0.20
xl

-

Aere, t is computed for 854 degrees of freedom. 

565 

The importance of the confidence intervals should not be overemphazised 

because almost all technical and geophysical events give rather mixed 

0Dservations which hardly can be considered strictly normally distributed. 

The maximum uplift rate is obtained for an N-value of approximately 

10 m. The confidence interval for the uplift rate is then for 

a risk level of 5 % 

8.2 < h(N=l0) < 10 mm per year 

where 

h(N=l0) is the statistical expectation ("true value") 

For N - value of 0 m we obtain the corresponding confidence interval 

- 0.03 < h(N=0) < 0.03 11111 per year 

Comments: Statistical hypothesis testing should be used with great care. 

The safest approach is to to accept the results as conclusive 

only for a negative outcome. If a hypothesis testing gives as result 

that the hypothesis should be accepted at the prescribed risk level, then 

we must still be aware of the possibility that the hypothesis is incorrect. 

Our own null hypothesis: Zero degree polynomial gives an .adequate model 

for the relation between the potential and 

the uplift rate 
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Alternative hypothesis: The degree of the polynomial should be 

higher than zero. 

If we want to test this hypothesis at a risk level of 5 %, then we 

find from the Fisher distribution for 1 degree versus 854 degrees 

F = 3.9 

We obtained for the first degree polynomial an F-value of _gao7.29647 

Conclusion: The null hypothesis is rejected and we accept tbe higher 

degree polynomial. We note that the F-value remains far above this 

level for any of the tested degrees. However, we find no 
. 

conclusive evidence for accepting any higher degree than the linear 

approach. 

The acceptance of the linear approach 

gives an improvement en term of sum of 

squares with 

5615.62336 

The deviation about regression is then only 

488.99739 

for the sum of squares 

The degrees of freedom is 854 and we obtain an estimated standard 

deviation of the uplift rate with 

+ 0.756 11111 

The mean square succesessive difference from the residuals in the 

linear approach is only 

0.04709 mm2

This seems to indicate that more sophisticated model might be justified. 

However. the levelling is probably not homogeneous enough, and we 

refrain from further analysis. 

DOI:https://doi.org/10.2312/zipe.1981.063.03



STANDARD D EVIATIONS (S) OF UPLIFT RATES 
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j ON THE UPPER LIMIT OF THE HARMONIC WINDOW 

Satellite data (in Gern 10) were onlf complete with respect to the

associate harmonics up to degree 23. This means that the location of the

peak value can only be determined with the use of harmonics which have 
this upper limit. A harmonic window of this type will most certainly under
estimate the actual depression in the geoid. We are therefore forced to 
use a study of the complete gravity field in Fennoscandia in order to 
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get a measure of the upper limit of the peak value of the geoidal depression. 
The author has already made a study of this type. All available satellite 
harmonics were used for a study of the Fennoscandian depression. Harmonics 
up to degree 30 were used. The peak value was approximately 12 m with 
location north of Gottland. +errestrial gravity data were used for all 
higher spherical harmonics. (Residuals) The computation of a corresponding 
geoid indicated results which were clearly correlated with the topography 
(as expected). Therfore, we cannot accept them as representative for the
isostatic compensation process. (See ßjerhammar 1977.)x) 

We summarize that our present harmonic window is extremely well correlated 
with the present uplift process. The peak value of the geoidal depression is 
most certainly underestimated. We estimate this "l o s  s" to be at least 
four meters. An improved geophysical model should be obtained with this 
model of correction. However, there is no obvious need for corrections, 
of öur present model. We have only the ambition to find a geophysical model 
which explains the general uplift mechanism in Fennoscandia. 

All the studied harmonic windows give residuals (v) which are clearly correlated. 
The linear model is clearly rather crude and we find many consecutive residual s of 
the same sign! Regression models of higher degree will of course diminish 
this dependence in a drastic way. However, the linear model is of special 
interest, because it indicates where local deviations can be expected. 

x) ! t should be no!ed !hat the harmonic window 10-30 was a mixed solution wh1
�
h m

�
ans that 1t g�ves practically no information abouttlie location of the
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7. THE IS0STATIC PARAMETERS 0F FENN0SCANDIA

0ur previous analysis has been made with the use of the two last precise 
levellings for Sweden and the satellite data from Goddard Flight Center 

(Gern 10). 
The optimal harmonic window in the potential field was found between 
degrees 10 - 23. Here we obtained a correlation as high as 0.959. 
The lower limit of this window is quite sharp, but we must anticipate that 
some isostatic information can be found in the lower harmonics. Furthermore, 
we also note that there is an eustatic effect which masks the uplift to 
some part. This eustatic effect is estimated to 2 mm uplift per year. 
We will accept this value and compute the isostatic parameters for our 
optimal solution. Then we obtain 

where 

h + 2.o =-1.56(2.16 + N
10_23)

h = uplift rate {apparent) in mm per year 

N
10

_23 = geoidal height {here negative) in meters

2.16 = constant correction from degrees 2 - 9 in meters. 

It should be noted that the constant correction includes also systematic 
errors from geodetic reference systems. 

x)We can now compute the avearage viscosity with the use of formula 

. -22 e: =-3.62-10 (N10_23)/(h + 2)

Thus we obtain for N = 10 m and h = 10 11111 per year 
e: = 3.o .1022 (Poise) 

(Poise) 

This should be a lower limit for the viscosity. The true viscosity in 
a linear isostatic model is most probably approximately 25 % higher. 

0ur computed viscosity should be representative for the inland of 
rennoscandia. For a special study of the Norwegian coast-side sea below. 

x)Formula by Svensson (1980). In our approach (h+2) represents
the estimated 11true value 11

• We have included this correction with 2 mm
in order to avoid "infinite viscosities 11

• The original formula of Svensson 
uses instead 11apparent uplift rate". After including our correction, 
we come closer to 11true uplift" in the Baltic. The correction is questionable 
for the west coast of Norway. Solutions for the viscosity in multiple 

layer models can be obtained 1n a similar way. 
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8 UPLifTS IN NORWAY AND FINLAND 

Our previous analysis has ·shown that the uplift pattern in Sweden is 

rather homogeneous. We have also found an excellent correlation with the 

geoidal anomalies (harmonic degrees 10-23). We ar� now going to 

make a comparattve study of the uplift in Norway. This study is of 

special interest because Sweden and Norway have a long common boundary. 

Any significant deviation from the pattern in Sweden can indicate that 

serious tensions are building up. 

In Norges Geogr�fiske Opmäling: Hefte 16 we find: 

Uplift values: (Gauge observations) Nx 

Oslo + 3.86 11111/year + 1.6 mm 1886-1959 -6.o m
Nevlungshavn + 2.22 + 0.6 1927-1959 -5.5
Tregde + 0.59 1928-1950 -4.2
Stavanger + 0.12 + 0.3 1882-1965 -4. 5
Bergen - 0.14 + 0.6 1883-1959 -5.o
Heimsö + 1.23 + 0.7 1928-1964 -6.4

The records have been obtained during the time span 1882- 1965. 

These records refer to Southern Norway. For Northern Norway we find 

Narvik +2.73 mm/year + 0.39 mm 1906-1967 -7.o

Legend: 

Nx = geoidal height ( Degrees: l 0-23)

hx = theoretical uplift cömputed from Nx (first degree solution)

Comments: The uplift figures for Oslo are quite consistent with our present 

uplift model for for Sweden. However, the predicitions for Stavanger, 

Bergen and Narvik are all too high. This indicates that the west coast of 

Norway is not taking part in the general uplift of Fennoscandia. There is 

an uplift of 2.73 mm in Narvik and this is tne peak value at the Norvegian 

hx 

4.o mm
3.2

1.2

1.6 
2.4 
4.6 

5.5 

west coast. Clearly, there is a sharp difference between "0e�t coast figures" 

and "inland" figures in Fennoscandia. 

If our potential model is used for a computation of the viscosity, then 

we find the following values: 

Fennoscandia: Inland 

Fennosca�dia: We�t coast 

3.6·1022 Poise (Angermanland)

l.4•1023 
(Stavanger)
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All the uplift figures from Norway are below our predictions from the 

satellite potential field. This seems to indicate that we cannot rule out 

that tensions are building up because the "Swedish plate" and 

the "Norwegian plate" are moving upward with different velocities. 

Uplift rates from Norway and Finland has been interpolated from a graph 

by M. Ekman. These values have been used for a computation of the 

viscocities according to the Svensson formu]a. 

CONCLUSIONS: We have proved that the potential field includes a "subsidence" 

which is very well correlated with the present uplift rates in Fennoscandia. 

A geometrical design of a harmonic window resulted in a spherical harmonic 

presentation with a lower limit at the tenth degree. This lower limit 

was fully confirmed with the use of a regression analysis for for different 

harmonic windows. The 10-th degree solution seems to give fully realistic 

viscosities for most of Fennoscandia. 

In the future, we can expect spherical hannonics of very much higher degrees 

and refined solutions can be presented. 
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VISCOSITIES 
poise 10�2 
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Hochdruckuntersuchungen und der Aufbau der Lithosphäre 

von H. Budzinski 1) und H. Vollstädt 1)

Summary 

From the results of the seismic investigations follows an abstract structural modal 
of tbe litbosphere. The petrology end high pressure physics hes to contribute material 
parameters to support the structural model. Therefore it is necessary to carry out 
exact petrologicel and chemioel investigations of rocke belonging to the upper mantle 
and the experimental determ.i:nation of material paramete�s under the extreme thermo
dynamio p,T-conditions of the lithosphere. 
The paper gives a short review about tbe experimental high pressure eguipment for tbe 
petrological investigations. It shows first ideas to support the seismic modele and 
to contribute to e uniform model of the litbosphere. 

1. Einleituns

Neuere Untersuchungen an Oberflächenwellen und von Eigenschwingungen des Erdkörpers, 
wie sie bei Erdbeben, chemischen oder nuklearen Explosionen zu beobachten sind, haben 
einer Verfeinerung der seismischen Profile auch zuverlässigere Kenntnisse über eine 
Reihe von physikalischen Parametern der Lithosphäre gebracht. Aus den Veränderungen der 
seismischen Geschwindigkeiten vp und vs und der Dichte sowie aus der Zunahme von
Druck und Temperatur mit der Tiefe läßt sich ein erstes strukturelles Bild über den 
Aufbau der Lithosphäre gewinnen. Durch diese Parameter und die geochemisch-petro
logiscben Fakten ist das engere Betätigungsfeld der petrologischen Hochdruckforschung 
umgrenzt. 
Die Arbeiten der experimentellen Hochdruckforschung konzentrieren sich dabei auf 
zwei Schwerpunkte, einmal auf die Untersuchung der Stabilität und Phasenbeziehungen von 
Mineralen und Mineralgemeinschaften und auf� experimentelle Arbeiten an natürlichen 
Gesteinsproben. 
Für die Interpretation der Ergebnisse sind weiterhin die Gebiete der petrophysikalischen 
Hochdruchuntersuohwigen und der eäperimentellen Geochemie von Bedeutung. 

1) Zentralinstitut für Physik der Erde, Potsdam - Telegrafenberg
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2. Stabilität und Phasenbeziehungen von Mineralen

Für die Erforschung des stofflichen Aufbaues der Lithosphäre und des oberen Mantels 

bilden Untersuchungen Uber die Stabilität und die Phasenbeziehungen der wichtigsten 

gesteinebildenden Minerale (wie z.B. Olivin, Pyroxen, Spinell, Granat und Feldspat) eine 

entscheidende Grundlage. Die Bearbeitung binärer und ternärer Systeme ist fllr eine Extra

polation auf die Verhältnisse der Lithosphäre nicht ausreichend. Sie stellen jedoch not

wendige Teiluntersuchungen höhergradiger Systeme dar. 

Eine phasen-theoretische Bearbeitung der Gesteine der Erdkruste und der Lithosphäre 

ist nur in multikomponenten Systemen möglich. Die erforderlichen Vielkomponentensysteme 

sind jedoch sehr kompliziert, und eine systematische Untersuchung äußerst aufwendig. 

Ein 10-Komponentensyetem setzt eich z.B. aus 1023 separaten Systemen zusammen. 

Es mußte daher nach Wegen gesucht werden, die mit einem vertretbaren Aufwand zuver
lässige und verallgemeinerungsfähige Aussagen liber die infrage kommenden Gesteine und ihr 

Verhalten bei den extremen Hochdruck-Hochtemperaturbedingungen erlauben. 

Pür die phasen•theoretische Bearbeitung der sauren Krustengesteine erfUllt das System 

Qz-Ab-Or-An-H20 (Quarz-Albit-Orthoklas-Anorthit-Wasser) diese Bedingungen, da die Gesteine

der Oberkruste weitgehend aus Mineralen dieses Systems bestehen. In der Abb. 1 sind als 

Beispiel der experimentellen Bearbeitung der Teilsysteme Qz-Ab-Or und Qz-Ab-Or-H2o deren

univariante Schmelzkurven aus WYLLIE (1977) dargestellt. In den letzten Jahren wurde das 
5-Komponentensystem durch Zusatzkomponenten (z.B. Biotit, C02) erweitert.

-
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Abb. 1 Univariante Schmelzkurven fUr die wichtigsten Mineral
kombinationen 1l1 den Systemen Qz-Ab-Or und Qz-Ab-Or-B2o

nach HUANG und WYLLIE ( 197 3) • 

Die stärker ausgezogenen Kurven geben die Soliduskurven 

im System mit UberschUssigem Wasser und im trockenem 

System wieder. (Ab- Albit, Or- Orthoklas, Qz- Quarz, 

Ct- Coesit, Jd- Jadeit, OrB-KA1Si3o8•a2o (Sanidinhydrat),
Pep- leldspat in fester Lösung, L- Schmelze, V- Dampt

pbase, s- invarianter and singulärer Punkt) 
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Bei der suche nach dem Basissystem, aus dem sich durch Verallgemeinerung die

Eigenschaften der Mantelgesteine ableiten lassen, kommt die Geochemie der Hoch

druckforschung zu Hilfe. Aus geochemischen Gesetzmäßigkeiten läßt sich die pau

schale Zusammensetzung des Erdmantels relativ sicher abschätzen, und damit ist

die Möglichkeit einer Einschränkung der infrage kommenden Vielkomponenteneysteme

gegeben. 

Kach den geochemischen Berechnungen (Tab. 1, Analyse 1 und 2) beteiligen sich am 

Aufbau des Erdmantels die Oxide Si02, MgO und FeO zu rund 90 Gew.%, so daß man als

einfachstes Grundsystem das System MgO-Fe0...Si02 ansprechen kann. Die anderen Oxide

Al o ,  CaO und Na2o erreichten zusammen etwa 8 Gew.% (Tab. 1).
2 J 

Tabelle 1. Chemische Zusammensetzung des Erdmantels 

1 2 J 

Si02 48,2 44, 7·1 45, 1 

Ti02 0,1� 0,16 0,2 1 - abgeleitet aus der Zusammensetzung
kohliger Chondrite vom Typ I nach

A12o3 J,5 2,46 J,J RINGWOOD (1979)

Fe�OJ 0,7 0,42 0,4 

FeO 8 1 1 8,15 8,o 2 - abgeleitet aus der mittleren Zu-

MnO 0,5 o, 18 0,15 sammeneetzung von Spinel]lherzolithet 
nach MAALIE und AOKI ( 1977) 

MgO 34,0 41,0 JB, 1 

CaO J,:3 2,42 J' 1 J - Pyrolit nach RINGWOOD (1979) 

Na2o 1 1 6 2,42 0,4 

K20 0,15 0,09 O,OJ 

Diese 6 Komponenten machen praktisch die gesamte Masse des Erdmantels aus. 
Bedingt durch ihre chemischen Eigenschaften sind MgO und FeO, Al2o3 und Fe2o3 und
zumindest teilweise auch CaO und Na2o wechselseitig ersetzbar.
Aue diesem Grund lassen sich die Gesteine der Lithosphäre und des· Mantels näherungs
weise im quaternären System Ca0-Mg0-Al2o3-sio2 (CMAS) beschreiben.
Relativ früh wurden experimentelle Arbeiten zum wichtigen Teilsystem MgO-FeO-Si02 von
RINGWOOD und MAJOR (1970) und von AKIMOTO (1972) durchgeführt. 
In den Abbn. 2 und J sind a Diagramme mit den erzielten Ergebnissen mitgeteilt. 
Daraus ist ersichtlich, daß Olivin und seine Fe-armen Mischkristalle bis in Tiefen über 
JOO km keine Phasenübergänge besitzen.Diese liegen erst im Bereich der Übergangszone 
des Erdmantels und werden zur Deutung der bekannten seismischen Diskontin�itäten heran
gezogen. Zur Erklärung der beobachteten geophysikalischen Erscheinungen in der Litho•-· 
,phäre (dere� Reichweite nach neueren Vorstellungen maximal 220 km beträgt, z.B. 
ANDERSON 197�)· wie z.B. Low-velocity-Zonen, Dichteanomalien u.a. ist das betrachtete 
System nicht geei�et. Hinzu kommt, daß das Sys�em MgO-Fe0-Si02 chemisch zu
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. spezialisiert ist·, um die petrologischen und geologischen Erscheinungen und Prozesse 
(z.B. die Jlagmengeneee) daraus ableiten zu k6nnen. 
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Um die Eigenschaften und das Verhalten der Mantelgesteine und die Bildung von Teil
ecbmelzen verstehen zu können, mUeeen die anderen Komponenten des CltAS - Systems Be
rllcksichtigung finden. Es wurden daher in den letzten Jahren eine Reihe von signifikanten 
peeudobinären Systemen untersucht, um die Phasenbeziehungen in dem quaternären CJIAS -
Syetea genau festzulegen. So existiert in ihm z.B. eine univariante Reaktion, welche den 
Obergeng Spinell - Peridotit ·in Granat - Peridotit modelliert. Sie kann näherungsweise 
geschrieben werden (KUSHmo und YODER 1966)1 
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Als Beispiel filr eine Reihe von experimentellen Arbeiten sei hier das pseudo

binäre System Diopsid - Pyrop nach O'HARA und YODER (1967) wiedergegeben (Abb. 4). 

Abb. 4 

20 50 40 60 70 80 90 119,A11s,,o,, 
(P,r-1 

Phasenbeziehungen im peeudobinären System Diopsid - Pyrop 

be 1 JO kbar nach O 'HARA und YODER ( 1967). 

Alle testen Phasen stellen teste Lösungen dar. 

(Cpx - Klinopyroxen, Opx - Orthopyroxen, gt - Granat, 

Spl - Spinell, L - Schmelze) 

Diesem Schnitt durch das quaternäre System kfümen jedoch lediglich die auftretenden 

Phasen und die Lage des Schmelzminimums entnommen werden. PUr eine exakte Interpre

tation des Teilsystems muß zusätzlich die Bestimmung der chemischen Zusammensetzung der 

Phasen erfolgen. 

Die Porschungen in der jüngsten Zeit ergaben die zwingende Notwendigkeit , die vola

tilen Bestandteile mit in die Untersuchungen einzubeziehen, da sie die Bildungsprozesse 

der Kagmen wesentlich mitbestimmen• So wurden z.B. von AKIMOTO (1979) im System 

11g2sio4-1rgo - H2o 4 wasserhaltige Phasen nachgewiesen, deren Existenzbereiche bis in

den oberen Kantel reichen. 

..... 
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3. Petrologieche Untersuchungen

Bei den Arbeiten mit Gesteinsmaterial steht die Untersuchung der Bildungsbe

dingungen granitischer, basischer und ultrabasischer Gesteine im Vordergrund. 
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Die frilhesten experimentellen Studien an granitischem Gesteinsmaterial bei Gegen-

wart von Wasser beschäftigten sich mit der Solidusreaktion (Schmelzbeginn) als 

Funktion von Druck und Temperatur und der Bestimmung der maximalen Löslichkeit von 

Wasser in de.r grani tischen Schmelze (GORANSO?l 1931 und 1938). Diese Arbeiten wurden 

später durch viele namenhafte �issensohaftler ausgebaut und erweitert. In den meisten 

dieser Arbeiten wurden bevorzugt die Solidusreaktionen und nur in geringerem Maße die 

Kristallisation aus mit Wasser oder anderen Gasen gesättigten Schmelzen untersucht. 

PIWINSKI und YIYLLIE ( 1968) haben diese Ergebnisse Uber die Bildung und Zusammensetzung 

granitischer Schmelzen zusammengefaßt. In den letzten Jahren waren experimentelle 

Untersuchungen zu speziellen Problemen der Gegenstand von einer Reihe von Arbeiten. 

Ale Beispiel einer solchen Studie sei ein Diagramm Uber die waeseruntersättigten Li

quidusbeziehungen filr ein Granodiorit-Wasser System nach ROBERTSON und WYLLIE (1971) 

aufgefilhrt. 

n 

600 

P� 2 Kb�r 

Gesamtwassergohalt im 
, n 

! l l 2 4 

cp1 OUI 

Sohdus 

a 

Al+q+bi+pt+hb+V 

Al+q+bi+pt+hb 

0 2 4 6 

' 

System 

8 

G,anodiorit 
zus1tzlicher Wauergehalt CGew. 0.10)

Abb. 5 ScbniU durch das System Granodiorit-H
2

0 bei 2 kbar nach ROBERTSOB und

WYLLIE (1971) 

Das Diagramm zeigt die ermittelten Stabilitätagrenzen tUr die einzelnen 

Minerale. Die Grenzen tUr Biotit und Hornblende sind unsicher. Das Dia

grau basiert aut einer InterpolaUaa der Ergebniaee, die an einer 

trockenen Granodioritscbmelze untt:an einer Schmelze mit lasaerllberaohllß 

gewonnen worden sind. (At - Alkaliteldapat, q - Quarz, bi - Biotit, 

pl - Plagioklas, hb - Hornblende, opx - Klinopyronn, L - Sohmelze, v -

Deapt) 

-

b 
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Nach der klassischen Vorstellung von BOWEN (1928) bilden sich primäre basische Magmen 
durch Teilschmelzung von ultrabasischen Mantelgesteinen. Diese Auffassung wird durch das 
Auftreten von Xenolithen in Kimberliten und Alkalibasalten und durch dil.'ekte Platznahme 
von Gesteinen des oberen Mantels in der Erdkruste gestützt. 

Im Mittelpunkt der Untersuchungen der basischen und ultrabasischen Gesteine steht die 
Frage ihrer Genese und die nach den genetischen Beziehungen der zwei weltweit verbreiteten 
Magmentypen, der Olivin-Alkalibasalte und der thcleiitischen Basalte. Das örtliche und 
zeitliche Nebeneinander verschiedener Basalttypen und davon im Chemismus und Modalbestand 
abweichender Begleitgesteine bereitet einer widerspruchsfreien Deutung erhebliche 
Schwierigkeiten. Zwei Grundprozesse werden in diesem Zusammenhang als wesentlich erörtert, 
die Bildung von Teilschmelzen und die Vorgänge der fraktionierten Kristallisation(Solidus
Liquidus-Gleicbgewichte). In einer Reihe von Arbeiten wird der Einfluß der Magmen
misohung, der Kontamination und der MetasGmatose auf die Zusammensetzung von Magmen dis
kutiert. 

Experimentell wurden vorrangig Arbeiten zum Problem der Teilschmelzung von Ultrabasiten 
durchgeführt sowie das Schmelzverhalten von Basalten in Gegenwart von Wasser untersucht. 
Im Mittelpunkt der Arbeiten standen dabei die Stabilitätseigenschaften der gesteins
bildenden Minerale im Temperaturbereich zwischen der Solidus- und Liquiduskurve bei DrUcken 
bis JO kbar. 
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RmGW00D (1979) hat ein Modell entwicke-lt, das die Gesteine der Basaltfamilie 
lediglich durch einen unterschiedlichen Aufschmelzungegrad dae "primordial mantle" 
zu erklären versucht. 
Danaoh entstehen: 

Nephelinite und Basanite 
J. lkalibasal te

Tholeiite 

Pikrite und Komatiite 

Autschmelzungsgrad 

1 - 5 % 

5 - 10 % 

15 - 25 % 

.30 - 60 % 

Rückstand 

Spinell- und Granat
lherzolith 
(01 + Opx + Cpx ! Sp ! Ga) 

Harzburgit (01 + 0px) 

Duni t (Qt.1.) 

RINGW00D (1979) berechnet aus den chemischen Analysen dieser Gesteine die mittlere 
Zusammensetzung des "primordial material", seines Pyrolites (Tab. 1, Analyse .3). 

Nach seinen Vorstellungen variieren die Hauptkomponenten und compatiblen 1) Spuren
elemente nur wenig, stark dagegen die incompatiblen 2> Spurenelemente im Ausgange�

materiäl des Mantels. 

Der Versuch RillGW00ns, ein einheitliches Modell ilber die Bildung der Gesteine der Ba
saltfamilie zu erarbeiten, ist jedoch nicht unwidersprochen geblieben. Wie die geo
chemischen Arbeiten der letzten Jahre zeigen, _muß man mit gr5ßeren Heterogenitäten im 
oberen Mantel rechnen, die zusammen mit einer unterschiedlichen Beteiligung der o.g. 
Prozesse die variierende Zusammensetzung der Magmen bestimmen. 

1> ooapatiblt Blementei llemente,die in den Silikaten lBslioh sind

2> 1.DooepaUblt 1i..nte1 Seltene BrdeA, 1, n, u, n, Ba, Rb, Cs
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4. Modelle Uber den Aufbau der Lithosphäre

Die Interpretation der Ergebnisse der Hochdruckphysik, der experimentellen Petro

logie und Geochemie fl.ihrt zu einer Reihe von mBglichen Modellen Uber den Aufbau der 

Lithosphäre. In den einzelnen Modellen werden im unterschiedlichen Maße die Fakten 

dieser und anderer Fachdisziplinen, wie z.B. der Geologie und der Geophysik, berUck

sichtigt, so daß man nach dem Verallgemeinerungsgrad von stofflichen, von dynamischen 

und von geotektonischen Modellen sprechen kann. Die dynamischen Modelle berUcksichtigen 

neben der stofflichen Aussage verstärkt die Prozesse der Magmenbildung tind deren Dynamik, 

während die geotektonischen Modelle ein geologisches Grundmodell, wie z.B. die Platten

tektonik als Basis benutzen. 

Die Untersuchungen der experimentellen Petrologie haben gezeigt, daß ein perido

titischer Mantel sich zwar mit den geophysikalischen Daten vereinbaren läßt, die ver

schiedenen Erscheinungen des Basaltmagmatismus jedoch nicht erklären kann. 

In den stofflichen Modellen Uber den Aufbau der Lithosphäre und des oberen Mantels wird 

daher von Al2o
3

-haltigen Peridotiten, von sogenannten Lherzolithen oder vom Pyrolit

RINGWOOm ausgegangen und deren Veränderung unter Einbeziehung weiterer Komponenten wie 

H2o und co2 als Funktion von Druck und Temperatur untersucht.

In der Abb. 8 werden die �gebniese von Hochdruckexperimenten an Lherzolith petrologisch 

in ternre t iert. 

-

• 

a.. 

3 

!2
.. 

0 
� 
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1 

Abb. 8 

600 1000 2000 

Te11puatur c •c, 

Petrologischee Diagramm flfr Lherzolith• 

aus ERJJST (1979), i.w. nach WYLLD (1970). 

Die Soliduskurven warden der Arbeit von KUSHIRO 
et. al. (1968) flfr das waeeerfreie System und 

der von l!!SEll und BOETTCHER ( 1975) flfr das wasser

geelttigte System entnommen. Die geothermischen 

Gradienten entstammen der Ver6f�entlichung von 
CLABX und RilfGWOOD ( 1964) 
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lach diesem Diagramm baut eich die Lithosphäre unterhalb der Kruste in ozeanischen 

Bäumen aus Plagioklaelherzolith im kontinentalen Bereich aus Spillell-Lherzolith a�. 
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ID Abhängigkeit von der Temperatur geht der Spinell-Lherzolith in Tiefen von 45 - 70 km 

1A Granatlherzolith llber. 

IOOD (1979) zeigt in, seinem Lithoephärenmodell wie man eich die ozeanieche�Lithosphäre 

autgegliedert denken kann. (Die Abb. 9 gibt die speziellen Verhältnisse tUr die Reyk

janes-Halbinsel von Island wieder). Dhrch Teilsohmelzungeprozesse sind die Schichten 

direkt anter der »oho-Diskontinuität an leicht echmelztähigen Komponenten verarmt. 

Durch seinen dynamischen Charakter spricht dieses Modell besonders den Petrologen an. 

Abb. 9 Blockdiagr&1111 llbe die Struktur der 

oberu Lithosphlre 1a Gebiet der Reykjanee -

BalbizlHl von Islad. 

Der ■ohiohUge Aaftall 4er lrHte and des 

obeNA lfutels ist das Brgelmia TOil. 'leil

sohalsaacu (uoh WOOD 1979). 
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Legt man die Vorstellungen der Plattentektonik dem stofflichen Modell zugrunde, 

dann weiten sich die dynamischen Prozesse zu Kreisläufen. Als Beispiel ist in Abb. 10 

ein Modell Uber den Aufbau der ozeanischen Lithosphäre nach FORSYTH (1975) gewählt. 

UTHOSPHEHIC THICKENING IN 

OCEAN BASINS 

Ridge 
Axis 

ACE OF SC A FlOOR' m ,. 
Oceonic Crusf 

C=:=�"§:· ==�•o�=�,o�����-=-=-
RESIDUAL PERIDOTITE 

)0 
SPINEL LHERZOLITE 

E 6G 
.. 

RNET LHfRZOLfT.E 

t 90 

"NEW" - -
ASTHENOSPHrnE 

Cl. 

.., 
ZONE OF PARTIAL MELTING 

O 120 
"OLO" ASTHENOSPHERE 

l!Ol++----,------------,-------

180 �;;;;%� 
SOURCE OF RIOGE MAGMAS 

Abb. 10 Schematische Darstellung der ozeanischen 

Lithosphäre nach PORSYTH (1975) aus KAY 1979. 

Die feste ozeanische Lithosphäre wird von der Astheno

sphäre, einem Lherzolith mit Schmelzanteil unter

lagert. Der residuale Peridotit ist das Pendant zur 

basaltischen ozeanischen Kruste. Die Variabilität 

der aufsteigenden Magmen wird in diesem Modell dadurch 

bedingt, daß ein Teil der Magmen (NORB-Typ der oze

anischen RUcken) der Mesosphäre (schrägschraffierte 

Schicht), ein anderer (IT - isländischer Typ und 

IPT - Intraplattentyp) der Asthenosphäre entstammt. 

Die Reihe der angefilhrten Modelle Uber den Aufbau der Lithosphäre ließe sich noch

durch eine Anzahl weiterer fortführen. Im vorliegenden Überblick sollte nur gezeigt 

werden, wie eng die Fortschritte auf dem Gebiet der geophysikalischen und geologischen 

Lithospbärenforschung mit solchen auf dem Gebiet der petrologischen Hochdruckforschung 

verbunden sind und sich gegenseitig bedingen. 

/ .. 
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Es wird der mögliche Ein:f.'luß langperiodischer Niveauschwankungen 

der Havelgewässer auf die Lotrichtung an der Station Potsdam abge

schätzt. Der Gewässerverlauf wird dabei durch 47 Kompartimente 

(Kreisringausschnitte) angenähert. Das in die Rechnung einbezogene 

Gebiet hat einen Radius von ca. 11 km. Für die Wasserstandsschwan

kung von einem Meter ergibt sich eine resultierende Lotablenkung 

von 0, "0135 in ,,estnordviestlicher Richtung; d.h., durch hydrologi

sche Vorgänge - Schwankungen des Grundwasser, der Bodendurchfeuch

tung und der offenen Gewässer - werden unter extremen Bedingungen 

bis zu 30 % der jährlichen Lotbewegung verursacht. 

Der wei ta.us größere Anteil des beobachteten Ganges wird offensicht

lich durch jahresperiodische Temperaturbewegungen in der oberen 

Kruste hervorgerufen. 

1. Einleitung

Die Bestimmung der Lotrichtung und ihrer zeitlichen Änderungen stellt 

hohe Anforderungen an die Empfindlichkeit und an die Langzeitstabili

tät der Instrumente sowie an die Qualität des Aufstellungsortes. Es 

zeigt sich, daß temporär wirkende meteorologische und hydrologische 

Vorgänge besonders an oberflächennahen Stationen sowohl in den Ge

zeitenperioden, als auch im langzeitigen Verhalten die Messungen z. T. 
erheblich beeinflussen. 

Mehrjährige Horizontalpendelaufzeiohnungen bei Potsdam in einer 26 m 

unter Terrain gelegenen Meßkammer zeigen Störeinflüsse unterschied

licher Natur aus dem engeren und weiteren Umfeld der Station. 
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Intensität und Charakter der Störungen sind von der Jahreszeit 

und von den Witterungsverhältnissen abhängig. Haupteinflußgröße 

ist die Temperatur, daneben führen bestimmte regionale Luftdruck

verteilungen zu meßbaren Neigungsvorgängen. Als weitere Störein

flüsse erweisen sich u.a. die Grundwasserbewegungen und die Boden

feuchtigkeit hauptsächlich aus dem Bereich der angrenzenden !föräne. 

Es ließ sich zeigen, daß die übrigen Potsdam umgebenden Moränen

massive bei stark variierenden Grundwasserstand und starker Durch

feuchtung, wie zur Zeit de·r Schneeschmelze, ebenfalls Einfluß auf 

die langperiodische Lotbewegung haben /1/. 

2. Umfeld und Beobachtungsbedingungen der Station

Die geologische Situation läßt sich infolge der mächtigen dilu

vialen Bedetcung fast nur mit Hilfe der Glazialmorphologie er

klären. Die morphologischen Verhältnisse um Potsdam und westlich 

von Berlin beeinflussen den Lauf der Havel und die hydrographische 

Gestaltung des Flußgebietes in hohem Maße. Der diluviale Unter

grund in Verbindung mit breiten Urstromtalstrecken führte zur 

Bildung zahlreicher Seen. Vereinzelt finden sich Hinweise auf eine 

tektonische Vorbildung in diesem Gebiet durch das Auftreten von 

Streichrichtungen im quartären Untergrund /2/. Der Verlauf des 

Havel- und Nuthetals kann in der Umgebung von Potsdam tektonisch 

beeinflußt sein. Die Anlage der Seenketten läßt verschiedene mög

liche Streichrichtungen erkennen, durch vvelche auf bevorzugte 

Neigungsrichtungen geschlossen werden kann. 

Ausgeprägt ist die von SW nach NE verlaufende große Seenkette von 

etwa 3o km Länge mit den größten Seen (s. Abb. 1). Die Station 

befindet sich etwa in der Mitte dieser Kette 1 km vom �,lußver

lauf entfernt. Vom Schwielowsee aus erstreckt sich eine weitere 

Seenkette etwa 2o km in nordnordwestlicher Richtung. 

3. Berechnung des :Masseneffektes auf die Lotrichtung

Die verhältnismäßig große Gewässerfläche im Bereich weniger Kilo

meter um die Station ist etwa jahresperiodischen Niveauschwan

kungen von maximal bis zu einem Meter unterworfen. Aus dem gleich-
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falls jahresperiodisch in Erscheinung tretenden Nullpunktgang 
der 4 Klinometer (2 mechanische Horizontalpendel Typ Tomascheck
Ellenberger und 2 photoelektrische Neigungsmesser Typ Ostrovskij) 
folgt die Frage nach dem möglichen Einfluß der Niveauschwankung 
der Gev1ässer auf die langperiodische Bewegung der Lotri:chtung. 

In die Berechnung einbezogen sind alle Gewässer innerhalb eines 
Radius von lo-11 km um die Station. 
Der Gewässerverlauf wird durch 47 Kompartimente approximiert 
(Plattendicke d = 1 m). Die Attraktionswirkung jedes dieser Kom
partimente (Kreisringausschnitte, Abb. 2) wird mit Bezug _au� die 
Stationslage ermittelt. 
Die Ablenkung des Lotes wurde für die Gewässer bis zu einer Ent
fernung von 5 km nach der Beziehung 

(1) 

berechnet,/3/, hierin bedeuten: 

k2 
= Gravitationskonstante

a' = Dichte (-1.0 gr cm-3)
g = Schwerebeschleunigung. 

Für die mehr als 5 km entfernten Gewässer.ist eine Berücksichti
gung der Höhendifferenz zwischen Station und Wasserfläche nicht 
mehr erforderlich. Für t g O - Station im Masseniveau - folgt 
aus (1): 

(2) 

Mit Hilfe von ( 2) wurden die Lotablenkungen für die Komparti
mente zwischen 5 und 11 km berechnet. 

�,tf vrird in Bogensekunden und
d in km angegeben. 

Die a
1 

und r
1 

in (1) berücksichtigen die Höhendifferenz t zwi
schen Station und \'iasserniveau. Fiir Sektoren von etwa 20° bis
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30° Öffnungswinkel sind die Teilsummen der Störvektoren nahe 

beeinanderliegender Kompartimente ermittelt worden (Abb.3: A - G); 

aus diesen wurde der resultierende Lotablenkungsvektor bestimmt. 

Es ergibt sich für eine Wasserstandsschwankung von einem Eeter 

eine Lotablen.�ung von 13,50 msec in etwa westnordwestlicher Rich

tung. 

4. Schlußbemerkungen

Abschätzungen über den Einfluß von Grundwasser- und Bodenfeuch

tigkeitsschwankungen nach ergiebigen Niederschlägen und der 

Schneeschmelze in der Umgebung der Station auf die Lotbewegung 

führten zu r.'Iaximalampli tu den bis zu O , ''08 /3/. 

Mit o, "015-0, "016 Lotablenkung pro r!.eter 7!asserstandssch-wankung 

errechnet sich ein vergleichsweise geringer Störeinflua. ,;.;:r er

gibt sich aus der Lage der Station etwa in der Litte der südwest

nordöstlich verlaufenden .. Hauptseenkette, wodurch der Lotablen

kungseffekt zum Teil kompensiert wird. 

Die an der Station beobachteten t;eringen Jahresgänge von <'\,, O, "3 

werden zum wesentlichen Teil du�ch Bewegungen infol6a des jahres

zeitlich variablen Wärmehaushalts der oberen Kruste hervorgerufen. 

Im kurzperiodischen Gez0itenbereich sind Einfli.isse durch die offe

nen Gewässer in seltenen Fällen nucn starken Niederschlägen zu 

er.varten. Die Amplituden der Lotstö�ung dürften in solchen Fällen 

0,7-1,0 msec nicht überschreiten. 
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On Non-Tidal Gravity Variations in the Diurnal Range 

by 

C. ELSTNER and W. SCHWAHN 1)

Summar;y: 

Using FOURIER-analysises and autocovariance functions of empirical gravity resi
duals computed from long-time CHOJNICKI-analysises (Potsdam 00 1 = 1.151 ± 0.0002, 
m = 0.58 _µgal) one can show that in dependence on the sample size ( interval length) 

0 

the amplitude of-the functional part in the diurnal range may reach up to 
-8 -2 - 0.2 pgals (10 m sec ) over time intervals in the range of a year

- 0.4 ,.ugals over time intervals in the range of three monthes.

601 

Therefore the o-factore for tides in this diurnal range show temporal variations.

By theoretical considerations it was proved that these variations migth be pro
duced by a disturbing non-tidell wave in the neighbourhood of the diurnal waves with 
an amplitude of about 0.3 .,.ugals. 

From the variation of the length of day (LOD) the r&sulting deformation in the 
order of 1 cm was obtained. This desplacement should produce a gravity variation of 
a few microgals. But the residual gravity variation do not show such an amplitude. 
So we have to co�clude that only a small part, perhaps lese than 5 %, of the seaso
nal variations of LOD was caused by seasonal changing diurnal variations of the 
mase distribution. 

PesEMe 

Ha OCBOBe tYPE-8B8JDl'.80B H 8.BTOKoppe�oama ipyma.(d 8MIDIPlA8CRU pe8JUY8.7Ia
ma rp&llT�0BBla .ttamua (IlOTC.Jt8M, 601 = I.I5I ± 0.0002, Mo = 0.58 prM) (6es
JU)elq)a K DpJIJlBBOB), U0J11'18RHHX DpH MeT0,Jte xc:amnncoro. MOZH0 noRasan B 88.BHCB
l«>CTII. 0T ltJDIBH IIIBT8pB8Jla, 11T0 8MIJJDl'l'Y.Itfi !pym<It]I0H8Jil>BOI'O RQMII0HeBTa B CYT0qJI0M 
ltll8II080Be ,Jt0CTJII'aeT 
- 0.2 µra:n aa IUl'l'epBaJI 0KOJI0 0.ItBoro ro.tta
- 0.4 pr&JJ. sa IUl'l'8pB8Jl 0R0JI0 Tpäx MeCQeB.

Il08TOyY O�Opil B ,JtBan880H8 CYT0'lß!la Dp:BJDIB0B U0R88HB8D'l' BpeMeHBHe Bap�D.

TeopeTJAecue HCC.118,Jt0BaHBll Il0,JtBe�8D'l' TOT ipeKT, 11T0 8TJI B8.PJl8IVDI o6yCJIOB
J18Bml BenpBJDIBH0I BOJDI0I B coce,JtCTBe C0CyT01ß!YMJI BOJIH8Mll. AMII.JmTy,Jta 8T0I B0JIHH 
PaBBa OK0.10 0.3 .,.aru. 
To.m.Ro IIBJI811RM ll80Tli, Bepo!ITH0 Menme ll8M 5 %. C880BB0I BapJl8IUl]I B BP8I118HD 
3elUDI beeT CBOD npney B cesomua J! 0.ItB0BpeMeBH0 CYT01Dlla B8PJl8ItJlßX pacnpe
�Mem DJI0TKOCTK. 

Academy of Sciences of GDR, Central Earth Physics Institute, DDR 1500 Potsdam, 
�elegrafenberg A 17 
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1. Introduction

Gravimetrie regietration eeries extended over some years offer the possibility to 

investigate non-tidal gravity variations especially in the �nge up to a few days. 

Variations with longer periods mostly are masked by drift of the instruments. In ge
neral we may use two different ways for the study of these phenomena. At first we 

may consider the residuale of the tidal analysis of the whole material from which 
the drift and the long-eriodic tides were excluded by digital filtering. Secondly 

we may compare the disturbed tidal parameters of those tidal waves which are situa

ted nearby the non-tidal gravity variations with their expected values. 

The investigation of the tidal residuale is performed both by deterministic methods 

(FOURIER-analysises) and by statistic estimation techniques {Covariance analysises). 

The data used for the estimation of the nature of the non-tidal gravity variations in 

the diurnal range are the registrations ·of the gravimeter GS 15 No. 222 performed in 
Potsdam between 1974 and 1979 {DITTFELD, 1980). All the material, pre-filtered a�er 
PERTZEV, was analysed by CHOJNICKIJ's method. The remaining residuale were used for 
further calculations. 

The aim of the following investigation is to get an idea on the spectral distri
bution of the residuale inside the diurnal range, to check their stationarity, to 
find out possible correlations to other geophysical phenomena and to receive a 
picture on the causes of these non-tidal variations. 

2. FOURIER-analysises

FOURIER-analysises give us a hint on the functional part in the tim� interval un
der consideration. Starting from a four years time interval 1974 - 1978 at first a 
CHOJNICKIJ-analysis was performed. For the residuale a FOURIER-analysie for the 
time section Dec. 1976 - May 1978 was carried out. For the same time section a se

parate CHOJNICKij-analysis of the re'eiduals produced by this way. 

The difference between these results in the diurnal range is given in fig. 1. We 
can eee a remarkable value in the :range of diurnal periods. It means that the coef
ficients obtained in the global four-years-analysis may reflect only the .general 
properties over four years whereas the use of a shorter time section enables us 
tosee a better functional approximation in the short-time-properties of the gra
vimetric registration series. 

From this fact we conclude that the 6-factora at the very least in the diurnal 
re.nge have not only a structure in space according to different crustal and mantle 
structures of the obaervation points but also a structure in time, and a good com
pariaon of different stations should be based on the same time interval {see also 
fig. 4). 

Por further oonclusions concerning the causes of the variability in the diurnal 
re.nge we used a constant time section of about 2400 hoursly residuale {100 days) 
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in a time step of 31 daye beginning with the date Dec. 21 1975. The reeulte of )9 
POURIER-analysieee are given in figs. 2 and ). Pig. 2 shows the distribution of the 
energy in dependence on the wavelength. The maximum lies significantly in the range 
of 23.90 and 24. 10 hours. A more detailed information with respect to the time pro
vicles fig. 3. Here on the top the value of the max1ma1 amplitude in the diurnal range 

is plotted, below the temporal variation of the amplitudes of a few spectral linee. 
U can be seen that 
- the maximal amplitudes occur both below and higher than 24 houre in a narrow band

as indicated in fig. 2

- at present we cannot decide wether there is a correlation with the eeason or not

- there is a correlation between the temporal variation of oK1 for the years 1976
and 1977 and the emoothed curvee of the amplitudee in fig. 3 for the aame time
section (analyeiees 1 - 24) comparing fig. ) and fig. 4.

- from turther investigatione follow that the etronger the amplitude in the diurnal
range the stronger are general background of the amplitudee in the n6ighbourhood

of the diurnal waves, but !!2,! in linear dependence. At  preeent we have no expla
nation for these effects of concertration and dispersion of the energy in the
diurnal range in dependence on the amplitude.

3. Autocovariance functions

The structure in time of our residuale may be studied further by etatietical 
methods. By thie proceduree we obtain eome resulte on the inner correlation of 
theee data and particularly with reepect to the wavee in the diurnal range on the 
amplitude variation. 

Ueing the conclusions of the preceeding chapter we can aesume that the material 
containe certain regular disturbances, which may be discribed by harmonic functione. 
Their parameters - amplitudes, frequencies and phase angles - may be characterized 
by a constant and a etochaetically part variing, with time. The first one will be 
estimated by a comparision between obeerved and undisturbed diurnal tidal parame
ters (see chapter 4). The second part can be represented by the aid of autocova
riance functions. If a functional disturbance existe in the investigated time 
interval then in the autocovariance function a harmonic function appeare too. A 
good example are the autocovariance functione of the reiduals used for both the 
analyeisee at the beginning of chapter 2. Their difference in the firet maximum 

(25 hours) is 0.03531 µgal2, which corresponds the square of an amplitude of
0.188 _µgal. Comparing thie value with the amplitude differences of the FOURIER
analysises (0.15 ,.ttgal) we can conclude that besides a functional contribution 
a stochaetic one in the order of 0.04 µgal exists at a lag of 25 hours. For 
greater lags than 48 hours (two daye) the curve shows the functional part of 
about 0.15 },(sal only. From this fact we may conclude further that in the 4-years
residuale in the diurnal range a functional part of about 0.15 pgal ie contained, 
which was not included in the CHOJNICKIJ-analyeis. Thie is an expreesion of the 
variability of spectrum of the residuale with a sample size of about a year with 
reepect to the reeults related to the whole data set of a few years. 
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For shorter sample eizes, for instance about three months, the discrepancies between 
several samples can reach up to the twice of the above mentioned value. To show this 
matter of fact we select two extremal cases: In fig. 3 the difference of the amplitudee 
for the wave 23.98 hours between the pointe 1 (Jan. 1976) and 2 (March 1978) amounts 
to 0.38 pgal. The autocovariance :f'unctions for this two time sections (Nov. 5 1975 -
Feb. 12 1976 and Feb. 21 1978 - May 31 1978) are shown in :f'igs. 5 and 6. Using a time 
lag of 48 hours we obtain for the amplitude o:f' the functional part 0.38 pgal in a 
very good coincidence with the results of the FOURIER-analysises in the same time 
sections. 

The well-known spectral estimation methods, :f'or instance the Y.aximum-Entropy-Method, 
have no sufficient spectral resolution in the diurnal range using a sampling interval 
of one hour. 

4. Effects and possible causes of the diurnai perturbations

4.1. Mean value estimation of the perturbations 

A further possibility to estimate the magnitude and the frequency of the mean 
values of the diurnal disturbances are given by the temporal variations of d(PSK)1
and by the determination of the mean disturbance in the tidal wave s1• Naturally s1-
tidal waves are in:f'luenced by a lot of local and instrumental factors. But if there 
a real physical correlation to the rate of rotation of the earth exists then a cer
tain global part with a zonal distribution and a seasonal variation is required. 

The analysis o:f' the whole data set by the aid of VENBDIKOVs method applicated to 
consecutive monthly intervals showed (DITTFELD et al., 1979) for the wave group 
(PSK)1 a temporal dependence of the d-factor (fig. 7)

where a0 = O.OO68., wd= 2'ii/362, �o = 1.141 and "1
0

= 156°, when the time t is
reckoned in days from Nov. 19 1973. 

The analysis method VENEDIKOV--M65 differs from that of CHOJNICKIJ by a special 
prefiltering of the initial data sel. By this procedure certain diurnal pertur
bations which may be expressed by Tschebychov-polynomials are eliminated. But be
cause of the finite wideness of the used numerical filtere perturbations with fre
quencies very close to those of the tides are combined with the tidal waves and 
they may also produce variations in the dezermined tidal parameters. Forthermore 
monthly analysises do not allow to separate s1, K1 and P1 and s1-type pertur
bations must be appear in the parameters of this wave group. 

Each of the three main tides P1, s1 and K1 may be represented in the form

1 
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we assume that the second term in equation ( 1) is produced by a certain disturbing

barmonic A8( cos v 8t + V 8). The superposition with one of the main waves may be

written in form of 

R(t), P(t) denote the amplitude- and phase-function of the combined wave, and 

;; = (v1 + v 8
)/2, 411= 111 -V

8
, V= ('t'1 +'f'

8
)/2, l1'f'= 'r1 -"f'

8
• The functions R

and P· are given by 

( 4) 

If A
8 

« A1 we get approximately

We substitute (1) and it follows 

A1 = Ai c5
0 

, the observed amplitude of the tidal wave i, 

A
8 

= Ai a0 the resulting disturbing non-tidal wave, and

Hence we found for the waves P1 and K1

1's 
14.917 5°

/h 

14.999 6°

/h 

Te
24.1327 h

24.0006 h 

As
0. 1 _µgal

0.29 ,Agal

By this way we derive on the basis of the observed variations of o(PSK)1 a
harmonic disturbation with a period of about 24 hours and an amplitude of 0.3 pgal. 
Because the tidal wave s1 is very small we excluded it from this estimation, but we
may asaume that this above mentioned diurnal disturbance is a part of the s1-tide
detennined by an analysie of the whole data set by CH0JNICKIJ method. So we may 
compare the determitted 1tidal parameters for s1 ( o = 0.64, x = ao.9°) with the
corresponding data expected in the absence of any perturbation( cS = 1.16, z. = o.o). 

Adding to s1 the next smaller tidal wave we get for Potsdam the relation

( 5) s.1 � 0.27 coe ( t + 37�3) _.ugal

valid with an accuracy ot about 0.5 % for the time interval 1974 - 1979. This means 
the undisturbed s1 tidal wave. Here t designs Greenwich time in degrees. 

R
2 

"' A/ + A/ + 2A1A
8

cos( A" t + ~'fl) 

-
A1 - A 61' .4 'lf' 

p _ A- + A 8 tan ( - t + - ) 
1 s 2 2 

DOI:https://doi.org/10.2312/zipe.1981.063.03



606 

Prom the analyeis ot all the observational data we tound 

(6) S� .. 0.15 cos (t + 118�3) _,ugal.

Adding a disturbing wave to ( 5)

(7) � = s1 + A
8
cos(ct + �

8
)

where c � J - T /8 + T 2 /576 = 1 we get A = 0.29 pgal, which agree s with the reeult
e e s 

for the K1-dieturbation derived from the temporal variations of '5 (PSK)1•

Using the 39 F0URIER-analyeises of the residuale (fig. J, upper part) we calcu
lated the mean values of the maximal amplitudes and their periods neglecting all 
values smaller than 0.2 pgal. We got T 

8 
= 24.0086 h and A

8 
= 0.28 pgal in a good 

agreement with the above calculated values. 

As we have eeen in the two preceding chapters the more detailed analysis of the 
perturbations in the diurnal range gives an impression on the non-stationary charac
ter of the statistical variations of the amplitudes and frequencies. So we have to 
understand the calculated parameters of the harmonic perturbations as temporal mean 
valuee varying with time. 

The observed disturbation of the tidal parameters of the group (PSK)
1 

are caused 
by a s

1
-type disturbance whose amplitudes and frequencies show statistical distri·

buted deviations from certain mean values varying with time. 

4.2. The rate of rotation of the earth and diurnal gravity variations 

The correspondence of the seaeonal variations of the rate of rotation of the 
earth UT2 - UT

1 
and the diurnal cS -factors cS(PSK)

1 
given in fig. 7 leads to the 

question for a common cause of both the phenomena. We have to keep in mind that 
for this case the diurnal disturbances must show a global character. Therefore we 
want to look for the magnitude of the variations of the diurnal changes and the 
eeasonal fluctuations in the mase dietribution of the earth acting on tidee and 
rotation of the earth. 

A raw estimation of the eeasonal fluctuations we get from the calculation of 
the variations of the moment of inertia corresponding to the observed rotational 
variations. From the conservation of the rotational moment Bw= const. results 

d8 
8 

= -� = dT
,-

The diurnal variation of the rate of rotation is given by 

dT = a\ (UT2 - UT1) = c!t A cos (2'tt/J65 +oc.)

= · - � ein ( 2 • t/365 + oc.) • 

CU 
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11th A = 30 ms the maximum variation is dT = 0.516 ms/d. Hence it follows 

dT 10-9 8/3 iq R4 dR
ca> r „ 5.900 • = e 
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substituiting for the density of the earth's crust 9 = 2.67 gr. cm-3, for the moment
of inertia = a.0079 • 1044 gr. cm2 and for the mean radiua of the earth R = 6.37 • 
108 cm we obtain dR = 1 .30 cm. This would mean that the radius of the earth ahowa 

seasonal changes with a uiaximum rate of 1.3 cm per day. 

Variations of the moment of inertia of the earth only depend on the spherical 
barmonics P and P

2 
in the representation of the mass displacement (MOLODENSKIJ, 

0 0 

MOLODENSKIJ and PARIJSKIJ, 1975). The estimated dR corresponds to a change of P
0

• 

If the mass displacements are produced by meteorological processes, for instance 
pressure loading or inaolation, the distribution of continents and oceans is very 
important and we muat accept radial deformations in the order of several cm to 
explain the observed variationa of LOD. These radial deformationa produce a gra
vity variation in the order of a few michrogal and so we can summarize: A possible 
relation between tidal and rotational variationa requires the existence of global 
diurnal zonal mass displacements with seasonal fluctuation with an order of magni
tude in the corresponding gravity variations of a few michrogal. 
But the observed diurnal non-tidal gravity variations amount only to a few tenth 
of a michrogal with a very weak seasonal alteration. 

So we have to conclude thaP on a small part, probably lese than 5 %, of the 
seasonal variations of the reate of rotation of the earth may be caused by seaaonal 
fluctuations of diurnal variationa of the mass distribution of the earth. The good 
coincidence of both the phenomena aeems to be essentially � generated by one and 
the same process. 

Conclusiona 

The·inveatigated non-tidal diurnal gravity variations occur with non-stationary 
distributions of amplitudes and periods and a time-varying total energy. At pre
sent we are not able to split up these variations in global, regional and local 
constituenta, becauae we used only the data of a single station. The non-tidal 
Variations disturb the diurnal tides used for the estimation of the resonance effect 
of the fluid outer core of the earth. The high corre,lation between tidal and rota
tional variations seems to be cauaed by the interference of sidereal and solar day 
periodic variationa in the tides resulting to a seasonal fluctuation very similiar 
to the rotational variationa but essentially gene�ted by different processes. 
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THE IviECHANISM OF GLOBAL VERTICAli MOVE1'.ENTS 

Erzhanov, Zh. s., Garagash, I. A., Kuralbaew, z.

The Earth's crust represented by the upper part of litho

sphere rigidly coupled with it everywhere along the Moho boun

dary. That is why global crustal movements reflect lithospheric 

ones interacting with underlying astenosphere. The report is 

devoted to mathematical investigation of the system lithosphere

astenosphere. The problems on movement s of mode lling this sys.

tem weighty closed bilayered shell covering gravitating sphere 

are set and solved. The bottom of the shell is subjected to lo

cal inertialess uplifts and subsidences the law of which is 

given and does not depend on movements of the shell itself. 

Shell boundery surfaces displacement values are commensurable 

with its layer's thickness. 

Non-linear problems of viscous incompressible layer's move

ment are reduced to quasi-linear equations of parabolic kind; 

small parameter method is used·o

It is known that lithosphere thickness is greater under con

tinents than under oceans, while astenosphere thickness is on 

the contrary much greater under oceans than under continents 

being especially thin under shield areas. Mechanical conditions 

of such variable lithosphere and astenosphere thickness distri

bution formation are cleared out. It follows from the analysis 

that distribution variability of lithosphere and astenosphere 

thickness is connected with long-wave perturbations of under

astenosphere mantle. The influence of the Earth rotation on 

the moving of the system lithosphere-astenosphere is estimated 

here. 

• 
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EPJitaHOB JK.C., raparam H.A., KypaJI6a.eB 3. 

(CCCP, HHCTH'l'YT ceiCMOJIOI'ßl! AKa,neMmt Hayx Ka3axcxoi CCP) 

SeMHaJI xopa npe.II;CTaBJia:eT co'6om Bepxmom 't!aCTI> JmTocq>epH, 

TI0BCeMeCTHO ESCTRO CM8a.HHYIO C Heino pa3,D;eJIY Moxo. IlO8TOMY 
o6mexopoBHe ,IUmJKemm: OTI)a.JKalOT ,n;s:wiremm JmTOCg)epbI, BSa.RMO,D;eR
CTBYJOJitSH C HHEeJieJRaII{ett acTeHOCq>epott. lIOKJJa.II; nocrunneH MaTeMa
TM't!SCKOMY KCCJie,D;oBamm CHCTeMli JmTOcq>epa-acTeHocqiepa. IlOCTa.B
JieHH H pememI sa.n:aim O .ium.memmx MO,D;e.mq>ymmei1 3TY CHCT8MY Be
COMO:ti: 3aMKHYTOH ,n;syxCJiofuion o60JIO-groJ, o6Jreraromei1 Ca.MOrpa.BHTH

PYIDmYIO cpe.ny. ÜCHOBamie o60JIO'g}QJ llO,D;BepxeHo JIOKaJIE,HbIM 6esHHep
llllOmrnM llO,l.UIB'l'H.HM K onycKa.HID"IM, Sa.ROH KOTOPHX sa.rr,a.H H He sam
CHT OT ,IU3RJKemrlt 08.MOH o60JIO't!KR. BeJmtmHI:l nepeMeme1mii rpatmlllmX 
noBepXHOCTeH o60JIO'tßm COHSMepm.mc TO�HOH ee CJIOeB. HemHeH
HHe sa;rr,a."tm O ;n;:BHEeIIIDDC BSISKKX HeomrMa.eMI:OC CJIOeB CBe,D;emt lt KBa-
8HJIHHemruM ypa.Bliemu1M napa60.1m'tlecxoro THna; HCllOJil,SOBa.H MeTo,D; 
MaJioro napaMeTpa :e: '1H cJieHHHH. 

MsBeCTilO, 't!TO TOJim0'.Ha JJHTOCqJepli IlO,D; KOHTHH8HT8lvm 60JI1,me, 
Hexe.1m no,n; oKea.Ha.MK. ToJIIItRHa acTeHocq>epH, Hao6opoT, HaMHoro 

6om,me TIO,D; OKea.HalVß!, 'tleM IlO,D; KOHTHHeHTa.MH; OHa oco6eHHo CHJ!l,
HO YTOH't!eHa no,n; II\liITOBHMM o6JraCT.8M0:. Bwm.rreHH Me:xa.HH't!ecme yc
JIOBHH B03HHKHOB6HHH TaKoro Hepa.BHoMepnoro pacnpe,D;eJieHHH TOJIIne;
HH JmTOCq>epH H acTeHocq>epH. Hs ana.mrna CJie.nyeT, 't!TO HepaBHOMep
HOCTD pacrrpe,n;eJieHHH MO�OCTeH JlHTOcq,epH H acTeHocqiepH CBSisa.Ha 
C .IT,JmHHOBOJIHOBID.m: B08MYll(emurMH IlO,D;aCTeHocq>epHOH"MaHTIDr • .n:rura 
ou;eHKa BJilUllm.fI Bpa.memm 3eMJlß Ha ;n;:BHEeHHH CHCTeMl:l JmTOCq>epa
acTeHoaj)epa. 

I. Tpy,n;a:ocm rrpo6JreMl:l MaTeMaTJiI't!6CKOro MO,D;6.JmpOBaHHH T6KTO

HH't!ecmx npou;eccoB rJio6am,Horo xapa.KTepa HMeIDT pas.1m't!Hym rrpzpo

lI:Y"• Tax, B pac't!eTax BeKOBOro ,D;BHJKeHHH seMHHX llOJIIOCOB OHR CBHSa

HH C ropH30HTaJII,HHMa nepeMememrm.m JmTOcq>epHHX 6JIOKOB, OCJI0'1tB'..f.DO,,,o 

mmm pemeHHe sa..zr,ai:m [ 1 J , . a B npe,rr;rameMOM HCCJie,D;OBamm BepTH

KaJil,tm:x )n3HJKeHHH JmTOCq>epli - C COBepmemIOH H8,D;OCTaTO'tIHOCTl>ID CBe

,D;emtH O xapaKTepe ,D;eqx)pMa.Ill!it ,IJ;Ha OK68.HOB. TeM He MeHee ,D;OJJ'J!Hlili 
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a.HaJm3 o6tnKX saKOHOMepHOCTe:0: JmTOcq>epHHX ,n;mutemIH H RX CM3H C 

TJ)aHI'PeCCHSnvm H perpeccmn.m Mopsr, pemtMOM OCa,ItKOHaKOIIJieHIDI, KO

Jie6rumeM ypoBHJI MHpOBOro OKea.Ha H .zu>Y:rHMK SIBJiemI.f!MK B03MOJKeH 

JIHDI& Ha OCHOBe pememIH npOCTPaHCTBeHHOH sa,na'tJH O MexamiqecKOM 

IIOBe,IJ;eHHH nepnq>epHiilmx TBep,DJlX o6oJiollelt Beeil 3eMJlH. I1MeIDTCSI B 

BFIJJJ/ JIHTOCqJepa, OXBaTHB810man seMHYJI) KOPY H BepXHIDIO 't!a.CTl> Ma.HTIDI, 

H ImlteJI0JKBJI{aSI acTeHoccpepa ("CJia.6mi" CJIOH), C KOTopo:f:l: CruI3UBa.IOT 

MHome CTOpOHbl TBKTOHHqecKOH mramr I!pHIIOBepXHOCTBUX qacTeli IIJia

He'l'li. Pemeimsr JmHefurnx IIJIOCKHX sa,n;all [ 2 - 5 ] He II03BOJI.filOT ,n;oc

TaTOllHO IIOJIHO BwmHTD M0:xa.HH8M BO3HHKHOBemm: H qiop.mpoBa.HHH He

paBHOMepHoro pacnpe,n;eJieHWI MOIIUIOCTeH JIHTOCq>epHoro H aCTeHoaj)ep

HOro CJIOeB. PesyJIDTaTH aHaJJH3� sa.rr.a'lH O ,IJ;BHJKemISIX BSI8KOR JIHTOCipe

pH IIO,IJ; ,n;eiiCTBHeM Sa,IlpHHOro B no.n;acTeHoccpepHOH Ma.HTHH IIOJIH CKO

pocTeH [ 6 1 yxa:3llB8JOT Ha n;eJiecoo6pa.3HOCTl, IIOCTaHOBRß H pewe

HHH I!pOCTl)a.HCTBemmx sa.n;all, y-qHTblBa.IOlitKX üq)epHtmOCTD 3eMJJH H Sa.M

KHYTOCTL ee IIepncpepHmmx OÖOJIOlleK. 

MH 6y,n;eM pa.CCMaTPHBaTl> rJio6a.Jll>HI:le ,IJ;BHJteHRSI JmTOcq>epH Ka.K 

nponecc, onpe,n;e.mreMl:m ee Me,1J,JieHHHM0: KoJie6aTeJIDHiiIM0: .ItBHJKeHIDIMH 

BO BSa.HMO,IJ;eiicTBHH c 6oJiee IlJIOTHOi1 acTeHoccpepoii [ 7 J • PemaeTCH 

HeJmHeMHaJI sa,na'tJa O ,ItBHJKeHHSIX BH3KOH CHCT0Mhl JmTOC�epa-acTeHO

üq)epa B paMK8.X :npR6JmlKemIH MeJIKOH BO,IJ;H • .Iu3IDKeHHH B momett MaHTm!

IIOJIOJKHM npo.HBJIHeMW.m B JIOKaJJl,Hl:DC H o6mwc Me,n;Jiemmx IlO.n;HJITRRX H

onycRa.HWIX mrmeit I'PEUIHUH acTeHocq>epH. ToJIDKO STHM O:rpa.HHlJHBaeT

cJI y-qaome HWKHel Ma.HTHH B .n;smrtemmx BepXImX "tJacreii 3eMJm: - JJHTO

ccpepH l! acTeHocq>epH. IlO3TOMY rpa.HH"tllme YCJIOBHH Ha mIJKHefi: rpamrne 

aCTeHOcq>epH onpe,n;eJieHH paBeHCTBOM CKopocTeH ,n;BHlKeIDm, YCJIOBHH Ha 

:rp8HHUP. COllpHJ!temlSi JIHTOC<pepH H acTeHOc(1)epH - HenpepHBHOCTl>R) Ha.II

pmleHHH l! paBeHCTBOM CKopocreii ,IJ,BHlKemlSi. IloBepXHOCTI, JIHTOcq>epH, 

ee :aepxmm rpamnzy, npe,n;aoJiaraeM CBOOO,ItHOH OT BCJnGCC HaIIpSD!te

mtl, npeHe6perasr aTMooqiepHHM ,n;aBJieHHeM H BJIWIHHeM m,IijX)cq>epH. 

..., 
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2 • PacCMOTPJ!M ,D;eq>opMaD;B:H .l{ByxCJIOHHOH M3KOH 06oJlO"Ut0: t o6J.te

ral!llei caMO!'paBH'l'HpyJOIIGlO cq>epy {p:a:c.I). 06oJioima. COCTOJiIT JiI3 Jm

TOcqlepHOI'O { BHeIIIHero) H acTeHocq>epHoro { BHYTPeHHero) CJioeB. 

OOHOBaime o6oJIO"Ut0: COBepmeT pa.n;HaJII>HHe 6e3:rm:epl]l!omme .I�BlUKeHWi, 

38.KOH KOTOPliIX 3a,I(aH H H03a:BHCHM OT ,IJ;BH!telmst CaMOH .l{ByxCJIOMHOi-t o6o-

JIO'q[GI. BBe,D;eM Cq)epR'tleCKym CHCTeMY ROOp,D;RHaT 'l , of. ' .f' C Ha-

'llaJIOM B ueHTI)e cqiepli, npH'tleM lllHpOTa O � o< � in , ,lJ;OJlI'OTa 

0 � ß � 2 X • BeRTOP CHJlli TSIJiteCTH Ha.IIpaBJieH no BHYTPeHHe:iri Hop

MBJm noBepXHOCTH ccpep; H3M8HeHReM CHJIH TruiteCTR B npe,D;eJiax RaJK

,I(OI'O ms CJIOeB npeHe6peraeM. 

YpaBHeHHst Ha.Bl:>e - CToRca B paccMaTI)IIBaeMOM c.rryqae .HMelOT mI,lJ; 
_. � . 

-91,tu/ P;_ .,. Pi 9 + 'Pi. Ll U,:, = 0' /., = ,f.> z, (2.I") 

- COOTBeTCTBeHHO .n,a.BJieHRe, MOT-

HOCTI>, KO8qxlml;HeHT Bst3ROCTH, xapaRTepHast CROpOCTl, .u;aueHWI, np:e:-

'9'.0M 3HatJemm I RH,D;eRca l OTHOCSITCSI R aCTeHOcqJepHOMY C.11O10, a 

2 - JmToe<pepHoMY; A - onepaTop J!aIIJiaca. 

IIp:a:coe,n;mmst R CHCTeMe (2 .I) ypa.:sHemm HepaspHBHOCTR 
? 

(2.2) d i11 u, = o , i = 1., 2,,

06osHa'tll!M 'tlepes � 
0 

, �
L 

, 5 2. WYHKillm, xapaxTepH3YJ>-

lltlle R3MeHeHHe OCHOBa.HHSI OCTeHocwepHoro CJlOst, rpamtlll!OH IlOBepx

HOCTH MeJK,Izy CJlOm.m: H CBOÖO,Il;HOH noBepXHOCTH COOTBeTCTBeHHo. Ilepei

,D;eM K 6espasMepHblM nepeMeHHHM, BOCilOJ!l:,30BaBJmICJ:, COOTHOmelm.8:MH 
• --=- • - H -llt« ::: l/ · ll.," ; U,j = lf. t.i,Lß ; Ui 'l. = Ro lJ. Uj, t ; 

(2.3) 
t ::: R. 

0 
+ H i ; Pi. = .Pt2.9 H ·pi. ; t = T- t;

� · = H · �- · � = H· � • t' - i 2.') L ...,, ' ",o �o ' - , > '

r,D;e BeJIH't!HHH C 'lepTO'IRaMI! R r - 6espasMepHHe BeJm't!HHH; tl,.,,, 

r.1te P;_ ' pi ' t i ' 

H0H3B8CTHHX ~ 
' • 
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tlid.. 
, di.13 - KoMIIoHeHru cKopocm ,ItB1u1temrn:; ll , H ,

T - xapa.KTepmi:e c1topocT1>, Tomnt11Ha CJIOJI, BpeMJI; R. o - cpe,n;

mm pa,n;0:yc cxpepl:l (OCHOBa.HIDl). 

3aMeTRM, �TO �a.n:ee ,n;.IDI npoCTOTI:l sarm:CH �epTO'tllCR Ha.n; 6e3p8.3-

MepIWMH BeJm't!HHaMR orrymeHI:l. 

Ilpe.D;IIOJIODM, 'f.!TO TOJIIItmm CJIOeB R aMII.mITY� H3MeHeI-mJI IIOBepx

HOCTei COR3MepIDJllil, HO Ma.7m B cpa.BHemm CO cpe,IUmM pa.n;0:ycoM c�epu.

8To II03BOJIJl8T RCIIOJil,30Ba.Tl> MeTO� pememtJI sa�a� mrra MeJIKOM BO.n;l:l 

R sa:rmcaTl> I"H,Il;pO,!CKHaMH�ecKoe �aBJieHHe B CJIO.HX KaK I"H,Iij)OCTaTliT.IeC-

KOe [ 8 ] : 

P2. = �2 - � ; s1. !: r !: �2. ; c2.4) 

P1. = �
2. 

- ?1. +:: (�{. -r), qo � �< �l.

IlOCKOJil,KY TOJil:UvIHH CJIOeB MaJJR no cpaBHemno C xapaKT8pHHMH Jm-
Hemru:rvm: pasMepa.MH Bosiwymemr:ti, ypaBHeHHJI ,n;m}KeIDI.ff (2 .I) neperrmneM 

B yrrpomeHHOM BH�e ,IJ;JUI aCTeHocwepHoro 
o2u.2.o1 = n .1!. ?J ;;� • 7;

2
tJ2ß = 17 2. ,, ?Jl;2 t2 .5) 

?J r 2. 2 '?2. 7) r;,<. ' 7>;:� *.,,"' ?2 o /3 ' 
H JmTOGq)epHoro

2. • o 1.1 ,o1. :::: f1 ( E_f.e Pt. -.1'2 o � 1.) .
7J r 2 2 ooe + .P12 1'o< '

(2 .6) 

o2it,,_ fi2 (�2 + Pi -P2 {)t;i)
'"bi-2 - 1-t.no1. ?Jfa · .P2 c>ß 

. . d/, '17 CJIOeB, r,n;e ll.i� = tl.t: -z ; 17
2 

=. JJ�J H / '?:t "'R, 0 • 

YpaBHemra: Hepa3p1IBHOCTH (2.2) CJIOeB B 6e3pa3MepHIDC rrepeMeH

Hl:DC c y-qeToM / l / < < R O npe�cTamM B m,n;e 

tli_ ?)�i.-l _ ,J_ [?, 
J
�� · J lJ ('. - I J (2 7) ?rt 1Jf - --n'n « -z, o( ll 1,'o{ • kn o< &f � + 'o/> J lltß a � . 

• 

�L--L �i-1. 
C(l)OpM-y.mrpyeM rpamPml:le yCJiomm 3� � : 
a) Ha CB06o.IT,Hoi IIOBepXHOC'l'H JlHTocwepHOro CJIOR:, IIpR r = $

ce_ 
,

KOMIIOHeHTH Hanpsutemrn: paBH1:l HYJIIO 
7) u. 2.o( = ?) u I. ß
�l- ?>� 

(2.8) 
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ll BBIIOJIHHeTc.fi mraeMaT.Hl!eCKOe yCJiomre COBnaJJ;emur CKOpoCTeii ,n;BHJKe

mffl 'tJB.CTmJ,li D,ItKOCTR Ha CB060,IUIOH IlOBepXHOCT.0'. H Ca:MOH IlOBepXHOC-

m U = d �2. = �2 + it �2 + ti2� ?>�2 2-l dt ?rt 2
« �o< -hn o1. • ?J /' · 

6) Ha rpamn:(e conpruitEHIRH CJIOeB, IlpH r = $ J. 
Henpep�BHOCTH HanpJIJKeimR HJlH paBeHCTBO lIX KOMIIOH0HTOB 

ou2°'- _ , , ?Jt.i(« . -a il2fl = '( ?Jt.i!ß
7J � - 12 7Ji: ' 1>-e ?2 -z>r 

u KHHeMa.TH�ecRoe yCJiome

it.,ri. = t)2o( ; t) ,,, : t)2fl ;

u.,l = U2f = ddt�L = �f + tl
fcl. 

�1 +- ti(ß �I..
?J t 7>o< fen« ?> j3

B B) Ha mmen rpa.mru;e acTeHoaj)epHoro CJioR, npH 

BblIIOJlHReTCH TOJ!I,RO RHHeMaTH�eCROe YCJIOBHe, 

(l _ d�o _ � �o t) ?,�0 ll,p ?)�1' 

fr - dt - 7rt + fo< Z>oe + ·-J.t"no<. 019

(2.9) 

, yCJIOBHe 

(2.IO) 

(2.II) 

(2.I2) 

lIHTerpeyy;,r CHCTeMy- ypaBH8HHH (2.5) H (2.6) npn rpaHH'tffibIX 

YCJIOBHRX (2 -�) - (2 .I2) , H0TPY.IUIO IlO.Jcy"tmTI> noJie CROpOCTeii )J)lH 

JmTOCWepHoro H aCT8HOcqJ8pHoro CJIOeB. IlO�CTa.:BJIJiH HX SaTeM B yCJIO

mIB HepasphIBHOCTH (2.?) H IlpOH3B8.ll;fI Heo6xo;n;ID/IUe BHRJia.ICKK, Ha.H,D;eM 

--
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�i'- �0 = :�{ {� + ��[r�t-�of{3f2 -�L -2�h�+

J. ?) fi{.c 
J 

2( � , "?°2Jr l 11-h 
-t- :h'n 2o1 ?J} L l '?I. -;;v 3 {e- �'- - 2 �ol � j + .f2. . 

. n2.{(.l.. +ri-"'d) u� � J 3'b�L 7 L 1> ftJ! - :eJ3 �L 1 l 
.3 1>« --71· l( ..,1. �o ?>o< J + �n� ij,L t ...,1 �o 013 JJ.

IIo;zy-qeHHaJI CHCTeMa 'JI.BY'X KB8.3HJmHefumx yp8.BH8mIH napg.60.mt

l!eCROro Tmia c 'JI.BYMff HeH3BecTHm.m 's
1. 

( a, }, t) , $a. (oi,J;t) orrz.cw,

:saeT COOTB8TCTB8HHO HSMeHeHHH CB060,n;HOH H rpam!l!H0:0: (MeJK,IJy CJIOSI

MPI) IIOBepXHOC'!'eH IlpH 8a.zr,a.HHOli Wyma:Jßlll HSMeHeHHH OCHOBa.HIDI acreHo

cipepHoro CJIOH. 3aMeTHM, 't!TO :0'.3 (2.13) CJie,eyeT saBHCHMOCTI, ,D;BWKe

HHli B CJIOSIX OT .n:ayx 6espasMepmoc napa.MeTpOB fl2. H �( 112 2 •.
3. UHCTeMa ypa.BHeHIDi (2 .13) OTHOCHTeJII,HO WYHKUKH �

2. 
ij �

/.

MO:llteT 6HT1, pemeHa IlpH6JIWKeHHHM0:, Jm60 'tJliICJieHHHMH M8TO,IJ,a.MH. :0:SJIO

mIM npH6Jm:llteHHoe peme:mre l!aCTHOH sa,na'tJlil, xor.n:a BR:3KOCTI, acTeHoc

qiepHoro CJIOSI MeHDme BH3ROCTH BHIDeJie,mmero J.IHTOC(pepHoro (I!IHa.l!e, 

acTeHoccpepmrli CJIOH HaMHoro .n:ecpoPJiaTHBHee JIHTocq>epHoro), a 'tJliICJIO 

n, .IJ:OCTaTO't!HO B8JmKO. B 9TOM CJiy't!a.8 MOlCHO BOCIIOJII,80BaTI,CfI Me

TO.IJ:OM MaJIOro trapa.MeTpa, BH6paB B �'t!eCTBe MaJIOro rrapaMeTpa OTHO-

meHHe KOaqxpw:Jl[eHTOB BH3KOCTeH CJIOeB 

• - CO • (k.) IC 
ll.1°.J - 2 tl.. . € .

"'"" .,. lo( �
"=o 

• oO • (lc) /1::.
ll. · - 2 ll· · c- •

Li! - te c. >
K::.o 

• II oJiara.a: 

l3.I) 

IIO)lCTaBKM 9TH COOTHOIDe:HHH B (2.5) - (2.I�). CpaBmmrur KoacMmnieH-

/! I<. TH IIpH O)lPIHa.KOBblX CTerreHJDC C 'IIO;rytmM CHCTeMbI ypaBHemni, 

COOTBeTCTBYJOillHe IIOKasaTeJJJO CTenemI k H Ha3HBa8MhIX np:0:6Jm,ice

HWIMH K -ro IIOpH.,ICKa. OrpamrtmMCH .llBYMH IIpH6Jm:lltemmMH, HYJI8BHM 

H nepBHM. B Hy-JieBOM npH6Jnutemm: 

� (o) _ J. I • (o) 1� (o) � (o) _ .J (3.2) "',.t - + fl, ; t/2-. = � = 0; --, 1. - l ,

a .lVM nepBoro npH6JmJitemtH .IJ:OJDKHH �OBJI8TBOPHT:0Cf! ypaBHeHIDI 

-
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ll�(O __ l2,P2.'P2(2.t-h-�o)·�o + (3.3) 

' - ll2 "/ ,{ f + l,_J(;,-J2){f-�o)�

r"'3 h-'4fo (1>c;o öi; r,J t. 1>�0 ?J� ro J

+ (f-so){Z+h-so) � . �
1 

+ -kntt .?Jfl ·� J.

YpaBHemra: {3.3) ,IJ;onycK8.lOT CJie.IJ;YIOmaii Ra.-.:recTBemraii ruramrn. 

1IycT1> So HMeeT Ma.KCHMaJII,Hoe :ra:.m MIDmMBJIF,HOe 8Ha-.:remm. IIp:ra: 8TOM 
1)�0 

= ?>�o =O :ra: BTOpoe CJia.I'8.0MOe B {3.3) o6pam9.eTCJI B HyJll,. 
1)0( ?Jß eo IIPH 8TOM $Halt fl � /. aaBHCRT OT 3HaR8. CKOPOCTH � 0 R BO3MOJit-

HH CJie,cymmKe �: 
a) ECJIH �

0
> 0

(I} U) , TO lJ �
1. 

< O , Ll � L > 0 :e: rpa:mrtnrasr 

IlOBepXHOCTl, ,IJ;OCTRraeT Maitcm.cyMa, CBOOO,IJ;Ha.Si noBepXHOCTD -

MmmMYMa, T.e. llO,ItHii'.rmo :rpa.tm'l:!HOß: noBepXHOCTH � /. paa,IJ;eJia CJIOeB 

COOTB0TCTByeT onycitaH11Ie noBepXHOCTR JmTOC(pepH: 
6) ECJm �o < O , . TO A �/O> o , IJ �J0 < O :e: onycita.mm

rpamrtnroil noBepXHOCTR �
t 

COOTBeTCTByeT IlO.I(H.fITRe noBepXHOCTR 
JIKTOC<pepbt • 

.Uono.mmM a TOT Ra-.:rec TBemnrli a.HaJIR8 -cm CJieHHblM pememrnM aa,IJß. 'qK 
np:ra: ItOJie6aTe.7ll,HWC ,IJ;BIDitetmmc OCHOBrumJI. Orpam r9JIMCJI IL7IOCKHM CJ!J"I8.0M 
(2 .I3) B llpHMOYI'()Jll,HOH CHCTeMe KOOp,Ir,I!HaT a: O � • C"tJHTa.JI, 'l:!TO 
.nmuteime Ha"tfilHaeTCJI R3 COCTOJIHIDI llOKOJI, npIDAeM CJie,eyminae Ha.'l:!a.7ll,
H1:le YCJIOBRSI: 

t=O, �
l 

=J, �
2. 

:.,J-,.Ä. 
OcHoBaHHe CJIOSI coBepmaeT ,IJ;BHJKetme no aaitoey 

� o = 0, 2. 5" · -h.11 2 X t- · J;!,',J 2 :il � . 

(3.4)

(3.5)

Pemeime ml{0TCSI B o6JiaCTR O � ve � I Ha rpa:rmn;ax ItOTOpoi: 
npe,1010JiaraeTCJ1 YCJIOBHe nepHO,IJ;a�OCTH 
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�i{o,t) = t;,{J,t); �
2

{o,t)=fe{i;t); 

0�1 {0�-1:J_ ?J�1 {1�tJ. -0�2 (0.,iJ_ ?J$2 {1,t) 
?>� - {).A'.! , 1>.x. ox 

,�.6) 

,ILJm pememur mrcTeMH ypa.BHemrli napa6oJml!ecKoro Tmia (2 .13) 

BOCllOJII>3yeMCH M0TO,Il;OM ceTOK [ 9 J ' o6pamaa:c:& K He.mrHeimo:il cxe

Me pa3HOCTHHX ypaBHeHHH. IlpH BE'MCJieIDIBX 6y,n;eM HCXO)ij{T:& ß:3 Toro, 

trTo f ro J p =(3,3 i 3 ,6)� , H =(0, 7 + r) •ro7, cM , 

� 1. =(1020 + rifI) nyas, � 2 =(1023 + 10�5) nyas,

U =(0,00I + IOO) �
,n; 

, /(0 �,1•I08 CM. Mcxo.n;,q: li3 SToro, 

rrpm.1eM oTHomeHHe rursKOCTett �,/�2 
paBHUM 0,01, a sHatre1me 

6espasMepHoro rrapa.MeTpa no,n;o6H.H f'2 paBHEM 0,1; l; 10; 100. Ha 

PHCJHK0 � STIDJI 3HatieHH.HM napaMeTpa no,n;oOH.H COOTB0TCTBYJOT KpHBEe 

l, 2, 3 JiI 4. 06�:il xapaKTep .n;BmiteHH.H CJioeB 6EJI rrpocJieJKeH sa npo

Me,icyToR BpeMeHH 0 !: t � 0 ,5 , B OCTaJII>Hoe Bp0MJI KapTHHa ,n;mr

EeHH.H H3-3a nepHO,Il;litIHOCTH 6y,n;eT llOBTOp.HT:&C.H. PemeHHe IlOJIYtI0HO .n;mI 

pa3Jml!HEX MOM0HTOB BpeMeHH. Ha pncym<e 2 OHO npe,n;CT8.BJI0HO ,IJ;JijI

t =Ü,25 H r =0,3b , IlpHtI0M rrepBOMJ 3HatieHHIO COOTB0TCTBYIDT 

CilJIOIIIHHe KPHBI:le, a BTOPOMY - IDT_PHXOBIIe. B u;eJIOM pesyJioTaTE tIHC

JieHHoro a.Ha.mrna npHBO.wIT R CJie,n;yrommvr BHBO.n;a.M: 

a) HpH ,IJ;BIDKemm: ,zu3yx B3a.HMo,n;eiiCTBJIOmIDC TOHKIDC B.H3KHX CJIOeB

no,n; ,n;eMCTBH0M 003:oIHeprw:oHHHX KOJieOaTeJil>HHX ,n;BHJK0FmH OCHOBaHH.H 

IIO.F.CBJIHIDTC.H HepaBHOMepHOCTH TOJIIIUIB CJI00B npH MeHI>mefi B.H3KOCTH mIE

Hero H3-3a aCHHXPOHHoro pacnoJIOEeHH.H rpaH0:tIHHX H CBOÖO,n;:HOM noBep

XHOCTH; 

6) HepaBHOMepHOCT:& TOJimliHli BepXHero CJIO.H IlOJIBJ.Iff0TCH OHCTpee

IIO BpeMemI Wffi ÖOJil>IIIFIX 3Hatieirn:M f/
2..

, a np:a MaJllDC ero 3Ha'tl0HlffiX 

OH.a llOtITH He IlOHBJIH0TCH; 
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B) llapa.Me'l'P no.n;o6:wr fl� , JIBJif.UICI, O'l'HomeHHeM xapaxTepHoro 

HOpMaJibHOro .n;aBJieHKH R xacaTeJll,HOMY HaIIpmlteHmD B CJIOHX, onpe,n;e.IDieT 

oco6eHHOCTH .n;muce:ad: B armx CJIOSIX, B 't!a.CTHOCTH, IlOHBJiemre Hepa.B

HOMepHOCTeä XX TOJDitKH; 

r) HepaBHOMepHOCTl, TO�H CJIOeB BO3HHRa8T B Tex c.nyqamc,

Kor.na BeJmi:nma xapaxTepHoro HopMaJrr:,Horo ,JJ,a.BJiemm HaMHoro npeooc

xo.nKT KaCaTeJll,Ime Ha.IIPJDitemtH; noHBJieFme TaROH Hepa.BHOMepHOCTH TOJI

mali MBJIOBepOS!THO, eCJIH BeJm-cmHa HOpMaJir:,HOro ,JJ,a.BJieHRH COH3Mep:HMa 

HJm MaJia B cpaBHemm C B.fI3ROCTHbtM conpoTHBJieHHeM. 

4. PaCCMO'!'P0HllOe BbIIIIe ,n;BmKemte CHCTeMH JlliTOcipepa-acTeHoccpepa

6:wro HSY'!eHo 6es y-qeTa Bl)8meIDIH 3eMJm • .llJm ouemw: ero BJIWIHHH 

paCCMOT!)HM 38,1T,a 'tf'j O Bpa,memm CaMOI'pa:BHTHPYIOm8R cipepH, o6JieraeMoi1 

O,ICKHo-qHbIM M3ruIM CJIOeM C IlJIOTHOCTI,ID .P H ,n;HHm.m-qecKHM ROaq$i-

D,lieHTOM B.fI3ROCTH � • ilYCTI, OCHOBaIDie BH3Roro CJIOH, RaR H pa.Hee

IIO,n;BeplteHo Me,IVIeHHIDß JIOR8.7Il:,HbIM IlO,n;ruITHRM H onycRa.IDIRM C aMIIJIHTY

,n;oii, COH3MepHMOli C Ha'1aJil>HOH TOJilllHHOH lt CJIOH lI MaJIOH B cpaB-

Hemm C xapaRTepHHM pa.Jn!YCOM R ccpepH. Ilpe,n;rroJiaraeTCH, l!TO 

Bpa,meHHe Cq)epH He 3aBHCHT OT OTHOCHT0Jil>HIDC ,n;BH]lteHIDi B CJioe, BeR-

TOP yrJIOBOH CRO:POCTH :spamemm C(J Ha.IIpa.BJieH no OCH, npoxo.n;H-

meir 't!epes IlOJIIOCa o<. = 3l , ol.. =Ü ccpepa. BeRTOP CHJ.lll TUec-

TH Hanpa.BJieH B ueHTp Bpa,ma.KlmeiicH cq>epa; H3MeHemreM ero B npe,n;e

JiaX CJIOH npeHe6peraeM TpeöyeTCH onpe.n;eJIHTJ:, OTHOCHTeJil>HOe .n;BH-'KeHHe 

cJioH no.n: BJmmmeM :spameim:H R Me,IT,Jiemrn:x rro,n;ruITHH H onycita.Hmi ero 

OCHOBa.mIJI. 

CocTaBHM ypa.BHemm ,n;BH]lt0IDIH B.fI3ROro CJIOSI. IIpe.n;rrOJJaras:.t noc

TOHHCTBO yrJIOBOH CROpOCTH tu , MaJIOCTI, 'tll!CJia PeHHOJII,,IJ;ca }I ytm-

THBaJI, l!TO xapaxrepHaH OTHOCHTeJil>HaH CROpOCTl, l{ BH3Roro 

CJIOH MaJia B cpaBHemm: C JlHHelmoH CKOpOCTl>ID nepeHOCHOro BpameHIDI 

(A) {l , IlOJIY'IHM 

-
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?J a.tl« 
= fl o P - !2.t.J. -J.tn 2o1,

7)� 2. 4 1)o< 2 

a. • n 1) tl.13 = � � .,. 2. 0 ll. (»jo(,
1) � 2. -h'nd. 7) J, 

1( o{ 

(4.I) 

p = [r- �) ( L - j ,e lti? Z,,.,).

u� , tl;5 - 6e3pa3Mepmie KOMIIOHeHTli CKopocTH; p -
Z-ll ll .J)t9H.i 

6espa3MepHoe ,naBJieHHe; r = M ; 
.J 

= 

t zr ,e 

napaMeTP no.no6H.a:; � = JJt,1]
2
/lH

2

0, = /J&UH 2 
_

t,s 1!U ' IC ? 
OTHomeim.a: ueHTI)06e,mon H KOPHOJmCOBOH CM HHepD;HH K CHJ.laM BH3KOCT-

Horo conpomBJieHWI. 
I1pamI"Ilille YCJIOBHH :HMeIOT BH,It: 

a) npH r = So fol,faJ -t) Ha OCHOBamm CJIOSI 

� = � =O ; ( 4 .2) 
6) npH Z = $(of, fl, t) Ha CB060,D;HOii IIOBepXHOCTH CJIOSI 

?Jtio( 
= ?Jliß = O . (4.3) 

?Jr ?Jr 

YpaBHeHHe Hepaspl:lBHOCTH Sa.IIHCHBaeTCH CJie�t o6pa.30M: 

7J (c;-�oJ_ - _1. (--� f: 1t.no1dr + �j
f

ti c1�) (4.4)
7)1: �'ncl. {?Jo< o( � Lf> . 

• �D �O 
HHrerp:e:py.a: CHCTeMY ypaBHemm (4.I) H :e:cno.1.C&sy.a: rprum11ln:le 

yCJiomm (4.2) :e: (4.3) noJIY"W-4 noJie cKopocre� B CJioe: 

Ü.o1. : - {ll3l-J- f/:."hn2.«)(t2.�-$
0
-r) �;�0

; 

llp ::: - _!l,_ !f. (,2 �-$. -� r-'fo + � f!Mot-{ll
3 

� - (4.o)1-e:no1 7J} 0 2. 12 'l)o( 

- �. Jtn 2«) . .ßr�J,
f{�) = (r�-�

o 
4)-4 f (:z.J- fo.JJ +6 �o (2f-fo)(i?!fo2J+ 

+ 4 ( �-fo){2f 3
- 6't;o �� J'f ��. cal2 

3m.teTHM, llTO COOTHomemt.a: (4.5) IlOJIY'l8ml IlpH yCJiomm

J 
<< J.. 

? 

.. 

-
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OCTaHOmrMCSI Ha CJiaraeMBX B (4.5) nomm:eum:xca: sa C1r8T Bpa.me-

mm. ECJIH .zr,Jia: u.« 8TO CJiaraeMoe Bcer�a HaIIpa:BJieHo OT IlOJIIOCOB 

BpameHWI R 8RBaTOPY H cnoco6cTBYeT IlO.ßBJ.Iemrro 3RBaTOpHaJIE,HOro B3-

,rcrTIDI, TO ,1VISI Ü., RapTRHa CJIOJKHee. O6O3Ha'q8,f.[ O,ItHO H3 CJiarae

MI:DC, B03mranmx oT Bpamemm, -qepes 

iI = - el( r;'l . :hn "'. Cod� . .Pr�J, -p 12. 
(4.6) 

a BTopoe 
it. = BIC fl ·f (�. 'M. (!(Ho{,

-.ß ( 2 3 7)of. (4.7) 

3aMeTHM, 't!TO IIOCKOJII>KY 

Ha OTCTaBaJme BemecTBa BSI3KOro CJIOH OTHOCHT0JffiHO OCHOBamtf! npH 

Bpamemm $pH. 

JiJm: aHa.Jmsa BToporo CJia.raeMoro pa.ccMOTPHM CJie.I(yIOml!e tm.cTHHe 

CJzytialil • .I{onycTRM, 't!TO BHSKID:i: CJIOli IIOJIY"ßt7.[ RaKOe-To B03MYil{eHRe , 

He3aBHCßMOe OT BpameHRSI, H ero CB06o,IUIM IlOBepXHOCTh onpe�eJIJieTCH 

cpymo:niei1 

r.n;e 

� : W 't � p, ( 4 .8) 
co2

11. 
2 

�p : / - - . � 2-of. �jH 
Ilo.n;CT8.BJIJI.a (4.8) B BlqJSJKeHRe (4.5), no� 8Ha1remm CKO-

pocTeii, KOTOplle Ha CBO60,ItHOH noBepXHOCTR 

CJie.n;yIOmd mm 
l!M810T

U. _ _  ll.3 e2 1>1q. ol. - T . ?;o1 , 

u.1 = - ll3 
. e2

. 1J U'/ + !!.� n e � 1) U7.Codo12,. J-1.no( 7) /> 12 .J 7)o( , 

(4.9) 

(4.Iü) 

e { tv2i2 r.n;e = + W - � - - · � ,!!,ol - TO�Ha BJl3ROro CJIOSI •
�o �H 

Ilp:apo.n;l nepBoro �.naraeMoro KOMIIOH0HTll CKOPOCTH tl
,,s

(4.10) H KOMIIOHeHTbl /,/o{ B (4.9) SICHa - OHa IIOHBJIR:eTCH H3-3a 

H3MeHeHHH CBO60.n;HOM IlOBepXHOCTH IIO,IJ; �eHCTBHeM HeKOToporo B03MYJit8 

f [ ~) ~ 0 Biitpa.memre ( 4 .6) · YJW.3hIB8.eT 
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"l-' 

mm:. )J,Jm. aaa.mrna BToporo c.rraraeMoro B (4.Iu), o6o3Ha.1IaJI ero � = 
= ;:Kfl3·t1;, paCCMOTpmvI "t!a.CTHHH CJIY'tiai, Kor.n;a KOHqllirypa,rniR CB06o,n-

HOH IIOBepXHOCTR CJIO.fI 3aBHCHT TOJI!>KO OT o<. H W = P,, (C,ojol) ,

r,ne Pn ( �ol) - cJ)ymanm JleJKä.H,DJ?a nepBoro po.n;a. Ha pncYHKe 3 

IIOCTpOeHH anropu W H '-'fo .llJifI n =2,3,4 , KOTOpbIM COOT-

BeTCTByeT eyMepa.IJl{H 1,2 ,3. IIpn 8TOM npHmIMaJIOCI:,, 1ITO c.u = 
-sr ?. a· 

='7 ,268•10 ceK , 3 =985 CM/CeK'" , /J =6 ,3•Iu CM. ECJm B

Ka1IeCTBe CJIO.fI paCCMa'l'pHBaTI:, rrep:mpepüwe CJIOH 3eMJm, TO CKOpOCTl> 

ffp .HMeeT sHa't!emur rrop.fI.lntS 6•(Io-14 + ro-12) cM/ro,n , 1ITO

yxa.3:EmaeT Ha ee MaJIOCTI:,. 

Pe3ym,TaT1:1 peweHWI npHBO.n;HT R BUBO.n;y, 1ITO: 

a) npH Bp8.Iltemm cwepH Oes y-qeTa IlO.n;HRTHH H OIIYCKa.IDIH OCHO

Ba.HHH BH3KOro CJIOH 8KBaTOpHaJII,Hbie 06.rracrn noc�e,n;Hero YTOJillt8.IOTC.fI 

(8KBaTOpHaJII,HOe B3,IJ;yTMe); 

6) ec.mt paCCMaTpID38.T� BJmmme Bpameimn COBMeCTHO c IIO,n;HR

TH.H:MK H orryCKa.HIDiMl1: OCHOBaHHH CJIOH, TO IIOHBJiffiOTCH ,IJ;OilOJIHHTeJII,HJ;Ie 

CJiaraeMl:.le CKOpOCTH .IJ;BIDKeIDIJI CJioH;EnpH1IeM O.n;Ha 1!8.CTI:, ,IJ;OIIOJIImTeJIF.>HO

ro CJiaraeMoro CKOPOCTH Ha.IIp�eHa OT IIOJilOCOB K SKBaTOPY, qTo crro

co6cTBYeT pa3BHTmO 8KBaTOPHaJil>Horo B3,IJ;yTIDI, ,11;pyrM - no Ka.CaTeJIF.>

HOH K IlOBepXHOCTH c�epH B ImIPOTHOM Hanp�emm, 't!TO BH3IIBaeT 8(1)

�eKT HeKOTOporo OTCTaBa.Fß,Ij! BemecTBa CJIOH OT .n;BH�emra: ero OCHOBa

HlIH. BeJm'tß!HH amx CKOPOCTeH ,n;Jm cymeCTBYJOIQHX B .mrirepa.Type 3Ha

qemrti napa.MeTpoB 3eMJm cpamm:TeJIF.>HO MaJibI • 

.l.lH'illPA'l'YP A 

r. EpmHOB JK .• c., .Ka.7m6aeB A.A. CTene:m, ypaBHOBeIOOHHOCTH 3eMJm: H

MexrumaM B8KOBOro .IJ;BIDKeHIDI ee IlOJilOCOB • "BeCTHHK AH KaaCC.t>,

I9?4, JiII.
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Problems in determination of the geoid, of recent 

crustal movements and geodynamic processes 

F. Halmos

631 

Geodetic and Geophysical Research Institute of HAS

Sopron /Hungary/ 

Summary 

A short comparison is made between the different 

methods of geoid determination. Researches for geoid 

determination with satellite observations are reviewed. 

Mathematical problems, possibilities of the increase 

of accuracy and questions of computation technics 

are discussed among others in connection with geoid 

determination by means of different methods. For the 

determination of the hights above the ellipsoid 

solutions and practical examples are given with 

eeries and iteration. 

Some probleme connected with the determination 

of recent crustal movements and geodynamic processes 

are discussed. 

1. Introducltion

In what follows the recent fundamental problems 

in geodesy are giveni 

a/ F.etablishing of national, continental and 

global three-dimensional geodetic networks in 

connection with the time variant aspects /four

dimensional geodesy/. 
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b/ Determination of the absolute g value 

on the earth numerous ststions and measurements for 

determination of the gravity field of the earth 

recognizing the temporal variatione of it. 

c/ Objective define of the geoid for a world height 

datum, computation of the datum parameters to the 

existing height systems. 

d/ Determination of the recent vertical crustal 

movements with repeated geodetic levelings and to 

define the velocity surface of the movements. 

e/ Establishing of new measuring methods and 

mathematical analyses for determination of the polar 

motion, earth tides, motions of the earth surface 

/geodynamic phenomena in connection with tectonic 

deformations of earthquake prediction, plate boundary 

deformations etc./. 

In most of this problems the elimination of 

theoretical, measuring and mathematical mistakes is 

more important than accuracy, but don't forget that 

for evaluation of our results in geodynamics we have 

to minimize our measurement errors and to use different 

kinds of measuring technics with the highest accuracy 

/space and terrestrial techniques/. In the followings 

we give some aspects of the geoid determination and 

some problerns connected with the recent crustal 

movements. 

2. Geoid determination

As it is generally known for a reduction of 

azimuths, angles, distances and hights measured on the 

physical surface of the earth the exact knowledge of 

the geoid is necessary. The geoid is according to our 

present knowledge in by definition an equipotential 
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surface·of the gravity field in the height of the 
motionfree marine surface. The geoid differs from the 
comp�tational basic surface /from the rotation 
ellipsoid/ in consequence of an inhomogeneous maas 
distribution and a rugged topography due to the 
gravity attraction of these anomalous masses. The 
differences are called geoid undulations. The detailed 
and exact geoid determination is made astrogravimetrically, 
but its orientation and location can be enaured by 
gravimetrie determinations of the deviation of the 
vertical and by the determination of the absolute g 
value of one or some surface points. The computational 
and adjustment problems of these solutions for the geoid 
undulations can be most easily solved by Moritz's, Krarup's 
collocation method [Moritz, 1973, 1977]. Its practical 
use has been discussed by Lachapelle [1975], Sünkel
Schwarz [1978] and by Lachapelle and Tscherning [1978]. 
A solution deduced from the Krarup theorem [1969] 
and the Wolf-modification [1974] has been introduced 
by Lelgemann [1978] for the geoid determinations in 
the GFR. The practical geoid determinations in Austria 
have been discussed by Rinner and Moritz [1977], from 
those in Holland by Husti [1978], in Schwitzerland by 
Gurtner [1978] and in Carpatho-Balkan region by Jo6 
[1979]. For global anomaly and geoid undulation 
recovery using altimeter data is made by Rapp [1979]. 
The use of astrogeodetic measurements for the 
determination of the geoid undulations and of the 
inner structure of the earth was treated by Bretten
bauer [1978] and by Gerstbach [1979]. The geoid height 
over the rotation ellipsoid is given with an accuracy 
of +0,3-0,4 m. 

Molodensky'e method eliminated the error that 
the gravimetric anomalies and astrogeodetic verticale 
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refer to the geoid and not to the physical earth surface 
by introduoing inatead of the geoid the telluroid using 
the Stokes equation /normal surface approximating 
closel.y the physical surface/ (Pellinen, 1978]. 

2.1 New methods of the geoid determination 

These methods can be shortly described as follows: 
a/ Geometrie and dynamic methods of satellite 

geodesy. The geometric method means the determination of 
the geocentric coordinates or of the ellipsoidic 
coordinates of the observation etation. The geoid 
undulation can be determined from the ellipsoidic height 
e.g. of the doppler measurements and from the orthometric
height, determined from leveling [Halmos, 1980]. The
dynamic method means the determination of the coefficients
of the expansion into·a spherical function of the anomalous
potential, from the orbital disturbancee of near-earth
satelli�es ueing different satellite observation technics.
The geoid undulations can be determined with a mean square
error of ±2-3 m [Balmino et al., 1976; Halmos, 1980].

b/ Geoid determination based on gradiometric 
observations. The first terrestrial gradiometric 
measurements were made by Roland Eötvös /accuracy 
±0,l E = ±10-lO s-2/. Developing an airplane and
satellite gradiometry for determination of the gravity 
anomalies and of the geoid heights with an inner 
accuracy of ±0, 7-1 m is possible [Krynski and Schwarz, 
1977]. With a gradiometer accuracy of +0,01 E the 

. 
-

gravity field of the earth could be determined up to 
the 90-th harmonics and geoid heights of +0,J m. 

c/ Satelli te-to-sat_elli te tracking. By carrying 
out continuous and reciprocal velocity measurements 
between two satellites, the determination of the 
orbital disturbances ensures data on the geoid height 
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d/ On areas covered by seas and oceans a direct 
determination of the geoid heighte is ensured by the 
satellite altimetry with an inner accuracy of eea eurfaces of 
±0,5-0,7 m, the absolute accuracy is about ±2 m [Rummel 
and Rapp, 1977]. Important theoretical reeults can be 
found in the work of Arnold [1972], Blaha [1977], 
Mather (1975], Brennecke and Groten[l977). The latter 
found a difference of l-2 m between geoid and eea 
eurface. The radar altimeter on board of satellites 
measures the shortest, orthogonal distance between 
satellite and sea surface /direct determination of the 
geoid profile/. Using the adjustment theorems of the 
short arc mechanical and semi-dynamic orbital method, 
the accuracy of the determination of the geoid surface 
can be significantly increaeed [Halmes, 1977]. 

e/ It ie possible to determine by inertial 
navigation in field not only three-dimensional poeition 
coordinatee, but also the gravity acceleration and the 
relative deviation of the vertical using inertial 
meaeuring systems [Halmos, 1979]. Developed further 
with moving based gradiometers the rapid point 
densification for geoid determination with an accuracy 
of ±0,5 m ie given. 

2.11 Dynamic and geometric mode of geoid determination 
on the basis of satellite observations /e.g. doppler 
schifte/ 

If the harmonics of the potential surface representing 
the geoid are taken into account till n • p and m • n, 
then the following equation is valid between the 
observations o, the terrestrial geocentric Cartasian 
coordinates X, Y, Z and A00, {A

nm
, Bnm } in form of 
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a general function F [Halmos, 1979a; 1980) : 

F /o, X, Y, Z, A
00 {Anm ' B

nm
} / = 0 

where A represents the mean radius of the geoid 
00 

[Bursa, 1969]. The explicit formula for R radius of 
the geoid will be: 

Oo n 

/1/ 

R = A
00 

+ L L /A
nm 

cos mA + B
nm 

sin m J../ P
nm 

sin 1' /2/ 
n=2 m=o 

Here 
n 

Ano = Ro(R:) 0no; n = 3, 5, 7 •••• 

/3/ 

{ ::} Ro (itf G:); 
n = 3, 4, 5 • • • •  

m = 1, 2, 3 • • • •  n 

1', ).., R are the geocentric coordinates of the points, 
C

nm
' S

nm 
are the potential harmonics of the spherical 

function, P
nm 

/sin <f=> / is the n-th degree, m-th order 
coefficient of the Legendre polynomial multiplied by 
ein <P.

The potential distl\l.lbance T /R, c:p, ).../ is the 
difference between the actual value of the gravity 
field Wand its normal value: 

T =W-U �/ 

Oo n 
T GM � � / -'C � r / = - ""'l"'I""" L.. L- o nm cos m J'-+ o S

nm 
s in m )... •

n n=2 m=O /5/ 
oo n 

• P /cos <f> / = - 6A + � 2: /�A
nm 

cos m A+ Bnm sin A/ •nm oo n=2 maO 

• P
nm /cos <f /
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where GM is the gravity constant of the earth, the terms 
denoted by o mean the deviations from the ellipsoidic 
form/ Jc2 = 02 - 02ell' §c4 = c4 - 04ell • • •• /.
According Bruns law �the geoid undulation is defined as 
first term 

,t-,, -2where ·a� = 9,80 ms 
acceleration referred to 
shows that the geoid can 

is the average gravity 
the ephere. Equation /1/
be approximated both in 

physical /3/ and geometric ways. 

/6/ 

According to recent investigations laser satellite 
observations yield a three-dimensional point error of 
+0,1-0,2 m, doppler eatellite observations ±0,2-0,4 m.
In knowledge of the spatial geocentric coordinates of
the point P, the geodetic coordinates <p , )._ can be
computed. The computation of the ellipsoidic coordinates
from spatial three-dimensional geocentric Cartesian
coordinates is difficult [Heiskanen-Moritz, 1967;
p. 183 • .] , but direct formulas with fourth degree
equations or approximations wi th series expans ion can
be used [Pick, 1967; Bartelme-Meissl, 1975; Vincenty,
1976]. The iterative method is much more advantageous
as a solution of fourth degree equations. If h is the
height of the point above the ellipsoid we can write

/Fig. 1/:

h = ( X� + Y� ) 
112 

cos-1 <p - N /7/ 

where XP, YP, ZP are the well known tree-dimensional 
coordinates of the terrestrial point, N is the normal 
radius of the cross curvature /a, b are the equatorial 
major and minor axes of the ellipsoid, e the 

T 
N /R, <t' ' J.../ = 7-. 

'l m 
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ellipsoidic excentricity/: 

8
2 2 2 1/2 

N • --------------.1'""7'f = a /1 - e s in <P /
2 2 2 

112 
/a

2 cos <l> + b sin <PI 

The first approximation of 9)
0 

is [Heiskanen-Moritz, 
1976]: 

<?o 
[ z 

-11= arc tg P l/2 /1 - e2/ 
/X2 + y2/p p 

For the next approximation we uee: 

/8/ 

/9/ 

�/1/ = arc tg { 1 l/2 
/X.2+Y2/p p 

ae2 tg <P
0 112]} /10/

where ZP is the third coordinate of the point. The
formula /10/ is obtained from the following fourth 
degree equation: 

The value of tgoef:> can be eubstituted from the previoue 
approximations /three, four iteratione give an accuracy 
of 0,0l";with two iterations andin case of 1000-2000 m 
heights above the sea level the accuracy in h ie 
0,2-0,.3 m/. 

/11/ 
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/Fig. 1/ the orthometric height /H/ of the aurface 

point ie needed, too: 
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/12/ 

The orthometric heighte of the points are determined 
by leveling and gravimetric measurements. 

We made also some control solutions. 0ne of the 
simplest ie the application of the aeries expansion 
[Pick, 1967; Halmas, 1980]. 0ne prescribes an accuracy 
of 0,01 m. Using the three-dimensional geocentric 
coordinates and the r distance between the geocenter 
and the P point for the height above the ellipsoid we 
obtain: 

h + 1 ae2
= rp - a � 

/13/ 

z2 

7 
p 

If N0 is the zero order undulation of the geoid 
in reepect to the reference aystem used in the 
computations, different other undulations can be 
computed ae mentioned with harmonics of the potential, 
deecribing the gravity field, from gravity meaeurements 
on the earth's surface, from the components of the 
deflection of the vertical determined by the astro
geodetic method,- by satellite altimetry, by satellite
to-satellite tracking etc. If the geoid undulation N 

g

N = h - H g 

l 2 e4 + ~ a 

p 
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deduced from the Stokes'law with satellite and gravimetric 
observations and the two terms of the right hand side 
of the Stokes'formula [Heiskanen-Moritz, 1967; P• 210] 

are denoted by NS,M' then we obtain:

/14/ 

which enables us to determain the so-called zero order 
undulation or scale parameter N

0
• In this case the 

major axis of the mean terrestrial ellipsoid is: 

/15/ 

where aref is the major axis of the reference ellipsoid.
The origine of the reference ellipsoid does not coincide 
with the mass centre of the earth, but its axes are 
parallel, and the translational coordinate changes 
/parameters/ of the origine can also be determined by 
using the original formula of Heiskanen-Moritz [1977; 
p. 213]:

cos <f>cos 1'. • c5X
0 

+ cos <f' sin Ä• �Y
0 

+ ein 4> • §z - N +
. 0 0 

The unknowns are the three tranelational parameters 

I <5X
0

, 6Y
0
, 6Z0/ and the value of N

0
• If we know 

gravimetric and absolute g measuremente in some points 
the absolute geoid undulations, the formula /16/ gives 
us a poesibility to determine the unknown values by 
adjustment. In order to transform the relative geoid 

/16/ 

DOI:https://doi.org/10.2312/zipe.1981.063.03



641 

undulations determined by astrogeodetic and partly by 
gravimetric methods of a country into absolute values 
at first we have to know at least in one point the 

N absolute geoid undulation. 
g 

2.12 Results of the experimental investigations and 
further possibilJ!as 

According to the computational formulas presented 
in Chapter 2.11, experimental investigations have been 

carried out. For the computations we used the computer 
HP-2100A of the Geodetic and Geophysical Research 
Institute of HAS, as well as a HP-67 type calculator 
[szadeczky-Kardoss, 1969]. The program can be easily 
adapted for the calculator including the data of the 
ellipsoide used /IUGG-67, WGS-72, Krassowsky 47 etc./. 
The necessary precision is 0,01" in angles and mm in 
distances. For the values of N, the computation using 
iteration and series expansion coincided to l mm 
/only in respect of the accuracy of calculation and 
not in the accuracy of geoid determination/. 

It ie evident that data of different types, i.e. 
geometric and dynamic are advantageously used together 
in the evaluation, or even in the adjustment. As only, 
a limited amount of data ie avaible for the determination 
of an infinite number of serial expansion coefficiente, 
therefore also of the geoid height, the combined 
processing and interpretation is to be preferred. The 
collocation method of Moritz [1973, 1977] contributes 
to a unique solution. Moritz and hie group made 

theoretical and numerical inveetigatione concerning 
several problems. There are several other solutions, 
too. In addition to the correctness of the mathematical 
model, great care is to be taken for the introduction 
of observation resulte having different accuracies and 
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weights, with different variance-covariance matricee 

in a common adjuetment. Thus e.g. calibration errore 

and drifts appear in gravimetric, but also in gradio

metric measurements. In case of the determination of 

the vertical and in gradiometric measurements, errors 

in the initial values may occur. In other cases 

problems of the reference aurface are to be avoided, 

as in case of doppler or altimetric measurements. A 

special problem is the difference between geoid and 

average sea level. Preliminary investigations have 

ehown that the combination of the data and the 

uniform evaluation leads to an increase of the stability 

of the determination of geoid undulations. It should 

not be forgotten that a combination of different type 

measurements results in a eignificant decrease of the 

eystematic and model errors. For smaller countries, 

the astrogeodetic and gravimetric geoid determinations 

remain of basic importance, but they can be supplemented 

by certain geoid heights deduced from doppler observa

tions and absolute g values. Other methods of dynamic 

solution eneure a higher accuracy of the determination 

of the gravity field, and thus contributes to a better 

determination of the geoid surface. 

The different methode for geoid determination are 

eummarized in Table 1. 

J. Some problems connected with the determination of

recent crustal movemente

The definition of a continental, or worldwide 

reference surface of the height systems plays a great 

role in the determination of the recent vertical 

crustal movements. If we are not able to determine 

the absolute reference surface,our vertical crustal 

movements and their velocitiee have only relativ 

character. Variation of the mean sea surface with
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respect to the equipotential geoid can only by directly 
maasured with geodetic levelings between the sea-tidal
points. The sea eurface is time varying and the 

characteristics of these variations are not know, the 
tectonic signal between the points and in the leveling 
networks are unknown, too. Between different seas the 
mean sea surface has a variation of some decimeters 
/0,1-0,6 m/, some times 1-2 meters. Our heights 
determined by leveling are influenced by systematical 
errors of the mean sea surfaces. In this case possibly 
our horizontal measuring results are some times better 
in absolute sense than our heights above the so called 

mean sea surface, or above the equipotential surface 
of the sea level. For a worldwide reference surface of 
the height systems probably new data are needed for 
the traditional sea surface information. In certain 
cases the role of this surface can be realized with a 
good geoid surface. Our real level surface is in this 
case connected with the three-dimensional coordinate 
eystem, where Z gives the vertical and the X, Y plane 
is the level surface. One other way is to use the 
satellite altimetry to provide indications of time 
dependent sea surface variations. Connected with 
gravimetric and earth's tides measurings we gain from 
time to time new informations about the change of 
the mean sea surface. For clearer understanding of 
dynamic phenomena of the sea surface variation we 

must use the results of altimetric and other 
researches, too. 

Ultraprecise measurements have to be established 
in the future for monitoring of crustal movements in 
zones where on time varying aspects the geodesists can 
give some metrical data to support earthquake-prediction 
or the determination of post earhquake movements/�PS/, 
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Adjustment models which are now commonly used in 

some theoretical works allow to give metrical data on 

the change of height in time [Hazay, 1967; Hristow, 

1972; Totomanov, 1978; Bacsatyai, 1976]. An adjus tment 

program gives the changes of the heights and the 

velocity vector. It is also possible to produce an 

adjustment model for the simultaneous determination of 

the velocity surface, or the dynamic change of the 

surface. Such a model can be produced easyly by using 

the spline functions for this cases [Zavoti, 1979] 

/Fig. 2/. This is suitable for the presentation of 

digital terrain models and for the demonstration of 

four dimensional modele with the changes in one or 

more dimensions [Halmos, 1974]. 

The application of a geokinetical adjustment 

method for the determination of the velocity vectors 

gives us useful informations on a time-varying algebraic 

surface describing. For this case we use every 10-15 

years repeted leveling and controlled tide gauge data 

and the results of the geoid determination, too. If 
we will make efficient geodynamic investigations we 

have to monitor the height and gravity variations with 

time. In the future it is very useful if we can complete 

the measurements for vertical crustal movements in sorne 

points with the measuring of the secular changes of 

gravity and ea.rth's tides. For this case we have to 
give a complete adjustment model, too. 

For the determination of the fundamental characteristics 

of recent crustal movements in space we have to study from 

the dynamical point of view not only the tectonic effects, 

but the aeismic effects, too. The elastic deformation 
of the earth crust and the deformation of the equipotential 

surface /changes of gravity/ have not only tectonic but 

technogen /human activity/ origin too. Thus in the future means
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we have to complete our gravity and height measurements 
with the determination of the two horizontal components, 
too, that is to design a three dimensional precise 

control network which we have to remeasure from time 
to time in connection with the expected activity of the 
movements. The investigations show that in many cases 
luckily there is only a little uplift /4-5 mrn/year/ and 
we have greater movements only in a small part of the earth 
surface due to tectonic effects, active faults, seismic 

impulses and technogen sources [Vysko�Hl-Zeman, 19791 
[/mining coal, oil, water etc./, disturbing water masses 
/da:tn lake/ etc.] •. For the metric determination of this 
deformations we have to use in addition other physical, 

geophysical and geological observations and methods 
[Barta, 1975; Bir6, 1973; Somogyi, 1978]. Till now it 
is not known in detail how the geotectonic and other 
changes within the earth crust to the measurable 
quantities at the earth's surface are related. In the 
future geodesists, geophysicists, astonomers and geo
logists have to cooperate closely to clear this problem. 
For example how can the geodesist fix his bench mark so 
that the determined movements can be considered either 

as a tectonic movements or as a random displacement of 
the observation stations /points/. Not at least we have 
to determine not only the movements and velocities but 
the periodic elements of the movements, too. That means 
that we have to extend our investigations to the field 
of instrumentation, of different methods with different 
kinds of systematical effects /certain physical 
influence/, not at least supplement them with methods 

of better reliability and sensitivity mathematically 
and statistically well established for sufficient 

interpretations of the results. An excellent eummary of 

geodynamical effects connected with the time variation 

ie give·n in Moritz's new book "Advanced Pbysical Geodeey• 

/Wicbmann, 1980/. 

-----------------
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4. Conclusion

Different methods to derive the geoid required are given 

for better reduction of the geodetic measurements 

/distances, directions, angles etc./. An up-to-date 

geoid can be used for redefinition of a world wide 

vertical reference system, too. For a good determination 

of the geoid everywhere, it is necessary to combine the 

astrogeodetic, the gravimetric methods with satellite 

technics /doppler, altimetry, satellite to satellite 

observations etc./. For this case a combined semi 

dynamical mechanical mode adjustment method can be 

utilized. 

A basic problem in the techniques for detecting 

the vertical crustal movement is to eliminate from the 

different sea level data the marine dynamic phenomena, 

the eustatic changes and the secular variations of sea 

level. We have also to obtain that the geoid surface is 

till now uncertain, too. Combining of both methods can 

give a better solution for this problem. 

On the basis of precise gravity and absolute g 

change measurement can yield information about the 

diatribution of the deformation in space. Combining 

the gravity changes with the hight changes gives a 

better determination of elevation changes and constraim 

the interpretation of the deformation. Precise gravity 

measurements for geodynamics have to reobserve with the 

vertical and horizontal measurements/in function of the 

changes every 10-15 years/. 

The geodesy have to measure the long-term trends 

of our old earth in a relatively very short time. 

The geoid need the knowledge of the density distribution 

of the Earth's surface. We need a good value of the gravity 

potential too. 
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Zusammenfassung 

Der Verfasser gibt einen kurzen Vergleich der ver

schiedenen Geoid-Bestinunungs-Methoden. Die Untersuchun

gen auf dem Gebiete der Geoid-Bestimmung mit Satelliten

Beobachtungen werden analysiert. Die mathematischen 

Probleme, die Möglichkeiten der Genauigkeits-Steigerung 

und Methoden der Auswertetechnik werden in Zusammenhang 

mit den verschiedenen Methoden erörtert. Die mathemati

schen Probleme für die Höhenbestimmung Uber das 

Ellipsoid, sowie praktische Beispiele mit Anwendung von 

Poly·nomen und Iterations-Verfahren zur Geoid-Bestimmung 

werden angegeben. 

Es werden einige Fragen in Zusammenhang mit den 

rezenten Erdkrusten-Bewegungen, sowie geodynamischen 

Prozessen diskutiert. 

-
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Fig.2a.Velocity surface rn units 15mm/ 10 years /horizontal units 10 kM/ /second measuring/ 
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Fig.2b. Velocity surfoce in units1,0mm/'2.0 years /horizontal units IOkm/ /third measuring/
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Fig. 2c. Acceleration surface in units 5mm; 20
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years / horisorital units 10 km/ / between f i rst and third meosuring/. 
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Methode zur Gangelimination bei sehr langen Reihen von Gravi

metermessungen 

Martina Harnisch 

Summary: The gravimetric data from a five years regietration se
riee performed with an Askania Ge 15-gravimeter at Potsdam forme, 

after elimination of the main tidal wavee, the basis for an in
veetigation of long-periodical tidal and non-tidal gravity Va

riations. 

From technical reasons the data eeries containe several blocke 

separated by gape producing jumpe in the data levels. At the be
ginning of the investigations it is necessary to determine and to 
correct the arbitrary differences in the data levels and to fill 

the gape. The drift function was approximated by a polynom of 
third degree and a harmonic term with a period of about one year. 
In a further step the importance of other periods down to a half 

year for the description of the drift function is discussed. 

Pesme: IIp:a: DOMODtH rpaBBMeTpa AcRaHBJi rc I5 B IlOTC,ztaMe DOJ.IytJHJIH 

,l:J,JIMBAII pfi.n .nammx .n,nfI cpoKa 60J1Dme 'ieM 5 JieT. 3a Bl:il'ieTOM rJIB.B

HJ:a npBJIHBma BOJIH 8TOT pa.zt HBBJICSI OCHOBa.HHeM HCCJI8,ItOBaHd .nmm

HO-nep:rao,nma rpanHMeTpH'ieorn Bapmaqd npBJIHBaoro H aenpllJlllBHoro 

po.na. 

IIo 'l'eXBJAeoltllM npIAHHaM TaROI pi.lt OOCTOHJI H3 H8KOTOpHX 6JIOROB 

�AHHiiX, pas,IteJHeWIX pa8plilBaMH ll ORa'iR8MJI op,ItllHaT. CHa'iaJia H8,I(O 

6WIO onpe.neJHTb K HCnp8l3JlfiTb 8'l'R ORa'iRH H BlillOJIBflTb paapumz o 

AdW der DDR, Zentralinstitut für Physik der Erde, Potsdam 

-
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mrrepDOJmpOBSHHHMB ,D;aHmlMH. IIOTOM ypaBHIIBaJill 1te.mdt PflJt M8TO,D;OM 

H8BM8HblIIBX KB8.Iij)8TOB, HODOJID8y& DOJIJIHOM Tp8Tb8I OTeDeHH H rap

MOBJAeoxd ueH, nepHO.zt ROTOp0I'O npH6Jm3JIT8J.IDHO pa.BHO OltHOMY 

I'O'JJY. TaRllM o6paSOM ßOJll"llUßf aHBJIHTIA80ROe Blip8lt8U:e .n;pe�. 

]laJI:&me 8aHHM8JIHOD BJI&HJ18M .It068.BO'tJHHX ueHOB, HM8l>DVIX nepllO,ItH 

He xopoqe DOJII'OltH, Ha npe.ztoTaBJiemm q,ymanm .l{Peiq>a. 

An der Gezeitenstation des Zentralinstituts für Physik der Erde 

in Potsdam wird seit März 1974 mit einem Gezeitengravimeter 

Ge 15 digital registriert. Elstner und Dittfeld haben darUber 

mehrfach berichtet /1/, /2/. Es wurde dafür Sorge getragen, eine 

lange Beobachtungsreihe zu gewinnen mit möglichst wenigen und 

möglichst kurzen Unterbrechungen. Inzwischen hat der Registrier

zeitraum eine Länge erreicht, daß man daran denken kann, neben 

einer eingehenden Analyse im kurzperiodischen Gezeitenbereich 

auch Methoden zur Bestimmung von langperiodischen Tiden und 

langzeitigen nicht gezeitenbedingten Schwereänderunge� zu ver

suchen. Dazu ist es aber unerläßlich, zuvor das Gangverhalten 

des Instruments über die gesamte Beobachtungszeit genau zu er

fassen und in analytischer Form so darzustellen, daß es möglich 

ist, die Meßwerte vom Gang zu trennen. 

Ausgangsmaterial für die Gangbestimmung sollte die Restkurve 

sein, die Differenz zwischen den ursprünglichen Meßwerten und 

den aus der Chojnicki-Analyse über den gesamten Meßzeitraum ge

wonnenen ganz-, halb- und dritteltägigen Gezeiten. Sie enthält 

vor allem den Instrumentengang und die langperiodischen Gezei

ten, nicht gezeitenbedingte Schwereänderungen und Meßfehler. 

Aus praktischen Gründen wurden stattdessen die Summen aus dem 

vor der Analyse abgezogenen Percev-Gang und den bei der Analyse 

berechneten Residuen für jeden Meßzeitpunkt als Restkurve ver

wendet. 

Der gesamte Zeitraum der Chojnicki-Analyse beträgt mehr als fünf 

Jahre und reicht von März 1974 bis Juni 1979; er enthält fast 
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40000 stündliche Meßwerte. Diese und damit auch die Restkurven

werte liegen in elf Meßblöcken unterschiedlicher Länge vor -

der längste 1 1/2 Jahre lang, der letzte wird weitergeführt -

mit Lücken von wenigen Tagen bis zu einem Monat (alle zusammen 

etwa 4800 Werte)(Abb. 1). Eine längere Lücke von einem halben 

Jahr Dauer wurde notwendig wegen Vergleichsmessungen im ersten 

Halbjahr 1975 an der Station Pecny (CSSR) im Rahmen der Zusam

menarbeit innerhalb der KAPG. Diese Lücke konnte dadurch ge

schlossen werden, daß die in Pecny gewonnene Restkurve in die 

Restkurve von Potsdam einbezogen wurde. Das erscheint gerecht

fertigt, weil sich der Gang des Gravimeters, wie er in Pecny be

obachtet wurde, gut in das in Potjdam beobachtete Verhalten des 

Instruments einfügt und entstehende Unstimmigkeiten deshalb si

cher geringer sind als die bei einer Interpolation über eine 

derartig lange Lücke entstehenden. Zu den elf Meßblöcken aus 

Potsdam kommen deshalb noch sechs wesentlich kürzere aus Pecny 

zwischen dem 5. und dem 6. Block (zusammen ungefähr 1500 Meßwer

te). 

Dieses Datenmaterial war zu einer Restkurve ohne Lücken und 

Sprünge zu vereinigen und davon eine gut angepaßte, analytisch 

dargestellte Gangfunktion zu gewinnen, um schließlich eine lük

kenlose, gangbefreite Restkurve zu erhalten, auf die die ver

schiedensten Interpretationsverfahren angewendet werden können 

ohne Rücksicht darauf, ob die betreffenden Methoden ein lücken

loses Datenmaterial als Arbeitsgrundlage erfordern oder ni.cht. 

Erste Informationen über das Gangverhalten des Gravimeters er

gaben sich aus den Beträgen der Verstellungen an der Meßspindel, 

aufgetragen als Funktion der Zeit (Abb. 1). Die so erhaltene 

Kurve läßt sich im vorliegenden Falle mit verhältnismäßig guter 

Annäherung durch ein Polynom dritten Grades, dem ein harmoni

scher Term mit einer Periode von ungefähr einem Jahr hinzugefügt 

ist, daretellen. Zur Interpolation der fehlenden Werte in den 

verhältniemä.ßig kurzen Lücken dagegen konnte ein reiner Polynom

ansatz genügen. Die Restkurvenwerte der Blöcke vor und nach der 

jeweiligen Lücke wurden durch ein gemeinsames Polynom ausgegli

chen und dabei dem zweiten Block noch ein zusätzliches Absolut

glied hinzugefügt, das dem willkürlichen Ordinatenversatz zwi-
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sehen beiden Blöcken entspricht und als Sprungkorrektion am 

zweiten und allen nachfolgenden Blöcken angebracht wurde. Die

ses Vorgehen führte zu guten Ergebnissen, wenn die Meßblöcke 

nicht allzu lang waren . Bei langen Blöcken wird der Charakter 

des Polynoms stark von den Kurvenbereichen bestimmt, die weit 

von der Lücke entfernt liegen, und es kommt zu größeren Sprün

gen an den Stoßstellen zwischen Meßblöcken und Lücken. Deshalb 

wurden nur die Restkurvenwerte von maximal zwei Monaten vor und 

nach der Lücke für die Interpolation herangezoeen und auf diese 

Weise eine bessere Anpassung erreicht. Ob eine maximale Block

länge von zwei Monaten optimal ist, kenn dabei noch erprobt 

werden. 

Mit den durch eine derartige paarweise Ausgleichung erhaltenen 

Sprungwerten wurden die gegenseitigen Ordinatenversätze der 

Blöcke korrigiert und mit den Poynomkoeffizienten stündliche 

Werte in die Lücken interpoliert; Die so erhaltene Restkurve 

(in Abb. 2 sind Tagesmittel davon fUr jeden 30. Tag aufgetragen) 

hat eine große Ähnlichkeit mit der Kurve der Meßspindelverstel

lungen, so daß sich auch hier der aus einem Polynom dritten Gra

des und einem harmonischen Anteil mit etwa Jahresperiode beste

hende Ausgleichungsansatz für die Darstellung verwenden läßt. 

Um die Schwierigkeit zu umgehen, daß die Periode oder Frequenz 

des harmonischen Anteils nicht linear in den Verbesserungsglei

chungen enthalten ist, und doch eine Periode zu erhalten, die 

dem Datenmaterial am besten entspricht, wurde iterativ vorgegan

gen. Als Kriterium für die beste Annäherung dient die Summe der 

Abweichungsquadrate, die für die richtige Periode ein Minimum 

ergibt. Für die vorliegende Restkurve wurde eine Periode von 

359,4 Tagen mit einer Amplitude von 716.10-8 m•s-2 gefunden. Die

Gangfunktion lautet 

Y
a

(t) = 9630,992 2 + 5,66738B•t - 0,0023677615•t2

+ 0,78741510•10-
60t3 + 713,45435•cos 0,01748243 •t

+ 57,711578•sin 0,01748243•t

Sie ist in Abb. 2 durch die ausgezogene Kurve dargestellt. Die 

Anpassung an die Restkurve ist im ganzen gesehen gut, es läßt 
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sich aber auch erkennen, daß der verwendete Ansatz dem wirkli

chen Kurvenverlauf noch nicht vollkommen entspricht. Das wird 

besonders deutlich in den Teilen der Kurve, in denen der harmo

nische Anteil vorherrscht. Dementsprechend zeigt die gangbefrei

te Restkurve noch eine ausgeprägte lange Welligkeit mit beträcht

lichen Amplituden, und eine Spektralanalyse bestätigte, daß die 

Restkurve noch harmonische Anteile mit Perioden von mehr als 

einem halben Jahr mit größeren Amplituden enthält. 

Die gangbefreite Restkurve wurde deshalb nochmals einer Reihe 

von Ausgleichungen unterzogen, wobei in den verschiedenen in 

Frage kommenden Periodenbereichen nach Minima der Summe der Ab

weichungsq·uad.rate gesucht wurde. Dabei fanden sich noch sechs 

weitere Perioden mit zum Teil beachtlichen Amplituden zwischen 

180 und 700 Tagen. Sie sind in Abb. 3 dargestellt. rber ihre 

Herkunft läßt sich zunächst, genauso wie bei der Jahresperiode 

nichts Näheres aussagen. Die Abbildung enthält außerdem die 

größten der langperiodischen Tiden, aber in einem größeren Or

dinatenmaßstab. Die Gefahr, durch die Gangelimination auch in

teressierende Tiden mit zu beseitigen� besteht offensichtlich 

nur für die Wellen SA und SSA. Analysenversuche im Bereich der 

vierzehntägigen bis monatlichen Wellen und vielleicht auch der 

Chandler-Periode können dagegen erfolgversprechend sein. 

Die nun.�ehr erhaltene gangbefreite Restkurve (Abb. 4) kann als 

Grundlage fUr die verschiedensten Verfahren dienen, die sich 

für die Auswertung von Zeitreihen eignen. Zum Beispiel ist an 

die Chojnicki-Analyse hinsichtlich langperiodischer Gezeiten ge

dacht, wobei sich die Anwendung der Nullpunkt-Methode erübrigt. 

Weiterhin kommen verschiedene Verfahren der Spektralanalyse oder 

Stapelungs- und Faltungsverfahren in Betracht. 

Ergänzend sei noch gesagt, daß alle Rechenarbeiten auf einer 

EDV-Anlage ESER 1040 in der Programmsprache FORTRAN durchgeführt 

wurden und daß vor der Ausgleichung der Gangfunktion eine Daten

verdichtung durch Tagesmittelbildung erfolgte, weil eine Daten

menge von nahezu 2000 Werten für die Ausgleichung nach der ge

wählten Funktion vollkommen ausreicht und rechentechnisch we

sentlich bequemer zu handhaben ist. 

-
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Indirect effects at station Ksi§Z 

by 

Marek Kaczorowski 1)

lJltroduction 

The eftect of the gravity fields of the eolar syatea 

bodies on the t_errestrias matter cauees many direct ancl 

indirect eff'eet auperposing on the tidal obeervations. 

Tidal f'orees affecting the atmosphere, hydrosphere and 

solid Earth deform these environments. 

Ip. the paper the Corkan's method of the phenomenon 

determination is used based on empirical assumptions and 

estimatea of effects of oceans surrounding the observation 

point. Obtained results show that a great axis of residual

ellipse is almost perpendicular with the Sudetes •� the 

station Ksi�z. The ratio of lenght of the residual ellipse 

axia is 1/10 what is caused by isotropy of the indireet 

effect in Ksi�z. 

The Corkan's method of calculation of indirect effecta. 

Seisr:tic and tid�y investigations of elastic propertiea 

667 

of-the Earth Glob show that Earth solid state deformations 

connected with semi-diurnal tides can be treated as equilibrium 

and elastic processee with good accuracy. 

Variations of direction of vertical generated by semi-diurnal 

tide wave are vector eum of direct and indirect effects. 

1) Space Research Centre, Polish Academy of Science
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Therefore we can write the following equations for any two 

semi-diurnal waves. 

'[ 1 E 1 c o s; w 1 t + � tf 1 / = 0 1 E 1 c o s; w 1 t 1 + r 1 c o s / lv 1 t + 11 /
� 

'( 
E cos/W t+ �<D / = V- E cos/ uJ t/ + I cos/C,J t+i /

2 2 2 12 D 2 2 2 2 2 2 

/1/ 

Direct effect related to Earth solid state deformations describes 

the first component of sum. In ac.cordance with assumption of 

elasticity of glob deformationj, this constituent is not shift 

phase in relation to tide wave. The second component performs 

indirect effect which is shift phase. 

Assumptions ofelastic deformations ·of Earth solid state imply 

directly proportional relations between amplitudes "E" semi

diurnal tide waves and amplitudes "y; E" of direct effect. 
iJ 

Hence: 

======) /2/ 

The Corkan's method contains additional assumption also connected 

with elasticfty. Earth's crust deformations caused by variations 

of sea load are directly proportional to amplitude of sea tide wave. 

Hence: 

r, Amplitude of sea wave 
/J/ 

I2 Amplitude of sea wave II 

From equationa; /1/, /2/, /3/ we can find unknowna . ·r• '

r, ' I2, 1
,

, 1
2

. 

I 
-= 
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An additional difficulty occurs when calculating the ratio /3/

determined for a given point in which a measurement i� influenced 

usually by the indirect effect of several near eeas of different 

ratio of sea wave amplitudes. 

Comparison of the results obtained in the stations: Freiberg, 

Brezove Hory, Ksi§Z• 

Observatory stations: Freiberg, Brezove Hory, Keiqz are relatively 

near. Distance between them is of the order of one hundred kilometre. 

So we can suppose that indirect effect of global scale 

connected with the Earth ocean is just the same in all stations. 

aatio /3/ ought to be similar in Freiberg, Brezove Hory and Ksiqz 

also. 

Component N-S Component E-W

N2 N2 
·- = 0.204 = 0.192 

M2 M2 

S2 S2 
= 0.40 = 0 • .303 

M2 M2 

The values of ratios presented above were found taking into 

account influence of the following seas: Baltic Sea, the North Sea, 

the Norway Sea, the Irish Sea, the Adri�tic Sea, the Mediterranean 

Sea and the North-East Atlantic. 

The North Sea, Irish, Sea and the North-East Atlantic only have 

great importance becauae of their activity / absolute value of 

sea wave M2 /, surface and distance from the observatory station. 

It seems that ratio values used in calculations were determined 

asswning an importance of the North Sea lese than a real one. 
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compariaon ot coefticents rot indirect effect and coetticenta

I ot J12 wave assigned 1n stationas Preiberg, Brezove Bory,and 

Kai�i 1s preeented 1n .table I.

Station 

Solution 

M2/N2 

M2/S2 

S2/N2 

Weight 

average 

.. 

Table I 

Freiberg' Brezove Ksi�z 
Hory 

Freiberg Brezove Ksi�z 
Hory 

Component N-S Component E-W 

o.665

o.665

The values of coefficents 0 

0.765 

0.752 

0.761 

0.563 

0.106 

0.718 

0.559 

0.557 

0.718 

o.647

O.l45

__ ,.. __

o.6ao

o.640

0.717 

----- i 0-. 679 

o-667

---.--

0.760 

0.683 o.679

Solution The values of coefficente I of 142 wave in milisecond 

112/N2 

M'.2/S2 

S2/N2 

Weight 
av:erage 

1 .44 1 o.66 

0.75 

o.69

0.79 

0.59 

o.65

o.aa

0.90 

0.63 

0.16 

1. 
1 1.33 

0.98 

0.89 

1.-20 

1.16 

0.94 

2.29 

1 .17 1 .16 

-1 

' 

,, 

1 .44 
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Average values statement of shift phases of indirect effect 

connected with M2,N2,S2 waves for three stations are 

contained in table II. 

Table II 

Component: E-W p Compone�t N-S

Wave i M2 N2 S2 142 N2 S2 

Freiberg 184.0 -48.0 ----- 140.0 106,0 -----

Brezove 41.0 -90.0 -21.0 185.0 4.0 224.0 

Hory 

Ksi�z -50.5 -24.2 ----- . -32.9 -21.9 -21.5

Results presented in tables I and II. indicate the great differences 

between the stations: Freiberg, Brezove Hory and Ksi�t. 

In the station Ksiqz there are double physical solutions for 

the component N-S of all waves combinations. 

This suggests that for the component N-S indirect effect is very 

little perturbed as F.si4z station would be a coast atation. 

For Freiberg station only one physical s·olution for N-S component 

for M2/N2 combination was found. Single solutions for M2/N2 and 

S2/N2 combination were found in Brezove Hory but mean value of 

factor is different by 0.1 in relation to the other stations. 

Inverse situation exists for E-W component. In Ksi�z station only 

one physical solution for M2/N2 combination was �ound while in 

Freiberg there were three solution for M2/N2, S2/N2 and S2/N2 

combinations. Two combinations M2/S2 and S2/N2 are physical in 

Brezove Hory. A particularly essential difference between 

components occurs in Ksi�z. 

1 
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For in the Ksiqz there are.six physical solutions for N-S 

component we suppose that indirect effect is little disturbed in 

this direction, inversly to E-W copmonent disturbed very much. 

comparing weight average of coefficients f we can see that for 

the component N-S similar val�es were obtained in Freiberg and Ksiijt 

/ difference 0.02 / whereas value of 'f in Brezove Hory for this 

component is greate by 0.1 from the others. For the component -E-W 

similar values of coefficient 'f are in Brezove Hory and Ksi�z 

/ di:fference o. 004 /. In Frei bereg value of O for this component 

differs by o.OJ from the others. A good agreement was obtained 

between values of coefficient I of the component E-W, the value of 

which is 1.18 msec. on the average and a greater difference of 

�bout 0.04 msec. is between Freiberg and Ksiqz, This result indicatee 

to a similar in intensity influence of a sea on tilting observations 

in all stations for the component E-W. Results obtained for the 

component N-S are different. In Brezove Hory and Ksi�z the indirect 

effect amplitude is much more lese for this component whereas in 

Freiberg amplitudes of both components are similar. The resirual 

ellipsoid obtained in Ksiqz is distinctly prolate towards SW-NE. 

It is great axis is about ten times greater than the small axis 

and is 1.15 msec. / Fig.1 /. 

/ 

/ 

O OS ! MSEC 
1-1--.---tl-

w 

/ 

Fig.1 
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rn,Figure 1 the arrow shows the directien of vertical variation 

connected with the indirect effect at the moment when on the North 

and Irish Sea the t ide of sea wave M2 is -maximal. Delay of the 

maximal vertical variatio in Ksi�z is about 15° 
in relation to the 

maximal sea tide on the ahelf. This small diff.erence of maxima shift 

can indicate to the essential role of the North Sea of the indirect 

effect in the ar�a ot Europa, the whole area of the sea being in the 

continental shelf. Other important factors influ�ncing the indirect 

effect are main tectonic elements nearby observatio stations / Fig.2/. 

SALTIC 

Fig.2 

.,· 

: NORTH>. 
SEA J 

SEA 

-
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In Fig.2 we c·an see a distinct connec-tion between shapes and 

places of residual ellipses of all thr-ee stations and near 

mounta.in ranges 't;:>eing main tectonic elements of the E'lrth' s 

crust near the stations. Using in calculation of the indirect 

etfect elastic modele of t!e Earth glob the scale of which makes 

introduction @f local tectonic elements impossible it is 

probable that the error of determination of this phenomenon would 

be not less than 1 msec. Thus it seems necessary to construct 

elastic modele which, having the scale of the order of thoueands 

of kilometers would take into account the local tectonic 

elemente together with reeults from global modele and would give 

·a better picture of the phenomenon.

Corkan R.H. 

Corkan R.H. 

•elchior P.
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Abstract: Model investigations on the deep structures of the terre
strial globe baset on tidal observations need the removal of influ
ence of local effects connected with a pesition ef an observational 
etatien from these observations. Knowledge. ef t-he oceanic indirect 
effect is especially important. In the paper the Corkan's method of 
the phenomenon determination is used. Obtained results sheWi a streng 
cennection of the indirect effect with the regional tectonic struc
ture. A great axis of residual ellipse ef this phenemenon at the 
Ksiaz station is almest perpendicular with the Sudetes. 
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THE CONTRIBUTION OF ALFRED WEGENER TO GEODYNAMICS 1 )

H. Kautzleben, Potsdam

In 1980 we keep the hundredth anni versary of the birth and 

the fiftieth anniversary of the death of ilfred Wegener, 

675 

who as the first in January 1912 in Frankfort/Main and Mar

burg respectively stated in his lecture·s the hypothesis of 

the drift of the continents. Half a century later with 

astonishing small modifications this hypothesis was combined 

with that of ocean-floor-spreading, from what was developed 

the hypothesis of plate-tectonics, which nowadays is used 

by most of the geoscientisists all over the worla as the 

starting point for the description of the kinematics of the 

lithosphere. 

On the base of still a very incomplete observational 

material Alfred Wegener discovered already essential elements 

of plate-tectonics describing them respectively for the first 

time under mobilistic points of view, e. g. the basic 

difference between the continental and the oceanic crust, 

the fracture of the continents and the rising of the high 

mountains in connection with the drift of the continents. 

A leading pa.rt in his considerations took the gravimetric 

measurements, which were at that time closely connected to 

the ideas of isostasy. The hypothesis of the drift of the 

continents was used for the interpretation· of palaeogeo

graphic, palaeobotanic and palaeoclimatic in:formations. 

A. Wegener recognized the relations between the drift of

·the continents and the polar wanderings. Natural1y he could

not find out the physical reasons for the drift of the

continents. By this insolved problem the promising hypothesis

became ignored during the thirties and not till the fifties

by new observational material the hypothesis was stimulated

again.

1)
Erschienen in: Vermessungstechnik, Berlin 28(1980)11, S.377-
378 und Gerlands Beitr. Geophysik, Leipzig 89(1981)5, 
s. 353 - 356

-
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Latynina, L. A.; Karmaleeva, R. M.; Harwardt,H.; Simon, D. 

Über die Ergebnisse von Strainmetervergleichsregistrierungen 

in Tiefenort 

abstract 
Two strainmeters of different type installed in the same azimuth 
East-West at a distance of five meters of each other are operating 
simultaneously since 1978 at the Earth tide station of Tiefenort. 
The first instrument, a 25.7 m quartz tube strainmeter with a 
fotoelectric transducer, was constructed by L. A. Latynina. The 
second one, a 25.0 m wire strainmeter with an inductive trans
ducer, was designed by H. I-Iarwardt. 
The recordings of both the instruments gave rise to some con
structional and methodical modifications to improve the tidal 
results and the informations on long periodic ground deformations. 
Due to the improved accuracy of the strainmeter data and the 
favourable geographical position of the Tiefenort station promising 
estimations of the ocean tide effects on the diurnal and semi
diurnal tidal constituents were possible. 

Zusammenfassung 

Seit dem Jahre 1978 registrieren an der Erdgezeitenstation Tiefen
ort zwei Strainmeter von unterschiedlicher Bauart gleichzeitig 
und parallel zueinander. Sie wurden 5 Meter voneinander entfernt 
im Azimut EW installiert. 
Das erste Instrument - ein 25.7 m langes Quarzstangenstrainmeter 
mit fotoelektrischem Transducer - wurde von L. A. Latynina kon
struiert. Das ,zweite - ein 25.0 m langes Drahtstrainmeter mit in
duktivem Meßwertabgrif� - hat H. Harwardt entwickelt. 
Aus den Registrierungen der beiden Instrumente konnten Anregungen 
zu konstruktiven und methodischen Verbesserungen gewonnen werden, 
welche zu Genauigkeitsverbesserungen bei der Beobachtung der Ge
zeitenparameter sowie der langperiodischen Bodendeformationen 
führten. Darüberhinaus ermöglichten diese Genauigkeitsverbesserungen 
sowie die günstige geografische Lage der Station Tiefenort auch 
relativ genaue Abschätzungen der Meeresgezeitenwirkungen mit halb
und ganztägigen Perioden. 

L. A. LATYNINA
R. M. KAR.t\>IA.LEEVA

H. HARWARDT
D. SIMON

Institut für Physik der Erde 
SSSR - Moskva, Bolschaja Gruzinskaja 10 

Zentralinstitut für Physik der Erde 
DDR- 1500 Potsdam, Telegrafenberg A 17 · 
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1. Ziel der Vergleichsregistrierungen

Im Rahmen der KAJ?G wurden auf der geophysikalischen Untertage

sta.tion Tiefenort des Zentralinstitutes fiir Physik der Erde der 

Akademie der Wissenschaften der DDR Parallelregistrierungen von 

strainmetern unterschiedlicher Bauart durchgeführt. Zum Einsatz 

kamm.en ein Invardrahtstrainmeter mit induktivem Transducer aus 

der DDR und ein sowjetisches Quarzstangengerät mit fotooptischen 

und fotoelektrischen M:eßwertabgriffen, das in den letzten Re

gistriermonaten ebenfalls noch mit einem induktiven �eßwertgeber 

ausgerüstet wurde. Ziel dieser Beobachttmgen war es, mit Hilfe 

der sich gegenseitig kontrollie�enden Instrumente unterschied

licher Bauart sowohl geophysikalische Informationen über Lang

zeitdeformationen des Gebirges als auch über die gezeitenbeding

te� Krustendeformationen zu erhalten. Darüber hinaus sollten aus 

dem Gerätevergleich Anregungen zu konstruktiven und methodischen 

Verbesserungen gewonnen werden. 

2. Vergleich der Nullpunktsgänge der Parallelinstrumente

Auf dem Territoriu;n der Sowjetunion werden die oben genannten 

Quarzstangeninstrumente in erster Linie zur meßtechnischen Er

fassung der im Instrumentengang enthaltenen sogenannten langsamen 

Deformationen eingesetzt. Diese Langzeiteffekte erreichen in 

seismisch aktiven Gebieten jährliche Beträge bis zu 10-5• Im Salz

berewerk Tiefenort werden geringere Jahresgänge der langsamen De

formationen beobachtet. Das ist der Abb. 1 zu entnehmen, die die 

Nullpunktsgänge der beiden in Tiefenort registrierenden Parallel

instrumente enthält. Die genannten Strainmeter registrieren 5 m 

voneinander entfernt beide im Azimut Erl. 

Im Diagramm sind die relativen Abstandsänderungen zwischen den 

Endbolzen des Drahtinstrumentes (Draht) und denen des Quarzstangen

strainmeters (Stange) in den dimensionslosen Einheiten 10-8 für

die Zeit von Januar 1978 bis Februar 1979 aufgetragen. Aus der 

Darstellung geht hervor, daß im Laufe eines Jahres von beiden 

Instrumenten keine größeren relativen Abstandsänderungen als 

5 x 10-7 aufgezeichnet wurden. Das entspricht bei einer Länge

des Drahtinstrumentes von L = 25 '11- einer Abstandsänderung von 
L = 1,25 x 10-5 m.

Die Abweichungen zwischen den Gangkurven der beiden Strainmeter 
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weisen au:f eeretebadingte Verfälschu..11gen hin. So wird angenommen, 
daß der etwa um den Faktor 5 größere Gang des Drahtinstrumentes 
elektronisch bedingt ist. Als Hauptursache wird die noch unbefrie
digende Nullpunktsstabilität des verwendeten Meßverstärkers N 2 301 
angesehen. Um zu einer genaueren Aussage zu kommen, werden gegen
wärtig die zwischen den Endbolzen des Stangenstrainmeters auftre
tenden Abstandsänderungen simultan einmal mit und einmal ohne 
elektronischen Verstärker registriert (induktiver bzw. fotooptischer 
:Meßwertabgrif:f). Über das Ergebnis dieses Versuches lcann z. z.

leider noch nicht berichtet werden, da derartige Parallelregistrierunge 
notwe�digerweise über einen längeren Zeitraum hinweg laufen müssen. 

3. Die verwendeten Eichmethoden

Zur Eichung des von II. HARi'fARDT entwickelten Drahtstrainmeters
wird bei niedriger Verstärkerstu:fe mit einer :isrikrometerschraube eine 
definierte Längenänderung erzeugt u..�d der Eichwert im Rahmen der 
Verstärkergenauigkeit auf höhere Stufen übertragen. HAR�ARDT schätzt 
die auf diese vieise erreichbare absolute Eichgenauigr::eit der Strain
meterbeobachtungen mit dem Drahtinstrument auf etwa t 5 %. Zur 
:fortlaufenden Erfassung der zeitlichen Änderungen der Eichwerte 
dient eine magnetostriktive Kalibriervorrichtung. Einmal täglich 
wird mit ihrer Hilfe auf dem Registrierstreifen ein �ichimpuls von 
etwa 50 mm� 0.4fv111 erzeugt, der sich mit einer relativen Genauig-
keit von etwa: 1 % (bei digitaler Registrierung! o.2 %) ausmessen 
läßt. Die im Laufe eines Beobachtungsjahres festgestellten relativen 
Änderungen der Eichwerte betragen bei allen in Tiefenort registrierenden 
Drahtstrainmetern nicht mehr als 3 - 4 %.

Das von L. A. LATYNINA konstruierte Stangenstrainmeter wird mit 
Hilfe des direkten fotooptischen Meßwertabgriffes geeicht. In Abb. 2 
ist das Prinzip dieser Beobachtungsmethode zu sehen. Ein zylin
drischer Rollkörper liegt dabei auf einer horizontalen Platte unter 
dem freien Ende des Stangenstrainmeters so nahe an der Quarzstange, 
daß er von ihr bewegt werden kann. Am zylindrischen Röllchen von 
0.48 mm Durchmesser ist ein kleiner Spiegel befestigt. Verschiebt 
sich nun die Quarzstange relativ zur Grundplatte, beispielsweise 
infolge einer kurzzeitigen Längenänderung des magnetostriktiven 
Eichgebers, der zwischen dem Endbolzen und der Quarzstange am festen 
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Ende des Strainmeters angebracht ist, so dreht sich das Röllchen· 

und damit auch der Spiegel. tTher einen etwa 1. 5 m langen Licht-

zeiger wird diese Bewegung vergrößert und fotografisch aufgezeichnet. 

Der mit Hilfe der magnetostriktiven Kalibriervorrichtung erzeugte 

Eichimpuls beträgt normalerweise etwa 0.2 �-m � 1 mm auf dem Re

gistrierstreifen des direkten fotooptischen Abgriffes. Er ermöglicht 

damit eine Genauigkeit der Absoluteichung von etwa t 10 %. Der Eich

impuls erscheint mit größerer Amplitude (20 - 30 mm) noch einmal 

auf den Registrierstreifen des stärker auflösenden fotoelektrischen 
Abgriffes und wird hier zur fortlaufenden Erfassung der zeitlichen 

Änderungen der Eichwerte benutzt. Die Kalibrierung erfolgt zweimal 

täglich. Dabei lassen sich die relativen Änderungen der Eichwerte etwa 

auf 1 - 2 % genau bestimmen. Im Gegensatz zu den Eichwerten des 

Drahtstrainmeters ändern sich die Eichfaktoren der fotoelektrischen 

Gezeitenregistrierungen des Stangengerätes relativ stark. So werden 

normalerweise im Laufe von 4 Wochen nach erfolgter Neujustierung 
der Optik des fotoelektrischen Meßsystems Verminderungen der Eich

werte um 10 - 20 % beobachtet. Dieser Effekt wird wahrscheinlich 

durch Nichtlinearitäten der verwendeten Fotozellen sowie durch 
llelligkeitsschwankungen der Fotozellenbeleuchtung verursacht. 

4. Vergleich der Beobachtungsergebnisse der beiden Parallelinstrumente

Die unterschiedliche Stabilität der Eichwerte der beiden Ver
gleichsinstrumente beeinflußt in starkem Maße die Reproduzierbar
keit der erhaltenen Beobachtungsresultate. Das läßt sich leicht 

anhand der folgenden Tabellen 1a und b zeigen, die jeweils die 
Ergebnisse von 6 unabhängigen Monatsanalysen der Meßreihen des 
Draht- und Stangenstrainmeters enthalten. 

Aus der Zusammenstellung geht hervor, daß die vektoriellen Mittel

werte der harmonischen Konstanten im Falle der größeren Tiden relativ 

gut übereinstimmen. Diese Übereinstimmung kam möglicherweise nur 

zufällig zustande, denn die Meßergebnisse können ja nicht genauer 
sein als die verwendeten Methoden zur Absoluteichung der beiden 

Instrumente (t 5 % bzw. ± 10 �). Die Tabellen zeigen ferner, daß 

die Amplituden- und Phasenschwankungen der aus den fotoelektrischen 

Registrierungen des Quarzstangengerätes berechneten Gezeitenpara

meter erheblich größer sind als beim induktiv registrierenden Draht

strainmeter. Ähnlich starke Schwankungen der entsprechenden Gezeiten-

-
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parameter findet man übrigens auch in den Beobachtungsresultaten 

der sowjetischen Strainmeterstation Protvino bei Moskau, die eben
falls in einer geodynamisch ruhigen Zone (auf der russischen Platt

form) liegt und mit den Stangenstrainmetern mit fotoelektrischen 
Abgriff ausgerüstet ist (s. Tab. 2 aus KAfü,1:ALEEVA u. a. /1980/). 

Auf dieser Station wurden übrigens im Azimut E'.'I ebenso kleine M2-

Wellen erhalten wie in Tiefenort. Für die Bestimmung solcher M2-

Wellen mit kleinen Amplituden, die insbesondere zur Untersuchung 

der unterschiedlichen ltleeresgezeitenwirkungen auf einem transkonti

nentalen �lE-Profil von großem Interesse sein können (SIMON, SCHIROKOW 
/1980/), ist eine höhere Stabilität der Eichwerte erforderlich. 

5. Ergebnisse von beobachturn;,;stechnischen Verbesserungen an den

Geräten

Die unbefriedigenden Beobachtungs- und Eichgenauigkeiten der
beiden Vergleichsinstrumente regten zu einigen technischen Ver

besserungen an, die von SIMON und BAHRT in den Jahren 1979/80 
am Stangenstrainmeter und von HAR

W

ARDT 1978 am Drahtstrainmeter 
vorgenommen wurden. 

Im Frühjahr 1979 konnte eine erhebliche Verminderung der Schwankungs
breite der Gezeitenparameter durch die nachträgliche Ausrüstung 

des Stangenstrairll!leters mit einem induktiven Meßwertabgriff erreicht 
werden. Dadurch verringerten sich gleichzeitig auch die zeitlichen 
Änderungen der Eichwerte auf Jahresbeträge von 3 - 4 %. Wir wollen 

den Effekt in Abb. J am Beispiel von zwei ::Meßreihen zeigen, die mit 
dem gleichen Instrument einmal fotoelektrisch und einmal induktiv 

gemessen wurden. Die Registrierungen erfolgten zeitlich nachein

ander. In beiden Fällen wurden die Gezeitenparameter durch gleitende 
Monatsanalysen nach der Methode von PERTZEV ermittelt. Das Dia

gramm zeigt die Rechenergebnisse von jeweils 32 aufeinanderfolgenden 
Monatsanalysen für die Welle o1• Auf der rechten Seite der Ab
bildung sind die Schwankungsbreiten der entsprechenden Amplituden

und Phasenwerte angegeben. Der Darstellung ist zu entnehmen, daß 
sich durch die Verwendung des induktiven Meßwertabgriffes anstelle 

des fotoelektrischen die Schwankungen der Gezeitenparameter etwa 

um den Faktor 2 verringert haben. Eine ähnliche Stabilisierung der 

Analysenresultate ist auch im Falle der anderen Gezeitenwellen zu 
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beobachten (s. Tab. 3 und 4). 
Im Januar 1980 wu:rde eine erhebliche Verbesserung der absoluten 

Eichgenauigkeit des Tiefenorter Stangenstrainmeters durch die Ver
größerung des Lichtweges der direkten fotooptischen Registrierung 

von bisher 1.5 m auf 15.0 m erreicht. Dadurch konnte die absolute 

Eichgenauigkeit des Gerätes von bisher 10 - 20 % auf 1 - 2 % ge

steigert werden. Es war jedoch nicht möglich, die Ergebnisse der 

neuen genaueren Absoluteichungen auf die früher erhaltenen Beob

achtungsresultate zu übertragen. Denn in der Zwischenzeit waren am 

Stangenstrainmeter eine Reihe von Eingriffen und Änderungen er

forderlich. So mußte eine zu spät entdeckte Schrägstellung der 

Stange korrigiert und ein Rohrstück in der Mitte des Strainmeters 

ausgewechselt werden, weil an einem Flansch ein kleiner Sprung im 

Quarzrohr festgestellt worden war. Um mit der verbesserten Beob

achtungsgenauigkeit nunmehr genauere Aussagen über die Gezeitende

formationen in Tiefenort machen zu können, müssen daher neue Meß

reihen abgewartet werden. 

Die ersten Registrierungen des Stangenstrainmeters in Tiefenort 

zeigten, daß dieses Gerät trotz fehlender Hermetisierung zunächst 

weniger stark auf Temperatureffekte reagierte als das gekapselte 

Drahtinstrument. Hierfür ist offenbar die größere Masse des Längen

normals (Quarzrohr) und seine infolgedessen auch größere Wärme

kapazität verantwortlich. Diese Feststellung veranlaßte 11ARWARDT 

1978 zu einer besseren theruischen Abschirmung des Drahtstrain

meters. Sie besteht aus einem etwa 4 cm starken Pyacryl-Mantel 

und bewirkt eine Verminderung der Temperaturstörungen um den Fak

tor 3. Im Bereiche der Erdgezeitenstation Tiefenort treten jedoch 

nur sehr kleine halb- und ganztägige Temperaturwellen mit Ampli

tuden< 0,01° C auf. Daher werden die entsprechenden Gezeitenwellen 

nu:r wenig durch thermische Effekte gestört. Das zeigen die er

wartungsgemäß kleinen s2-Wellen in den Tabellen 1, 3 und 4.

6. Einschätzung der Ergebnisse der Strainmetervergleichsregistrierungen

in Tiefenort und Vorschläge zur weiteren Verbesserung der Beob

achtungsgenauigkeit

Die Parallelregistrierungen der beiden Strainmetertypen an der

Station Tiefenort haben ergeben, daß zur Erfassung der Langzeit

deformationen fotooptische bzw. fotoelektrische Meßwertabgriffe 
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und zur Bestimmung der Gezeitendeformationen und anderer periodi
scher Effekte induktive Meßwertabgriffe bessere Resultate liefern. 

Aus diesen Gründen werden wir in Zukunft unsere Geräte mit je einem 

induktiven Transducer und einer direkten fotooptischen Registrier
einrichtung ausrüsten, weil die letztere ohne elektrischen Verstär

ker auskommt. 

Für genauere Untersuchungen der Geze·itenwirkungen und Belastungs

effekte ist die Genauigkeit der Absoluteichung von beiden Geräte
typen (5 % bzw. 1 - 2 % im Falle des Tiefenorter Stangenstrain
meters) noch nicht ausreichend. �ur Bestimmung der LOVE'schen und 

SHIDA-schen Zahlen sowie zur Verfolgung der MeeresgezeitenwirJcungen 
auf einem transkontinentalen Profil ist eine Beobachtungsgenauig
keit der Hauptwellen von wenigen Promille erforderlich. Die ent

sprechende Eichgenauigkeit könnte mit Hilfe der laserinterferro
metrischen Verfahren erreicht werden. Dabei kann entweder direkt 

(Drahtstrainmeter) oder L.1.direkt geeicht werden mit Hilfe der von 

VERBAANDEHT /1959/ entwickelten und von SKALSKY /1979/ verbesserten 

Crapaudine dilatable. Infolge der geringen zeitlichen .Änderungen 

der Eichwerte bei Verwendung des induktiven Meßwertabgriffes würde 

es auch genügen, die bisherige Methode der magnetostriktiven Kali
brierung beizubehalten und die erhaltenen Eichwerte in größeren 

zeitlichen Abständen durch laserinterferrometrische Messungen an 

die Ergebnisse von Absoluteichungen anzuschließen. 
Mittels digitaler Registrierung der Gezeitenvariationen anstelle 

der bisher übllchen Analogregistrierung läßt sich andererseits die 
Genauigkeit der Ordinatengewinnung noch etwa um den Faktor 10 er

höhen. Außerdem wird dadurch eine höhere Zeitgenauigkeit erreicht 

und damit die Genauigkeit der Phasenbestimmung weiter verbessert. 

In Tiefenort werden diese Verfahren zunächst an den Drahtstrain

metern erprobt, die bereits für die LASER•Eichung vorbereitet sind 
und mehrere Monate digital registriert haben. 

7. Zur Interpretation der erhaltenen Beobachtungsergebnisse

Um aus den Beobachtungswerten der Strainmeter Informationen über
die elastischen Eigenschaften der Erdkruste abzuleiten, wird ge
wöhnlich das elastische Modell von LOVE für eine kugelförmig ange

nommene Erde benutzt. Bei der Interpretation der :t,Ießergebnisse 

• 
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ist jedoch zu beachten, daß die Verteilung der gezeitenbedingten 

Deformationen an der Erdoberfläche in konplizierter Weise von In

homogenitäten der Kruste, vom Relief und von der Form der unter

irdischen Hohlräume abhängt, in denen die Beobachtungen stattfin

den. Die Bestimmung der elastischen Krustenparameter h und l wird

ferner durch den verfälschenden Einfluß der Ueeresgezeiten er

schwert. Großtektonische Störungen und kleintektonische Brilche 

(siehe Latynina und andere /1976/, /1978/), Reliefunterschiede 

und Hohlraumwirkungen (siehe HARRISON /1976/) können Beobachtungs

fehler von 20 - 30 � verursachen. 

Im Bereiche der Station Tiefenort treten an der Erdoberfläche nur 

geringe Reliefunterschiede auf. Daher dürften die topografischen 

Störeffekte relativ klein sein. Untersuchungen zur Bestimmung des 

Cavity-Effek:tes mit Neigungsmessern und Strainmetern haben inner

halb des etwa 10 000 m2 großen Stationsgebietes im Rahmen der Meß

genauigkeit bisher noch keine Hinweise auf derartige Effekte sowie 

kleintektonische Einflüsse erbracht (Simon /1975/, Harwardt/Simon 

/1976/). Aus diesen Griinden müßte es möglich sein, aus den Beob

achtungsergebnissen von Tiefenort auch regional beziehungsweise 

großregional geltende Informationen zu gewinnen. 

·,'fegen der Unsicherheit der Ergebnisse der Absoluteichung wollen

wir uns in dieser Arbeit auf eine näherungsweise Abschätzung der

I,!eeresgezeitenwirkungen in den Beobachtungsergebnissen der Tiden

o
1 

und M2 beschränken. Zu diesem Zwecke haben wir in Tab. 5 die

3rgebnisse zweier Langzeitanalysen der EW- und NS-Strainmeter von 

Tiefenort (Drahtinstrumente) für die genannten llauptwellen zusam

mengestellt. Die Analysen wurden von Meßreihen zweier verschiedener 

Zeitabschnitte gewonnen, wobei im ersten Falle (NS-Strainmeter) 

wegen der 1976 noch fehlenden zusätzlichen Wärmeisolation stärkere 

Fehler auftreten als 1978 (EW-Gerät). 

Die kleinen Phasenverschiebungen der ganztägigen Welle o1 in beiden

Azimuten entsprechen den Erwartungen. Sie hängen mit den relativ 

schwachen tagesperiodischen Meeresgezeiten (o1-, K1-Perioden) im

Atlantik zusammen. Im Falle der halbtägigen Welle.ll!2 wurden in

der EW-Richtung übereinstimmend mit beiden Parallelinstrumenten 

unterschiedlichen Konstruktionstypes sehr kleine Amplituden und 

große Phasenverspätungen beobachtet, die 1m·Falle der etwa 25-fach 

größeren NS-Komponente fehlen. 
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Nach OZAWA /1 958/ lassen sich die in den beiden Meßrichtungen 
erhaltenen Meeresgezeitenbeiträge näherungsweise eliminieren, 
wenn die Flächendivergenz ermittelt wird. Au:f diese Weise er

hält man in Tabelle 5 :für den quasi meeresgezeiten:freien 
Flächenstrain mit M2-Periode eine Phasenverschiebung von nur
noch 3.7°, die um 2.2° kleiner ist als das Analysenresultat 
der NS-Komponente und dem Erwartungswert von -x. � o

0 relativ 
nahekommt. Dabei ist zu beachten, daß wegen der doppelten Win
kelgeschwindigkeit von M2 die beispielsweise durch den Uhren
gang verursachten Phasenfehler doppelt so groß sein milssen als 
im Falle der o

1
-Tide. Die im Azimut EW gemessene M2-Welle mit

der großen Phasenverspätung �W = - 65.5° wird demnach in
erster Linie durch Meeresgezeitenwirkungen verursacht. 

Herrn Pro:f. Boulanger, Moskau, und Herrn Prof. Kautzleben, 
Potsdam, danken wir herzlich filr die Anregung zur Durchführung 
dieser Untersuchungen und für ihr förderndes Interesse am 
weiteren Verlauf dieser Arbeiten. 
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Tab. la Station Tiefenort 
Drahtstrainmeter .?.1:-.' mit induktivem !-/Ießwertabgriff 

Zen- 01 Kl 
tral-

l -lo �o A. -lo 

tag 
A• o • J.0 

3o.8.78 76.9 1.7 89.4 
13.lo.78 83.2 o.8 llo.9 
12.11.78 78.9 1.6 97.2 
12.12.78 78.9 -1.2 96.6 

11.1.79 80.0 -1.2 lol.9 
14.2.79 76.9 1.5 89.l

vektor. 
79.l o.5 97.4 

Tüttel 

mittl. qu. 
+l.o +o.6 +3.3

Fehler 

L''.2 

llfo -lo 0A•lo � 

-6.4 6.1 -56.1
1.8 5.7 -69.5
3.o 5.5 -63.3

-o.6 6.8 -64.8
-o.2 4.4 -67.l

-1.8 5.5 -64.8

-o.5 5.6 -63.9

+1.3 +o.3 +1.8

S0 ... 

A•lo-10 �o 

1.9 
3 'Z oU 

'"' ,,. 
I'..,. 0 

2.5 

3.7 

3.3 

2.8 

+o.3
.. 

-66.3
-60.6
-35.8
-65.2

-39.8
-44.5

-48.3

+5.8
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Tab. l b Station Tiefenort 

Stangenstrainmeter 'fN/ mit fotoelektrischem Maßwertabgriff 

01 
! 

K1 
! 

M2 S2 Zen-
tral-

A•lO-lo ae o A•lO-lo ;,eO A•lo-10 � o A·lo-10 � o 

tag 

19.5. 78 8o.7 2.1 lo5.9 5.4 6.6 -45.7 6.7 -2o.3
11.6.78 80.6 o.l 106.0 6.8 5.7 -48.2 e.o -11.6
19.7.78 77.3 -3.6 loo.o 1.4 9.8 -46.2 7.8 11.8
19.8.78 87.7 o.l lo9.4 -4.6 7.2 -58.1 7.o -13.2
19.9.78 75.9 1.8 85.o -o.6 4.6 -47.7 5.1 -22.3
19.lo.78 76.9 2.o 87.7 3.4 4.3 -47.8 4.8 -22.3

vektor. 79.8 o.4 98.7 2.0 6.4 -49.o 6.4 -11.6
füttel 

mittl. qu.+ 
-1.8 .!o.9 :!:4.2 !:1.7 ±o.8 .:!:1.9 ±o.6 .!5.3 

Fehler 

Tab. 2 Station Protvino bei Moskau 
Stangenstrainmeter EN mit fotooptischen (1) und fotoelektrischen 

Zen-
tral-
tag 

16.5.70 
16.6. 
16.7. 
16.8. 
16.9. 
16.lo.
16.11.
16.12.
16.1.71
16.2.
16.3.
15.4. 

Mittel 

m.q.P'.

{2) Abgriffen 

l 

A•lo-lo et, o

1.0 nicht 
8.o regu-läre 
6.2 i:Terte 
5.1 
5.1 
8.o 

4.6 

5.7 
5.9 
2.9 
6.o

5.3 

� 
2 

A•lo-lo ae o

5.7 nicht 
1.7 

regu-
läre 

5.1 Werte 
5.1 
5.7 
1.7 
5.7 
4.6 
5.1 
7.4 
5.o
1.5

4.5 

+o.5 

1 

A•lo-10 aeo

4o.l 18.5 
58.6 -9.8
57.6 11.9 
56.6 o.6
57.6 3.7 

45.o 11.8 
43.1 4.5 
43.7 6.9 
45.3 l.o.5 
47.5 o.o 

51.6 6.3 

49.7 6.o 

01 
2 

A•lo-lo :ic o

49.7 -5.o 

42.9 -1.8
49.l 8.o 

5o.3 2.o
49.1 -2.7
51.4 -8.o
52.6 1.9 
52.o -5.6
47.4 -5.9
54.8 -3.3
52.3 -5.2
51.7 o.o 

5o.3 -2.1

zl.9 +2.1 !(>•9 +1.3to-6 
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Tab. 3 Station Tiefenort

Quarzstangenstrainmeter F2l mit fotoelektrischem Abgriff

Zen- 01
K1 � 

S2
tral-
tag 

A•lO-lo 1t o A•lo
-lo � o A•lo

-10 �o A•lo-lo bfo

16.7.78 76.l -2.3 99.3 2.1 9.3 -4o.7 8.6 14.3 

17. 75.9 -2.5 99.3 1.7 9.1 -42.7 8.2 14.6 

18. 76.7 -3.9 99.8 1.6 9.1 -46.o 8.1 14.2 

19. 77.6 -3.8 loo.5 1.4 9.7 -47.9 8.o 12.o

20. 78.1 -4.2 loo.5 1.1 lo.4 -5o.4 7.6 9.7 

21. 78.2 -3.9 loo.2 o.9 lo.7 -5o.l 7.o 8.4 

22. 78.7 -4.5 loo.1 o.8 lo.6 -45.9 6.8 9.2 

23. 78.8 -4.5 99.9 o.6 9.8 -44.4 6.6 12.2 

24. 80.0 -4.6 loo.l o.4 9.1 -44.4 6.6 13.2 

25. 80.1 -4.o 99.8 o.l 8.o -48.1 6.9 15.l

26. 81.l -3.l 99.9 o.o 8.1 -51.9 7.1 12.7

27. 79.6 -2.4 loo.l -o.5 8.6 -53.1 7.1 11.9

28. 78.9 -1.7 99.9 -o.8 9.2 -53.2 7.3 lo.9

29. 78.2 -2.4 99.7 -1.1 8.9 -51.9 7.4 7.1 

3o. 77.5 -2.5 99.6 -1.1 8.6 -48.o 7.4 4.o

31. 78.4 -3.l 99.7 -1.3 8.4 -48.2 7.5 3.3 

1.8.78 78.4 -2.5 loo.o -1.3 7.7 -48.3 7.5 3.4 

2. 78.7 -2.8 99.6 -1.5 7.6 -52.7 7.2 1.7 

3. 77.6 -2.8 99.6 -1.3 7.4 -57.5 7.o 2.1 

4. 78.1 -3.l 99.6 -1.5 7.9 -60.9 6.6 2.8 

5. 78.2 -3.3 99.9 -1.5 8.o -59.8 6.4 5.5 

6. 78.7 -2.7 loo.2 -1.5 8.3 -52.7 6.5 6.o

7. 79.3 -2.3 loo.3 -2.o 8.5 -48.3 6.2 3.1 

8. 79.6 -1.l loo.l -2.3 7.9 -42.9 6.2 1.3 

9. 79.7 o.8 loo.o -2.8 6.7 -43.o 6.3 -o.5

lo. 79.o -o.3 99.9 -3.2 8.9 -51.9 6.4 -1.4

11. 78.8 -o.3 loo.5 -3.3 5.9 -63.6 6.9 -1.9

12. 78.3 -o.2 loo.5 -3.6 7.3 -66.9 6.8 -2.2

13. 78.2 -o.2 loo.7 -3.5 8.3 -58.8 7.o -4.2

14. 78.7 -1.6 lol.7 -3.4 7.6 -48.6 6.5 -6.6

15. 81.5 -1.9 lo3.9 -3.3 7.o -47.9 6.8 -9.1

16. 83.9 -1.8 lo5.3 -3.4 5.8 -53.7 6.8 -12.6

I:ittel 78.7 -2.6 loo.3 -1.l 8.3 -5o.4 7.o 6.6

einf. m. 
0.068 

iehler 0.065 0.069 0.806 o.lo3 o.363 o.o4o 1.57 
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Tab. 4 Station Tiefenort 

Quarzstangenstrainmeter E'l/ mit induktivem Abgriff 

Zen-
tral-
tag 

5.6.79 
6. 

7. 
s. 

9. 

lo. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
2o. 
21. 
22. 
23. 
24. 

25. 
26. 
27. 
28. 
29. 
3o. 

1.7.79 
2. 

3. 

4. 

5. 
6. 

hlittel 

einf. m. 
Fehler 

01 

A•lo-lo at:o

Kl 

A•lO-loae o

-----·-·--�--
---·------

81.o 1.1 98.5 3.7 

So.4 l.o 98.7 3.7 

79.7 o.6 98.6 3.5 

79.5 o.3 98.7 3.3 

79.8 o.l 99.1 3.3 

79.7 o.l 99.1 3.1 

79.2 -o.l 99.o 3.1

79.4 -o.5 99.2 3.o

80.l -o.7 99.3 2.9 

81.1 -o.9 99.5 2.6 

81.3 -o.l 99.6 2.5 
81.3 o.2 99.9 2.4 
81.5 o.8 loo.o 2.1 
81.5 l.o 99.9 1.8 

81.3 l.o 99.9 1.8 
81.4 1.4 99.9 1.6 
81.o 1.3 loo.o 1.6 
80.9- 1.3 99.9 1.6 
8o.5 l.o loo.o 1.6 
80.0 o.5 99.9 1.2 
8o.5 o.2 99.8 1.3 
80.0 o.l 99.9 1.2 
8o.7 o.3 loo.l 1.1 
8o.5 o.1 loo.2 1.1 
81.o o.3 loo.3 l.o

81.4 o.3 loo.4 o.9
8o.7 o.7 loo.5 l.o

81.3 o.6 loo.4 o.8
81.o o.9 loo.2 o.6
8o.9 1.1 loo.l o.5
8o.7 2.o 99.8 o.2
80.l 2.2 99.4 -o.l

80.6 o.6 99.7 1.9 

0.025 0.031 0.043 0.025 

m2 s2 

A•lo-lo ae o A•lo-10 re 0

·-·-·-----·--·-·-••- -·-

5.4 -63.5 4.2 - 5. 9

6.5 -60.7 4.4 - 1.3
6.7 -54.5 4.2 2.1

6.4 -53.1 4.2 - 2.8

5.4 -49.3 3.7 3.5 

4.9 -54.4 3.7 6.2 

5.o -62.2 3.5 4.8 

5.4 -59.o 3.8 1.5 

5.7 -57.5 3.9 - o.9

5.7 -54.3 3.9 - o.7

5.3 -49.4 4.1 - 4.7
5.o -5o.l 4.2 - 4.7

5.3 -55.4 4.4 o.5
5.7 -56.8 4.5 4 '7 ..:J 

5.7 -51.4 4.2 5.2

5.6 -45.o 4.1 8.5

5.1 -48.o 4.1 7.1
5.o -54.o 4.2 7.5

5.5 -58.4 4.2 4.7
5.6 -57.8 4.2 7.3
6.2 -58.8 4.1 3.2
6.4 -52.3 4.o 4.2
5.9 -46.3 4.1 4.6
5.5 -49.o 4.o 6.4
5.o -51.1 4.2 3.4
5.2 -59.5 4.2 lo.o

5.7 -61.3 4.1 lo.9 
6.2 -57.4 4.o 11.6 
6.5 -52.3 3.9 13.6 
5.8 -46.2 3.6 lo.7 
5.2 -48.2 · 3.8 9.4 
5.5 -54.7 4.3 9.7 

5.6 -54.2 4.o 4.2 

0.037 0.078 0.062 o.143
-------------------------------------------------------
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Tab. 5 Analysenresultate von Strainregistrierungen an der 
Station Tiefenort (Drahtstrainmeter) 

NS: 188 Beobaohtungstage (1976), ohne Piaorylmantel 
Em: 220 Beobachtungstage (1978), mit Piacrylmantel 

Tide o1:

IiS: e
ee 

= 

(46.2 ±o.9) • 10-lo 
cos ( 't' - s + 1.2° 

±1.s0 )

E'." ,·1 : 811 = ( 76 .5 ±o. g) • 10-lo 
cos ( 't' - s + o.9

° ±o.7° )

Flächenstrain: 
l. (01) = e

8
e + e .tl = 122.7 • J.o-

10 cos (� - s + 1.0°)

Tide M2: 

NS: e
88 

= (126.o· ±2.3) • Lo-10 
cos ( 2 't + 5.9° ±o.9°)

Et.'1': e11 = ( 5.2 ±o.3) • 10-10 cos ( 2 'l:'- 65.5° !3.1 °)

F'lächenstrain: 

l (!.'!2) = e
ee + e

l.A 
= 127.7 • 10-10 cos ( 2 t" + 3.7°)
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Registrier
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Stangenstrainmeter 
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Prinzip der direkten fotoop

tischen Registrierung 

Abb. 2 Quarzstangenstrainmeter nach L. A. Latynina 

Skizze zur Erläuterung des Prinzips der direkten 
fotooptischen Beobaohtungsmethode 

1 Quarzrohr 4 Grundplatte 

2 Rollkörper 5 Umlenkspiegel 

3 Spiegel 
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Heinz Meixner und Jürgen Fenk, Freiberg 1)

Krustenbewegungen im Einflußbereich von Tagebauen im Locker

.gebirge 

Ursachen für technogene Kruetenbewegungen im Einflußbereich 
von Ta�ebauen im Lockergebirge sind Änderungen des Grund
wasserstandes und Grundwasserentspannungen durch bergmänni-

693 

sche Entwässerungsmaßnahmen oder deren Einstellung, Verände
rungen des Spannungszustandes im Gebirge durch Maeeenabtrag, 
ungenügende Standsicherheiten von Böschungen und Böechungs
eystemen im gewachsenen und gekippten Lockergebirge, Setzungen 
gekippten Lockergesteins und Bruch oberflächennaher bergmän
nischer Hohlräume. Zur Ermittlung der Ursache-Wirkung-Beziehun
gen bei Änderungen des Grundwasserstandes und Grundwaseerent
apannungen, bei der Kippensetzung und bei der Entstehung von 
Tagesbrüchen über Hohlräumen im Lockergebirge haben M.aJ;kscheider 
einen wesentlichen Beitrag geleistet. 

Gebirgs- und Bodenbewegungen als Folge von Änderungen des Grund
wasserstandes und Grundwasserentspannungen wurden in der DDR 
und im Ausland meßtechnisch nachgewiesen/ 1 / ••• / 9 /.

Die:Verschiebungen und Verformungen der Tagesoberfläche können 
eo groß werden, daß Schäden an Objekten und Anlagen entstehen. 
�amit wird die Ermittlung der Gesetzmäßigkeiten der Gebirgs- und 
Bodenbewegungen und die Ausarbeitung von Berechnungsverfahren 
aus bergbausicherheitlichen Gründen notwendig und aus ökonomi
schen Gründen attraktiv. 

Die Senkung der Tagesoberfläche tnnerhalb der Grenzen eines 
Grundwasserabaenkungatrichters ist das Ergebnis der Setzung 
und Senkung von Lockergebirgaschichten im Wirkungsbereich de;r 
Grundwaaaerabaenkung und Grundwasserentspannung. Die Setzung 

1 
Prof .Dr. -Ing. habil.Heinz J.liei.xner, Doz. D.r. ac. techn. 
Jürgen Fenk, Bergakademie Freiberg, Sektion Geotechnik 
und Bergbau, Wissenschaftsbereich Ma.rkacheidewesen. 
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einer Schiebt ist abhängig von deren Mächtigkeit, Steifig

keit und der Anderung der wirksamen.Normalspannung innerhalb 
der Schicht. Eine Erhöhung der wirksamen Normalspannung ist 

in entwäaeerbaren Lockergebirgsschicbten oberhalb eines Grund

waaeerstauers bei Grundwaeserabsenkung innerhalu des durch 

den Stauer im Liegeuden begrenzten Grundwasserhori�onts und 

oei Grundwasserentspannung zu ver:iieichnen, da die RohdichtE;? 
des Lockergesteins der Schichten im Entwässerungs- und Bnt

epannungsbereich durch Wegfall des Auftrei0s dieser Schichten 

zunimmt. Die Erhöhung der wirksamen lformalspannunz hat Setzung 
zur Folge. Keine Erhöhung der wirksamen Normalspannungen und 
somit keine Setzungen weisen nicht entwä.sserbare Lockergebirgs
schichten und alle Schichten unterhalL eines Grundwasseratauers 

bei Grundwasserabsenkung und Grundwasserentspannung des durch 
den Stauer im Liegenden begrenzten Grundwasserhorizonts auf. 

Zur Berechnung von Senkungen der Tagesobe�fläche durch Setzun
gen von Lockergebirgsscbichten wurde ein mathematisch-physika
lisches Modell der Setzung des Lockergebirges entwickelt, das 

Grundwasserabsenkungen und Grundwasserentspannungen in mehreren 
Grundwasserhorizonten sowie das spezielle Verhalten ent
wäsaerbarer und nicht entwäsaerbarer Lockergesteine berück
sichtigt/ 10 /. Die Setzungsberechnung ist für jeden Grund
wasserhorizont bei Grundwasserabsenkung und für jeden Grund
wasserleiter bei Grundwasserentspannung gesondert durchzuführen. 
Die Senkung der Tagesoberfläche ergibt sich als Summe der 
Setzungen der Schichten in allen Grundwasserhorizonten und 
aller Grundwasserleiter. 

Dae Berechnungsverfahren wurde zur Senkungeberechnung im Ein

flußbereich von drei Tagebauen in der DDR herangezogen. Die 
Regreasionsanalyse ergab in zwei Fällen Regressionskonetanten 
und Regreeeionskoeffizienten, die nicht signifikant von Null 
bzw. Eins abwichen. Das mathematisch-physikalische Modell der 
Setzung des Lockergebirgee und die daraus abgeleitete Lösung 

erwiesen sich somit als brauchbar und können für Senkungaprogno
sen empfohlen werden. Die innere Genauigkeit der Setzungsbe
rechnung betrug± 25 ¾. In einem Fall ergab die Regressions-
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analyee noch systematische Abweichungen der berechneten von 

den gemeaaenen Senkungebeträgen, wae weitere Untersuchungen 

erforderlich macht. 
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Gebirgs• und Bodenbewegungen in Maasenechtittungen wurden in 

der DDR und im Ausland durch Auswertung von Höhenbeobachtun

gen von Meßpunkten auf Tagebaukippen meßtechnisch nachgewie

een / 11 / ••• / 13 /. Der praktische Wert der Ermittlung von 

Gesetzmäßigkeiten der Gebirge- und Bodenbewegungen in Maasen

achtittungen besteht in einer Ermöglichung der gewünschten 

Aussage, wann die Kippenoberfläcbe zur Bebauung freigegeben 

werden kann, ohne daß Schäden an Objekten und Anlagen durch 

weitere Verschiebungen und Verformungen des geschütteten Bau

grundes entstehen. 

Die Senkung einer Kippenoberfläche ist das Ergebnis der Eigen

eetzung der geschütteten Lockergesteinemaseen und der Senkung 

des überkippten Untergrundes. Nach DORSCHNER / 11 / ist die 

Setzung abhängig von der Mächtigkeit und Liegezeit einer Massen

schüttung. Als qualitative Einflüsse wurden die Lage des Unter

suchungspunktes auf der Kippe, Art und Parameter der Verkip

pung, Art des Kippgesteins, Einfallen des überkippten Unter

grundes und die Vorb�ansprucbung des Lockergebirges durch Berg

bau-Tiefbau oder -Tagebau festgestellt. Abschätzungen der

Setzungsbeträge (als Funktion der Zeit), de� Maximalsetzung 

und des Zeitpunktes, zu dem die Maximalsetzung erreicht wird, 

sind bisher nur mit Hilfe empirisch zu bestimmender Zeit

Setzungs-Kurven möglich. 

Die große Anzahl der jährlich in der DDR entstehenden Tages

brüche tiber Hohlräumen im Lockergebirge, die erheblichen Bruch

abmessungen und die Tataache, daß die Tagesbrüche in der Regel 

plötzlich entstehen, weisen auf die besondere Gefährdung der 

Bergbausicherheit einschließlich der öffentlichen Sicherheit 

im Einflußbereich bergmännischer Hohl.räume hin. Die einzige Maß

nahme zur Sanierung solcher. Bergbaugebiete besteht bisher im 
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Vollversatz der von über Tage angebohrten Hohlräume. Zur Be

antwortung einer Reihe praktischer 1'1ragest;llungen im Zusammen

hang mit dem Tagesbruchproblem wurden die Entstehungsbedingun

gen für Tagesbrüche untersucht/ 14 /. Dabei wurden drei Hege 

beschritten: 

1. Anal3se von Daten und Informationen über Tagesbrüche mit

tels mathematisch-statistischer Methoden.

Die Zielstellung cleser Analyse bestand im statistisch ge

sicherten Nachweis qualitativer und quantitativer Einfluß

größen auf interessierende Tagesbruchparameter und in der 

Angabe erster empirischer Lösungen zur Schätzung von Tages

bruchparametern. 

2. Untersuchung des Bruchmechanismus an physikalischen Modellen.

Die Zielstellung der modelltechnischen Untersuchung bestand 

in der Ermittlung gesetzmäßiger zusammenhänge zwischen Modell

bruchparametern und quantitativen Einflüssen in Form von Re

gressionsfunktionen, in der Angabe verbesserter empirischer 

Lösungen zur Schätzung von Tagesbruchparametern durch er

neute Auswertung des Datenmaterials unter Nutzung der modell

technisch bestimmten Hegressionsfunktionen und in der Be

obachtung bruchmechanischer und brucbgeometrischer Details 

während des Bruchprozesses. 

Es wurcten empirische Lösungen zur Schätzung der relativen 

Bruchwahrscheinlichkeit der Tagesoberfläche im Einflußbereich 

von Hohlräumen im Lockergebirge, zur Schätzung der Bruchzeit, 

des Tagesbruchdurchmessers und des Bruchabstandes gefunden. 

Diese empirischen Lösungen beziehen sich auf das ausgewertete 

Datenmaterial mit begrenzten Geltungsbereichen der Einfluß

und Zielgrößen. Die in den Lösungen ausgedrückten zusammen

hänge sind zwar statistisch gesichert, aber die Einzelwerte 
streuen erheblich um die ausgleichenden Regressionsfunktionen. 

Als Ursache für die großen Streuungen sind die starken Verein

fachungen der Lockergebi-rgsmodelle anzusehen, wie sie in den 
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Regreasionsfunktionen zum Ausdruck kommen. Die empiri

schen Lösungen sind deshalb nur zur größenordnungsmäßigen 

Abschätzung der im Durchschnitt zu erwartenden Tages

bruchparameter nutzbar. 

3. Spannunge-verformungs-analytiache Betrachtungen zum Bruch

prozeß im physikalischen Modell und in situ.

Die Zielstellung der Spannungs-Verformungs-Analyse des 

Bruchprozesses bestand im Entwurf eines mathematisch-phy

sikalischen Modells des Bruchprozesses als Grundlage für 

eine analytische Lösung zur Berechnung von Tagesbrüchen. 

In den physikalischen Modellen wurden typiec�e Bruchkörper

formen in nicht-kohäsiven und kohäsiven Lockergesteinen 

festgestellt, die den aus der Erfahrung bekannten, teilwei

se belegbaren Bruchkörperformen in situ ähnlich sind. Die 

Zusammenhänge zwischen maßgeblich den Bruchprozeß beein

flussenden Abmessungen der Bruchkörper und Einflußgrößen 

wurden mathematisch formuliert. Die Formeln wurden mit Hil

fe von Modellmeßwerten und bodebphyeikalischen Kennwerten 

der Modellmaterialien geprüft. uie gemessenen und berechne

ten Werte stimmten größenordnungsmäßig überein. Deshalb 

wurden die Ansätze und Formelkomplexe aus der Spannungs

Verformungs-Analyse des Bruchprozesses im physikalischen 

Llodell genutzt zur mathematisch-physikalischen Modellierung 

d·es Bruchprozesses in si tu. 

Durch Berücksichtigung sämtlicher im Lockergebirge möglicher 

Bruchkörperformen ergab sich ein mathematisch-physikalisches 

�odell des Bruchprozesses mit einem Formelwerk von 70 Formeln. 

iur Anwendung des �odells als analytische Lösung zur Berechnung 

von Tagesbrüchen wurde ein Aolaufplan entwickelt. Zu berechnen 

·sind das ·volumen des Tagesbruches und der Durchmesser unmi ttel

bar nach Entstehung des 

-
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Die vorliegende analytische Lösung zur Berechnung von Tages

brüchen weist keine Einschränkung der Geltungsbereiche der 

Einfluß- und Zielgrößen auf. Sie berücksichtigt die Abmessun

gen des z·u Bruch gehenden bergmännischen Hohlraums, den spe

ziellen Schichtenaufbau des Lockergebirgee, die wirksamen 

Materialkenngrößen der einzelnen Schichten und über diese die 

hydrologischen Verhältnisse. Das Lockergebirgsmodell wird 

also nicht so stark vereinfacht wie bei den empirischen Lösun

gen. Deshalb sind größere Genauigkeiten bei den Berechnungen 

mit Hilfe der analytischen Lösung zu erwarten. Erste Tests er

gaben eine Standardabweichung der berechneten Tagesbruchdurch

messer von ± 25 7� von den gemessenen Werten. 

Ablaufplan und Formelwerk dienten als Grundlage für die Um

setzung in ein Rechenprogramm in der Programmiersprache PL/1 

für Rechner der ESER-Reihe. Damit ist die maschinelle Berech

nung von Tagesbrüchen für gegebene bergbauliche und geologisch

hydrologische Verhältnisse bei einem Minimum an personellem, 

finanziellem und zeitlichem Aufwa�d möglich. 

Die Ermittlung von Gesetzmäßigkeiten der Gebirgs- und Bodenbe� 

wegungen durch Entwässerungsmaßnahmen, in hlassenschüttungen 

sowie beim Brucbprozeß über Hohlräumen im Lockergebirge und 

die Ausarbeitung von Verfahren zu deren Berechnung liefern nicht 

nur einen wichtigen Beitrag zur Gewährleistung der Bergbausicher

heit und zur Erreichung ökonomisch günstiger· Ergebnisse der 

Bergbaubetriebe, sondern gestatten auch die Bestimmung des tech

nogenen Anteile an Krustenbewegungen in Bergbaugebieten. Damit 

wird die Ursachenforschung auf diesem Sektor unterstützt. 
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ON THE CO:tmECTION BET\VEEN GRAVITY 

VARIATIONS AND VERTICAL DISPLACamN'TS OF 

THE EARTH'S SURFACE 

S. M. M0L0DENSKY +)
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Thc nccuracy of the modern eravity moaaurements of a 

few microsola ma.kes it posoible to compare the gravity 

vnriationo nt a givcn point with the vertical displnccmcnt 

of tho sl'Ullc point obta:l.ncd by thc gcodctio mcthorlo. These 

dnta can give inforrnation about the sou.rce of elastic 

atresses which e:x:ci te the measured surface' s movcments and 

ßl.'avity variations. The aim of this report is to estini.ate 

the connection between gravity variations and Eurth's 

sur:face vertical diapacements for a sou.rce of the most 

seneral type which is represented by the sum of arbitrury 

potential and vortical fieldE. 

Geodetic measurements of elevations record the dis

placements of the Eurth's sur-face relative to ßCOid. Using 

for the potential variation Rand radial componcnt of the 

F.arth's surface displucement H the devclc.!)ments: 

( 1) 

(2) 

we get: 
">' ,,,, R") ym 

/,, (9, Y) �zL. ( II,, - 9 n (0, ':I) (3) 

\Vhere '1((}, �) - variation o:r al ti tude given by lcvellinß;

r;'r� Y') - opherica.1 har.rnonies. 

Por the corr.espondine .gra.vi ty vario. tionz -::e hav c: 

where 
"' R„ '1:J ,,,, 

.J
,. 

�1�-1) 77" . " lt„ 
1 (5) 

+) O. Yu.SClmID'l Dts!Ii'UTE OP PHYSICS OP TlIE � 

(4) 

,.. 
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m m & 
A "'H - Q n n r, 

coefficients of' devclopnent o:f thc 

f\Ulction h ( e , ::, ) L.--ito the spherical harmonics. 
The problem is reduced to the determination of the 

connections between the values hm and -If1 
o 

7l n. 

In tho case n = o ,  R
0 

= 0 
and first term in (5) vanishes. This term vanishes also in 
the case n a 1. So, for n = 0; 1 we have 

o'"�-.$ /2 ""

�n 
a: n 

where §/ = O.J08 mgl/m is vertical free air 
gradient of the gravity. 

For n > 2 the determination of connections between 
n: and � may be received fram the solution of the Earth•s
elastic and gravitational equilibrium equations. These 
equations are as follows: 

where 

L;. (il, R. J = �- r x ,y, .e);

.6 ,Q. .- �:liG- dü.r( f "J J, 

l,(u, R)==f[a�-{R�(il,vV}}-d<·rriJ #;]+ ff�'; 

(8) 

(9) 

is differential operator defining the sum of elastic and 
gro.vi'tatio:nal forces actin8 ·on the unit volume of the 
medium, ü - displacement, V - gravi ty potential unper
turbed by deformations, G - gravity constant,1- density, 

(10) 

: tensor of elestic stress, A,� - J..,ame 1 s parameters,
j - the force, acting inside inner source of stress on

-

the unit volume of medium. The source :; in general 
case can be represented in the form:· 

a�•"' 
:1: = �'( ..... "' (11)

m 

--

C- ( o U.,· -,.. 1¼5' ,,2 . - i' ) L - r- , 
Q,,c ~~ dx,c ; - 3 ciu.rq Oi.AC . + "'cii.lf"u o,,c 
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Equations ( a ) are completed by the bondary conditions.
!rhe first one expresses the absence of outer surface forces: 

( ) &/ =o
(i'iJ< - 7;·"' ?. i..-q 

(12a) 

The oecond onetakes into account the continuity of the 
gravity field on the Earth's surrace: 

( 12b) 

uere K - the surface layer's density, r - radius, a - Earth's 
ro.dius. The general solution of the boundary problem (8-12)

is /1/: H."' I r;=r) 
.!.!ß. - - ·'fa - ,v. ( 13a) 

,vhere 

ü..1 - solutions of homogeneous equations 

L i ( üi , R") = 0
,,
-

4 R j == 4-SG d<'u-( f u J) 

with the boundary conditions: 

., .x..,I jl . �"' � .1 "'O; K j = K. Y/
1 

( 0. Y) 

for j = 1;

for j = 2

In the case of the dilatational stress source the 
t ensor T, 1< has the diagonal form: 

(13.b) 

( 14) 

( 15) 

( 16) 

------------� 

C',I ~1 ~ A/ y"1 i/ 
v,A: t j " -t 1.,, o 1,, ( (J, Y) ,- K j :: 0 
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(17a) 

where 9! - o.rbitrary scale.r function, �-"' - Xronecker•s 
symbol. div T,K represents the most general potential 
vector �ield: 

div T,K a g:rad � (17b) 

Substituting (17a) into (14), we get: 

lf'
.i
= -jjf di.t;- u/ � dzr

V 

(18) 

So, the scalar function div iJ 1 has the meo.ning of the 
Green's fwl.ction :ror the dilstational stress aource. 

-- ,i Numerical computation o:r the :runction div u. for 
the real Earth's model is reduced to the solution of the 
boundary problem (15-16). Results for o � n � 47 end 
F.arth's model N 508 o:r Gilbert and Dziewonski are given in 
/1/. 

For the fix�d depth of source 

'Po .:: <f (1:- z.) cp, ( 0, Y)

we get 

In this caae the coefficients � ,� in (5) are connected 
by the relation: 

(19) 

Resulto of numerical computations of the ratio (19) 
indicate that this ratio is larce enough in all causes when 
the aource•s depth ia la�er than 2 000 Ion •. (The surface's 
displacement is much more thnn displacement of geoid). 
The Variation on the defo:rmed Earth's surface can be

represented in the form: 

'f'j =--t 01/ c/i1.F z; .i Cf->, ( 0, Y) d J 

tc-'t-

,,, 
9-ß;, = 

R.,, 
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Ag-=-�'1(1-rreJJ (20) 

where O ( e ) for the various functions cp 
1 (e,�) and

depths l lies in the intervals:

·l
10 km
330 lon

650 km 
970 km 

- 0.036 f. r � o.osa
o.01a� r, o.oa6

0.042 � r � 0.1 25 
0. 0 3 3 � o � 0. 1 23

e, 

1290 km 
1610 km 

1930 1an 

0.03a < r< 0.10 
0.035 , r � 0.091 

(21) 

0.023 � y, 0.068 

So, the relation ACJ/h is very close to the velue - 2g/a =
-0.308 mgl/m.

In the case of the shear stresses source the relation 
Ag/h is_dcpendent on the depth , lateral distribution and 

orientation of the principal axes of the sress in the 
source relative to the Earth's surface. The most general 
form o:f the vortice.l source may be presented in the form: 

(22) 

where f is arbitrary function o:f the variables x,y,z. 
Indeed, substituting (22) into (11), we get: 

Obviously, the arbitrary vector f'ield .7 (:x:,y,z) may 
be presented as the linear combination of (17b) and (23). 
In the most general case we can suppose 

(24) 

The general expression (14) with the help of (23,24) may 
be represented then in the form: 

(25) 

-

d,v f -' 

(23) 

-

---d. i.1.F Z ::0. 

'r') = -jfftcot i, zot ;; ✓j du -ef/ ~/ #f'· d ;j „ 
V 
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where 

(26) 

functions H� (r) a.nd Tt (r) are connected with uj (r,0, 'f)

by the �ove's formula: 
-✓ i X. v'" ,i m 

U. ("C,&,Y):fl,,(-i.) Z -',, (0,Y)+ ',, ('l.) V Y,, (0;Y) (27) 

:mllllerical computa tions o:f the ratio � / g� = 

'f'(j = 2)/ 't' (j=1) ,·lith the help of {25) indicates /1/ that 
this ratio may be essentially greater than its value in the 
case of the dilatational stress source. Parameter O (1)

ha.s the typical values ± 0.3 :for the poillts in the vicinity 
of the source. 
So, the comparison of the geodetic and gravity data mnkes 
it possible to distingu.ish v,mt type o:f the stresses is 
generated by the source: shear or dilatation. 

The relation (14) permits to perform the exact nume
rical calculation o:f the values A g(e,�) and h (a,�) for 
the arbitrary models of the source. 
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Some :i,.nvestigations of the movement of linear- viscous s�ra

tum, which imitated sedimentary eover in the zones above base 

fract1..res due to sinkjng of the foundation block are discussed. 

The dependence between changing tilt of day surface and depth 

of hidden fracture bedding is determined. Some questions about 

the choice of the optimal tiltmeter site are investigated. 

A.�.OcTpOBCKHI, H.A.�aHÄDlliHH8.

0HCTHTYT �H3HKH 8eMnH AH CCCP 

]OK8ID,HN8 8HOll8JIHH npHHOHhlX H8KHOBOB. 

PeaDMe. 

Hccxe�yeTCH nHa8HH8 nHH8HHO-BH3KOrO cnoa, HMHTHpyio�ero ocaÄoqHJ:illl 

qexon B aouax B8Ä paanoMaMH �YHÄa11eHTa, npH onycxaHHH noÄCTHnam�ero 

6n0I(8. YCT8H0BJI8H8 38BHCHM0CTL H3118H8HHfl H8RH0H8 ÄH8BH0H noBepxH0C

TH oT rny6HHH aanerauua cKpuToro paano11a. HccneÄoBaH� Bonpocs Bli

Oopa onTHM8JILBOB TQql(H ycTaHOBRH H8KJIOHOMepoB. 
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!0H81Il,HS8 8HOManHH rrpHnHBBLJX HaKHOHOB.

A.E.OcTpOBCKHl, H.A.�aHÄIDillHHa.

B pa6oTaX 3.E.lliaXMypaÄOBOä H A.C.rpuropDeBa /I,2/ paccMaTpHBa

naoD 38Äaqa O H8IlPß�8HHOM COCTOHHHH H Ä8WOPM8UHHX B8COMoro npH

woyronI>HOro M8CCHB8 Ha HHH8MHO-BH3ROro MaTepHana, 6�no nonyqeHO 

aHaXHTHqecRoe pemeHH8 aaÄaqH O CROPOCTHX CM811(8HHtt ÄH8BHOä Il0B8p

XHOCTH H HanpHE8HHOM COCTOHHHH BepxHero CHOH KOPS npH B8PTHK8HI>

HSX CM8�8HHHX �YHÄ8M6HT8. 

- �RH HCHOCTH nocneÄym�ero HSHOZSHHH OCT8HOBHMCH Ha npeÄnonoze

HHHX H peaynTaTax /I,2/, Il01IOZ8HH:WC B OCHOBY pa6oTs. 

YiTaH, nycTI> H - MOll(HOCTI> 0110H; 2 4 - Ä1IHHa yqacTRa, Ha

HOTOpOM orrycR88TOH ( HHH Il0ÄHHM88TCH) rHM6a OCHOB8HHH; U, H 

17 - cRopocTH cMememdt B aarrpaBneHHH ocett X H Y' (PHC .I). 

PaaMepH cnoH B nnaHe npeÄnonararoTCH MHoro 6om,mHMH, qeM T01II!UiH8 

C1IOH - f/ H Ä1IHH8 orrycRaromerocH yqacTKa OCHOB8HHH. BH3KOCTI> 

MaTepHana npeÄrronaraeTCH IlOCTOffHHOM. BepxBHH rpaHHU8 M8CCHB8 -

- ÄH8BH8ff ßOB8pXHOCTI, cqHT88TCH CB060ÄH0Ü OT HanpHZ8HHff. Ha HHSHeä 

rpaHH�e 38'A8IDTCH CROpOCTH CMemeHHtt, ßOCTOffHH�e BO BpeueHH H ÄDC

T8TOqHo M8H�e, qTo6� npo�ecc 'ABHZ8HHH M8CCHB8 MO.HO 6uno cqH-

T8T» p8BHOB8CHbJM. IlpH H8HOE8HHH o6�qHsx B KnaccHqecRoff TeopHH yn

pyrocTH orpaHHqeHHM /3/, rrpo61I8M8 CBOÄHTCfl R pemeHHD ß1IOCKOI aaÄaqa 

�Hfi Ilpfilloyrom,Hol 6eCKOHeqHoä IlOHOCH, a paapemaD�ee YP8BH8HH8 K 

6HrapMOHHqecKOMy eo cneÄyD�llMH Kp88BWIH ycHOBHrolH: 

Ha B8pXH81 rp8Hlfn8 Y = ;-/ : KOMilOHeHTU T8Haopa HanpHJt8HHä 

t
y 

H �� = 0. 

Ha HHZH8ä rpaBH�e 
' . 

Y = O; U = O, 

u = o,

i- (x) 88Ä8HH8ß qeTH8ß �YBB�Kß.

& = 0 

9-= i-(x) 

rrpa /x / .>LJ

npa /t/�Lt

• 

r.1te 
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PemaH l8HHyt> aaiaqy npH ycHOBHH, qTo onycKaD�8HCH qaCTD OCHOB8HHß 

imHH8TCH &8CTKHK 6HOKOM, ]lBHJKyIIJ,KMCH C 88,1l8HBOi IlOCTOHHHOff CKOpO

C'f»D - V0 ,u, qTo KOHTSKT MeJJOlY ocHOB8HH8M H »accHBOM B o6nac-

THX /x j > Li coxpaHH8TCH, l3 /2/ nonyqeHI:l CI<OpOCTH CMe�eH:rdt u H

f B BHl8 : 

k_ - .!.fo0 ��(t::/J�ot/ _::_ a!/e� df-J!l Sm 4'etvn,i xcit
V� - �o d�ot +ot

;2 ß 

. 

ß, .... 
--

v„ 
-J-J� !f_ (ij�:i!Jd dJl.-1-si <1}1 + c/le1, µ jl_ si J{-1-JI)+
� 0 elf,, ,? o(_ + ot ,2 

+ d, d(1-#J. svn ote_eos<La..· LI - . ot J

X t/ y e-A-.X;::: HJ � == ,:rJ -J-1 
Ha .ztHSBHof.t noBepxHocTH rrpH Y = H BHpallteHHe (I) .ztaeT 

(I) 

ü=-� S·�m�e.gt,,?7,ot.:e c..fet_ otL- c2) 

or o d-e � +ot.:i 

• _ 1t- �-J
c:,Q 

ots��-1-dot .Cm<4e' _/ ,, (3) 

i,, - /JT o d� + ot_ .z oe eo.sa(a � 

r.zte d - apryMeHT, rro KOTOpoMy B8,1l8TCH HHTerpHpOB8HHe. 

IlpH 8H81IH38 K8PTHHll CKOpocTett B8PTHK81I»HllX CM8�8HHI OTM8tl88TCH 

cneÄyD�aH 38ROHOMepHOCT» - ÄH8BH8H IlOB8PXHOCT» cp8JlH8ff qacTH 

CHOR onycK88TCH, rrpaKTH'tl8CKH p8BHOM8pHO, C TOA xe CROPOCT»D, qTQ 

H OCHOBSHHe. ]Hrn» Ha Y1J8CTKe, cpe.ztH88 C8tl8HH8 ROTOporo pacnona

raeTCH HenocpeÄCTB8HHO H8.1l rpaHK�eM orrycKaD�erocH yti8CTK8 CKOPOCTb 

ÄBHE8H�H cy�eCTB8HHO M8HH8TCH. 

IlpH t �H (ÄOCTSTOllHO ,& � 3 H ) Ham,1tu,1e BTopoit yrnoBot.t Toq_-

KH ( X = - � , Y = )-/ ) Be BHHH8'f Ha noBe.lleHHe pemeHHH B 

• 
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oxpecTHOC!H Toqxa ( X = � , Y ) , qTo noaB011ae, Hcnom»ao:eat:& 

nonyqeHRH8 peaynT&!H A1Ift Hayq8BHH cue�eBHI 1IHB8IHO-Bft3KOro CXOH, 

HUHTHpyD.8rO OC8AOqBuä qexon npH ABHE811HH 61IOKOB �YBA8U8H!8 no 

8)UfHHqBouy BepTBR81IDHOUy pasnouy. 

Ilo �opuynau (I) H (2) uozao paccqHT8TD, qTo B 6uno oiena10, sa 

SBM K8pTRBy ABHZ8HHH MSCOHBa, no KpaffHeä uepe H8 saqan:&aoä OTSllHH, 

HXH B TeqeHH8 npoueJrYTK8 :epeueHH, Ha KOTOpou e�e uoryT cqHT8T:&CH 

npH8U118UWH npHHHTH8 AODy�eHHH. 

HOB 

MosHO ßOK888Tb, qTo, B nepBOU npH611HE8RHH, npR BayqeBHH H8K110-

88UHOI ßOB8pXBOOTH, BH3B8HHSX ABHE8HH8M 61IOKOB no paanouy ioc-

TaToqao orpaoqHT:&OH B1IRHHH8U H3M8H8HHI B8JIHqRHH 

oxpeoTBOOTH Toqxa ( X = Li , H ) • 

i (x) 

&(x) 

B

- :ee-Ha pac.2 ßP8ACT8B118H8 KPIIB8ft rpaÄK8HT8 CROpOCTH 
0� 1IHq1n1a rx B 38BHCHUOOTH OT X • 9T8 KPHB8H AOOTHraeT K8KOII-

UYJ18 B Toqxe ( X = .& , V ) , AOcTaToqao 6uoTpo y6maa c 

ÜCT8BOBHU�ft H8 2-x KOHKp8TKHX 38Aaqax,BOT8EJPXßpK H3JlliD11 

B8K1IOBOB 38UBOA IlOB8pXBOCTH B OKP8CTHOCTH np8Aß0118raeuoro paano

ua. 

I. Ilep:eaa Ha paocuoTp8RHHX H8UH 38A8q - HCC118Ä0B8HB8 88BHCH
UOCTH KaKeHeRHH HaxnoaoB AH8BBoA noBepxHocTH oT rxy6BHH H
BHXOAa cxpuToro paaxoua. 

�opua IlOB8pXHOCTH B 0Kp8CTHOCTH CKPliTOro paanous aenocpe�cT
B8KBO 88BHCJIT OT H8U8R8HHH B8�HqHBH CKOpOCTK i{x) • Ha plc.3
ßPHl38A8BS rpa�HKB CROpOcTel ß- (x) Ä1Ift H8KOTOpsx rny6ax aaxe
rans 01tpwiroro paanoKa np11 cKopoc,a onycxaaa11 Vo = _ ro-3ou/roA.

• 
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KpyTHaBe 11a11eB8HHfl rpaqiHKa &' ( X ) B 0KpecTH0CTH T0tlKH · ( X = Li ,

Y = /-/ ) BospecTaeT c y6hlBaBHe11 rny6HBH H BHX0ll8 oKpHToro 

p881IOll8. MaKCHK81IJ,B8H CKOPOCTD B3118H8BKH yrna H8KJIOK' llBiBKOI 

no:eepx10C!JI, Taare•oo11 KOT0pol O1IH8TCft B81IHllJIK8 � % , ll'.rO 

1III'KO DOK888!D, H861Il>;ll88TCft B TOllKI ( X = /,, , Y = f/ ) .�yB-
. 

. 

K�HJI 38BHCHIIOOTK �¾ OT H B TOllK8 ( X = Li ' V = 1-1 ) DPH 

Vo = -10-3011/rol( 0 T0qHoonm ll0 1% uogeT 6HT», K8B n0K831im81>T 

pacqeTH H8 BBM, anp0K0HIIHp0B8Ba rmnep6onol BH;ll8 8,2I68·I0-4/ H 

p8;llH8H B roll, rl(e H B CM (pBo.4). 

C YJ81IHtl8BH811 IIO;ttyJIH CKOpOOTH onycKSHKft Vo 8CTOTBeRHO BOapao

T88T H :eeJIHllHHa �}{A-_, H) , a cneJtoBaT�UIDHO :eoapacTaeT H cKo

pocTD H3118B8HHH H8KJIOK8 8811HOI ßOB8pXHOCTH. Ilpa 8TOII o6�8H qiysxnHH 

38BHCHIIOCTH H8118H8HHH yrna H8KJIOB8 nOB8pXBOOTB B T0tlKe ( X = /J t 

Y = H), T.e. f"otr 
� � 07(4 ✓ 1-1) (4) 

O ;llOCT8TOllHO xopomHM npH6JIHX8HH811 OilHCHB88TCH KpHB0A BH;ll8 

8,2I68•I0-1 / v'o/ ! H p8;llH8H/ro;tt HJIB E8 I694,83•Io2 f VDI /H C8KYJlll B

ro.1t. H B cu, Vo B cu/ro]J.. 

EcJIH npH o6pa6OTK8 ]J.8HRHX HSMepeHHI no HCC1I8llY8M0IIY paäoay 

IIH CT81IKH8110H C auanorHtlH0ä K8PTHH0I, 8 HM8HH0 C Toqxaua nepera-

6a Ha rpa�HK8X CMemeHHä H CKOpOCTel cuemeol COBP8118BBLIX ;llBHE8iHI 

]J.H8BH0ä ß0B8pXH0CTH, C H8JIHqKe11 orpaHHll8HHHX aoa, r]J.e H1181>T 118CTO 

p83KH8 H3M8H8HHH H 8KCTP8MyKS rpa]J.H8RTOB CK0poc,el, T0, BHltHIIO, 

MOKHO Ilp8]1.ßO1IODT�, tlTO M8X8HH3M, BS3HB81>DUII 8TH ;llBBK8BHH 6JIK8OK 

K paccuoTp8KH0My. TSKHII O6paao11, B08HHK88T BOSMOZHOCTD no pacnpe

,1l81I8HII) 113M8H8HHH 118RJI0R0B B8 IIpO(pHJI8 cy,llHT� 0 ßO1IOll8JIIIH II rny-

6HB8 38JI8r8Dfi CKPH!HX p881IOMOB, 0 paauepax H CKOPOC!HX Clle�enl 

II0UHDlilX 6JI0KOB 0CR0B8RRft. 

2. Maor,lla B npaKTHK8 H8KJIOBOll8PHNX Hauepenl H806XOJUIIIO BH-

• 

-
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�enHn HJßl HaodopoT y�aHBTI, T8M HHH HHW cnocodoM COCT8B1Ifil>�yD 

H8K1IOBa, Bbl3�8HHyI) OßH08HHWH Bsme JtBHX8HHfll(H. 

C yitaJiesae11 OT TOqKJ4 Bmco�a paano11a X = .IJ npa X> li 
B81IHqHH8 CKOPOCTH 'lf(XJ 8CCHMßTOTHqecKH 0Tp8MHTCH K o, a npH

XL.t K B8HHqHHe Vo • YqacTOK peaxoro HaMeHeHHH cKopocTH 

ß-( X') , cpe�Hee ceqemae ROToporo coBna){aeT e Y = /J , cpaBHH

Tenr,uo 11e:se1111x. IlyeT:r, np0Hoxoiu1T onycKaHH8 ( Vo L O). 

Yze npa Jx � 0 .4 • H B&nHqHH8 CKOpOCTH i-(� rd x) >0, 2 Vo l.
11 � - i(-& --dx) >o. fZ Vo] 
npx 

np• 

• 

i(A -1 dx) >O, 1 Vo} 
Vo - ?l (1i - dy) > o, 1 Vc 

i (4 t-dX)>O,O{SI{, 
¼ """ir(t -cf� �o_ OISJ/o 

BenaqH1a OTK1IOH8DH CKOPOCTH ß, OT 80CHMßTOTH y6W388T C y){ane

B118M OT '/ = i , npoem:urn Ha ß0B8pXH0CTI, TQqKH BblXO){a CKPblTO-

ro Ra rny6HB8 H paanoua ( Ta6n. I, puc.5). 

BonHqHB8 T8Hr8HC8 HSM8H8HHH yrna H8K1IOH8 ßOB8pXHOCTH 021' 
t3X 

y61maeT c y�a:neu.r,ieu oT ToqKH X = LJ , cTpeM.HCl> K O npu

x� ± 00 • KaK IlOR888HO B1ißll8, CKOpOCTl> H8M8H8HHH H8lUIOHa ßOB8p-

XHOCTH B TOllK8 X = LJ , r){e aa61110){aeTcH ee MaKcHuyv, BNSBaH-

Hblä B8PTHK81II,HWH ){BHX8HHHMH no pasnouy, 88BHCHT OT CKOpOCTH 

Vo onyCK8HHH rns6bl OCHOB8HHH H OT rny6HHbl H aaneraHHH paa

ltOM8. 

Ilpa Vo = -ro-5cu/ro){, H = IO cu wauexe1He yrHa HSKHoBa aeuuol 

ßOBepxHOCTH 88 cqef orrycKSHHH rns6H �YH){8M8BTa �OCTHraeT 

170 MHltHHC9K B ro,1{. 

C B08p8CT8HH8M B8HHllHHbl Y6 BHOOHMmt B ITOK888DH npx6opoB

BKlt8Ä CT8HOBHTCH 60ltDW8, T.e. BCT88! BOnpoc O Bbl6ope M8CT8 yc�a-

• 
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BOBKK np16opoB axa ze, ecna uecTo yae Bs6pa•o, o BaB6oxee 6naronpHHT

RHX yc1IOBIHX yc!8J{OBKH. 

Kaxoe 11HHHU81IbBoe paecToaoe �onaBo 6st» uea;zcy paa11ouou H np•-

6opo11, qTO6h1 Ha IlOR838HHßX H8KXOBOll8POB H8 OH88Im81IHCL B8p!HH81ILHh18 

ltBH•eHllH no paanouy?

nnß npB61IHZ8HBh1X OU8KOK UOZHO :BOCilO1IL80ßST»Cß Bhlp8Z8BKHIIK lt1IH 

CKOpocTeä K8U8H8HHH H8K1IOH8 88MHOB noBepxHOOTK B Toqxe, Ylt8118HHOA OT 

paaJIO11a Ra paccTOHHHe J X , np1,rne2teHHWH :e Ta6mu�e 2. 

HanpH118p, lITO6h1 :eenHqHHa H8118H8HHH H8K1IORa IlOBepXHOCTH B TOqKe 

X=t +Jx se npeBwna11a I MH1IJIHCeByHlth1 B roit npH Vo = -Io-4 CM/roit 

.1tID1 H � ro cu itocTaToqHo, tITO61i1 d'x� 300 11. 

IlycTL M8CT8 H86JIID2{8HH� yxe Bb16paHs. 

EcnH TOl!KS H861IID2{8HHM paononoxeHa H8IlOCp8l{CTB8HHO H8lt npoeKnHei 

TOlIKH BI:lXO2{8 paanoMa Ha IlOBepxHOOT», H8M8H8HH8 H8K1IOH8 B se« M8KOH

M81IbHO no npo�H1IID. B cnyqae HeO6XOl{HMOCTH, ycTpaHHTb B1IHHHH8 l{BHX8HHI 

no paanoMy npH H3M8peaHH BO3MOJltHO H8Cblil8B C1IOI r.{>YHTa TOJIIJU!HOM lt , 

c uenM> y:eemrcrnHHH TOJilllHHbl ocaitotrnoro -qeXJia H • TaK, rrpH Vo = 

=-ro-5 cv./roi H H � 8,5 M, HSKJIOH, O6yc11O1311eaa1i1M 2tBßJB:8HHHMH no 

:sepTHK81IbHOMY paanoMy,cocTaBJIHeT M0Hee 0,2 M.CeH. B ro� npH npOH8BO1II,

HOM pSCil01IOJB:8HHH TOlIKH H861IID�8HH�. BOCilOJII,8OB8BWHCI, WOPMY118MH, IlpHB8-

�8HHbTMH B I.,MOJB:HO orrpe�enHTI, �OCT8TOlIHYID BhlOOTy YCT8HOBKK npH6opa 

B K8Jl,llOM KOHKpeTHOM CJiyqae. Ül{H8KO, rrpH onpe�eneHHH paaMepoB H80blil8-

eMoro CJIOH rpyHT8 HeO6XOl{HMO YlIHT�B8TI, OilHC8HHble BJilWe orpaHHlJ8ImH, 

T. e. paaMep CJIOH B nJiaHe �onJ1CeH 6blTl> 6011bme 3 H • Bce aTo ,nenaeT

TaKyD aa,na-qy T8XHHlI8CKH M8JIOOOy�ecTBHMO�.

EcnH TOlIK8 H861IID2{8HHH pacrrO1IOJB:eHa He Henocpe�CTB8HHO H82{ paa11O
MOM, TO BO3MO�8H H itpyro� nyTl>. A,HM8HHO, p83M8�8HH8 npH6opa Ha He
KOTopoä rny6HHe, HanpHMep, B WTO1ILBe. 8TO nyTL BO8MOX8H B C:BH8H C 

! 
• 

Te», qTo mHpHH8 8OHbl CHJII,HbJX H8M8H8RHÖ rp8ltH8HTa �� 88BHCHT OT Be-

• 

-
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naqmay H, T8Klßl o6paaou, yuenmaa ÄXH aaxxoxouepa BenHqHsy H, 

MY cyzaeM STy ao•y. 

K npoepy, npa 'Vo = - 10-4 OM/roÄ, H = IQ M, dx = 4 M,

H3M8B8RJ18 B8KHOH8 ßOB8pXHOCTJl 9 BY3B8BH08 OßHC8BHYIIH ,1U3HZ8HHHIII 

COCT8BHft8T I3,4 MKnnacex. B roÄ. PaSM8CTHB npH6op B WTOnDH8 H8 

rny6HH8 8 u, MOZHO ocna6Hn B ST0I Toqxe H8M8H8HH8 H8KHOH8 B 21 

paa, T.e. Ä0 0,62 MKXXKC8K. B roÄ. 

JlHTepaTypa. 

I. fpHrop»eB A.C.,IDexuypallOB8 3.E. TeopeTHqecKoe onp8l18H8HH8

Ol<OP0CT8A ,1tBHJK8HlU( )tR8BH0I ß0B8pXH0CTH npa H8K0T0pwc ll8X8HH8-

11ax J18<popuHpOB8HHH 88MHOI KOpY. C6.CoBp8M8HHY8 .1tBHX8HHfl aeu

HOI KOpY, � 5,H8.1t-BO AH 9CCP,TapTy,I9'73.

2. maxuypal10B8 3.E. 0 H8IlpHZ8HHOM COCTOHBHH H .1t8WOPM8UHHX 0H0fl

npH B8pTHK8n»sou nepeuemeHHH ero ocHoBaHHH. HaB. AH CCCP,

�H8HK8 3eMnH, � I0, !973.

3 .  fpHrop»8B A.C., HOBKHH B.Il. PemeHHe aa.itaq T8KTOHO�H3KKH M8T0l18-

MH .1te{fJOp11Hpye1rnro TB8plloro irena (o6aop).HaB. AH CCCP, �IlaHICa 

3euna, � I, 1972. 
1 

• 
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1' ±2H /.. ±3H i±l/H 

2,5 I,5 0,7 0,2 

Tac5xxua I. OTKno11eaae eKopoc,a ?r{x) oT accauntoiw B %

o!' V6 B Totixe X • 

ol HBll8R8BH8 H8KHOH8 ßOB8pXBOCTH B TOtlR8

X = � ± dx 

0,4 6,5fVoJ / IO·H 

0,8 2,3 fvoll IO·H 

I,O I,3)Vo}/ IO·H 

I,5 3,Il�I/ I0
2
• H

2,0 6,21Vo/l ro
3

„H 

3,0 r,ot�II I03sH

Tac5ona 2. HaueHeeue Ha1moxa no:eepxHoc,a :e ,011xe 4 ± d X

:B P8l1H8H8X. (tfaueHeHHe yr11a lf8K110H8 npH )( > " + rlx IUIII 

X -t::. � - J. X aa npe:eooxoJ1HT :ee1111t1HHH ol ) •

i±SH 
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P•c.I CxeMa :aep11axa111,aoro ceqe:oa cnoa. 

'oi, 
'öX 

H = IOO CM 

-...:======---------
-;

il
rl-1-ro--r-,--r-,5;'"T'O ___ -=:::::::=:=. __ _.....,,CM

Pwc. 2. rpataK 38:SKCHMOCT• 

Yo = - 10-
3cM/ro:..

...... IO CM 

I Io-6pa�rol(

�1r 011 X np■ B = IOO c11,

?JX 

V 

-

DOI:https://doi.org/10.2312/zipe.1981.063.03



-· 
-

-· 
.-· 

-·----· ----· 

b{x) cu/roJ.

,,. 

,, 
,, 

,,. . --- . ---•·--· -·
. -

717 

-· --· --· 
---. --- . --

- - - - -

I ........ . 

2 

3 ------

4 -·-·-

PHc.3. Pacnpe�eneHH8 B0pTHK8Il�HOM CKOPOCTH i(x) B OHpecTHOC

TH IlO�BHXHOro paanoMa B 38BHCHMOCTH OT rny6HHH BblXOÄa 

CKPNToro pasnoMa • .lJ - npoeK�HH H8 ÄH8BHyID IlOBepXHOCTD

TO�KH BbJXOla pa3n0Ma. I - H = IO cM;2 - H = 50 cM; 

3 - H = 100 CM; 4 - H = 500 CM. Vc = - ro-
3 CM/ro�.

CM 

--- - - - .-:;..;; .... '""'-:.:..-.:-:"·-:·;-;-

-
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Auswertung von Wiederholungsnivellements 

mit mathematisch-statistischen Verfahren 

M. Schädlich, J. Steinberg
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VEB Kombinat Geodäsie und Kartographie, Forschungszentrum 

Zusammenfassung 

Auswertung des in den Jahren 1974 bis 1976 nach der Techno

logie des motorisierten Nivellements ausgeführten Wiederho

lungsnivellements für das Staatliche Nivellementsnetz I. Ord

nung der DDR unter Benutzung leistungsfähiger Verfahren und 

Modelle zur 

- Schätzung der Genauigkeitsparameter des Präzisionsnivelle

ments,

- Berechnung aktueller Höhen für die Nivellementspunkte des

Netzes I. Ordnung,

- Schätzung regionaler vertikaler Erdkrustenbewegungen.

1. Einführung

Durch das Wiederholungsnivellement I. Ordnung der DDR sind 

gute Bedingungen zur Bereitstellung aktueller Höhenangaben 

sowie zum Gewinnen neuer Erkenntnisse über vertikale Defor

mationen der Erdkruste vorhanden. Damit sind die Voraussetzun

gen zur Weiterführung der in den vergangenen Jahren durchge

führten Untersuchungen gegeben, die ihren Niederschlag in der 

"Vorläufigen Karte der rezenten vertikalen Krustenbewegungen 

in der DDR" sowie in der "Karte der rezenten vertikalen Erd

krustenbewegungen Osteuropas" fanden. 

Die Genauigkeitsbeurteilung von Präzisionsnivellements sowie 

die Ausgleichung von Höhennetzen und die Schätzung vertikaler 

Krustenbewegungen erfolgen derzeit noch vorwiegend mit mehr 

oder weniger konventionellen Verfahren. Andererseits liegt es 

nahe, moderne fehlertheoretisch-statistische Begriffsbildun-
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gen und Verfahren zu nutzen und leistungsfähige mathematische 

Modelle und Schätzvorschriften zu formulieren. Zur besseren 

Ausschöpfung des Informationsgehaltes der Messungsergebnisse 

und zur Erhöhung der Aussagekraft wurden deshalb bei der 

Auswertung des Wiederholungsnivellements solche Verfahren 

angewendet, welche neuere Erkenntnisse auf den Gebieten der 

Fehlertheorie und der mathematischen Statistik berücksich

tigen. Dabei wurden die homogenisierten Strecken,Linien- und

Schleifenwidersprüche des Präzisionsnivellements als statio

näre Zufallsfolge interpretiert. 

2. Berechnung der Genauigkeitspa�ameter der Messungsergebnisse

Zur gesicherten Beurteilung der Genauigkeit des Netzes des 

fliederholungsnivellements mit einer Gesamtlänge von etwa 

6500 km erfolgte eine um.fassende Auswertung der Messungser

gebnisse. Dabei wurden neue Fehlerformeln zur Berechnung der 

Genauigkeitsparameter erprobt und angewendet /5/. Die in der 

Vergangenheit im internationalen Maßstab zur Beurteilung der 

Genauigkeit von Präzisionsnivellements angewendeten Fehler

formeln von Jordan, Lallemand, Rune usw. gestatten keine ge

sicherte Aussage über die erreichte Genauigkeit, da diese 

Formeln die Korrelationen der Messungsergebnisse nicht berück

sichtigen. Das gilt insbesondere für die Schätzung der mitt

leren Fehler aus Strecken,Linien- und Schleifenwidersprüchen

sowie aus der Netzausgleichung. Die zur Auswertung des Wieder

holungsnivellements angewendeten neuen Fehlerformeln liefern 

unverzerrte Schätzungen des mittleren Kilometerfehlers. 

Weiterhin wird damit eine Systematisierung der Genauigkeits

beurteilung erreicht. 

Aus den Messungsergebnissen des gesamten Nivellementsnetzes 

I. Ordnung wurde nach Abspaltung der durch physikalische

Korrelationen verursachten Einflüsse ein mittlerer Messungs

fehler

m = ± 0,25 mm/km 

erhalten. Dieser Genauigkeitsparameter charakterisiert den 

mittleren Fehler des Registriersystems, in welchem die Ein-
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flüsse von Instrument, Nivellierlatten und Beobachter ent

halten sind, also die eigentlichen Meßfehler (innere Meß

gec.auigkeit). 

Als weiterer Gena.uigkeitsparameter des Netzes ergab sich 

der mittlere Kilometerfehler 

m( f') = ± O, 38 mm/km. 

Er folgt in gleicher Größe aus den Differenzen von Doppel

messungen eines Teiles der Nivellementsstrecken wie auch aus 

den Differenzen·der Höhenunterschiede zwischen Hin- und 

Rückmessung der Strecken bei Berücksichtigung des Trends 

der Widersprüche�. Dieser Parameter charakterisiert die 

Genauigkeit der Meßtechnologie des motorisierten Nivellements. 

Weiterhin ergab sich für den mittleren Fehler aus Schleifen

widersprüchen ohne Berücksichtigung der Abhängigkeiten 

m(f) = ± O, 94 mm/km. 

3. Ausgleichung des Nivellementsnetzes I. Ordnung der DDR

Zur schnellen Nutzung der neuen Messungsergebnisse wurden für 

alle Festpunkte des Netzes aktuelle Höhen ermittelt /6/. 

Die Berechnung der Höhen erfolgte nach der Methode der Aus

gleichung korrelierter Beobachtungen, bei der die Abhängig

keiten der gemessenen Höhenunterschiede berücksichtigt werden. 

Die dazu benötigten Kovarianzen wurden nach der Kollokations

methode ermittelt, bei der eine Trennung der Messungsfehler � 

(Rauschen) von den korrelierten Anteilen§ (Signalen) vorge

nommen wird /2/. 

Zur Ermittlung der Kovarianzen der gemessenen Höhenunter

schiede wurde eine Kovarianzfunktion vom Gau.ßschen Typ benutzt. 

Die Parameter der Kovarianzfunktion ergaben sich aus den 

Verbesserungen� einer vorangegangenen (konventionellen) 

Netzausgleichung. 

Zur Beurteilung der Wirksamkeit des Einflusses der Korrela

tionen auf die �rgebnisse der Netzausgleichung erfolgte eine 

Gegenüberstellung mit den Lrgebnissen, die nach dem Verfahren 

der Ausgleichung unabhängiger Beobachtungen erzielt wurden. 
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Bei den Ausgleichungen wurde ein etwa in der Mitte des Netzes 

liegender Festpunkt als fehlerfreier Anschlußpunkt gewählt. 

Es ergaben sich folgende Genauigkeitsparameter: 

- mittlerer Fehler der Gewichtseinheit (unabhängige Beobach

tungen): m(v) = ± 0,89 mm/km

- mittlerer Fehler der Gewichtseinheit (korrelierte Beobach-

tungen): m'(v) = ± 0,72 mm/km

- mittlerer Fehler des Registriersystems: m(n) = ± 0,25 mm/km.

Der aus den Verbesserungen der Netzausgleichung nach der 

Trennung der Messungsfehler von den korrelierten Anteilen 

hervorgegangene mittlere Fehler des Registriersystems stimmt 

mit den aus Strecken- und Linienwidersprüchen erhaltenen 

überein. 

Für eine Nivellementslinie mit einer mittleren Länge von 

70 km (mittlere Linienlänge in der DDR) ergeben sich folgende 

Genauigkeitsparameter: 

- mittlerer Fehler einer gemessenen Linie:± 0,89 -{7o
= ± 7,4 mm

mittlerer Fehler einer ausgeglichenen Linie (unabh. Beob.):

m = ± 5,8 mm

mittlerer Fehler einer ausgeglichenen Linie (korr. Beob.):

m' = ± 4,5 mm.

Die Mittelwerte der mittleren Fehler der ausgeglichenen Höhen 

der Knotenpunkte betragen 

- bei der Ausgleichung unabhängiger Beobachtungen:

� = ± 8,7 mm

- bei der Ausgleichung korrelierter Beobachtungen:

n,i = ± 8,0 mm.

Die Differenzen der ausgeglichenen Höhen zwischen beiden 

Ausgleichungsverfahren betragen maximal 

j AJ\iax = 7, 0 mm
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Der Vergleich der Ergebnisse beider Ausgleichungsverfahren 

spricht deutlich für das Verfahren der Ausgleichung korre

lierter Beobachtungen. Es besitzt gegenüber den herkömmli

chen Verfahren eine höhere Leistungsfähigkeit. 

Ein weiterer Vorteil des Verfahrens besteht darin, daß es 

wegen der Trennung der korrelierten Anteile von den eigent

lichen Messungsfehlern (dem Rauschen) eine eindeutige Beur

teilung der Meßgenauigkeit gestattet. 

4. Untersuchungen zum Nachweis vertikaler Erdkrustenbewegungen

Die in der DDR ausgeführten Untersuchungen waren darauf ausge

richtet, leistungsfähige Verfahren anzuwenden, die einen Nach

weis statistisch gesicherter vertikaler Erdkrustenbewegungen 

ermöglichen. Als ein solches Verfahren erwies sich die Dar

stellung regionaler Bewegungen mittels Trendpolynomen. Bei 

dieser Methode werden die Bewegungsgeschwindigkeiten in be

liebigen Punkten als Funktion ihrer Ortskoordinaten aufge

faßt. Die aus den Differenzen zweier Nivellements erhaltenen 

Bewegungen werden dabei in zwei Teile aufgespalten, und zwar 

in die regionalen Bewegungen und in die durch lokale physika

lische Ursachen hervorgerufenen zufälligen Bewegungsschwankun

gen. 

Das ermittelte Trendpolynom ist geeignet, die mittleren 

regionalen Erdkrustenbewegungen statistisch gesichert darzu

stellen. Das im Rahmen der Auswertung der Messungsergebnisse 

des Wiederholungsnivellements angewendete Kollokationsver

fahren zur Abspaltung der systematischen Messungsfehler 

wurde auch zur Signifikanzprüfung des Trendpolynoms mit dem 

X
2-Parametertest verwendet, wobei die aus dem Rauschen ge

schätzte Varianz dem A-priori-Wert o gegenübergestellt wurde. 
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Bei einer ersten Erprobung dieses Verfahrens ergab sich für 

das Gebiet der DDR eine statistisch gesicherte Kippung in 

Nord-Süd-Richtung /3/. Bei Anwendung der inzwischen erweiter

ten und präzisierten Konzeption ist ein nichtlineares Trend

modell zu erwarten, das der geologischen Struktur der DDR 

besser Rechnung trägt /4/. 

Es wird eingeschätzt, daß diese erweiterte Konzeption einen 

gesicherteren Nachweis der vertikalen Erdkrustenbewegungen 

ermöglicht als die bisher üblichen Auswerteverfahren, da die 

erhaltenen mittleren regionalen Bewegungen weitgehend von 

Störeinflüssen meßtechnischer und technogener Art befreit 

sind. 

5. Anwendung der EDV bei der Auswertung der Messungsergebnisse

Bei der Auswertung des sehr umfangreichen Messungsmaterials 

des Wiederholungsnivellements wurden die Möglichkeiten der 

elektronischen Datenverarbeitung genutzt. Das vom Forschungs

zentrum des VEB Kombinat Geodäsie und Kartographie geschaffene 

Programmsystem gestattet die durchgängige automatisierte Bea.r-:

beitung der J!;rgebnisse des Wiederholungsnivellements /1/. 

6. Schlußfolgerungen

Aus der Auswertung des Wiederholungsnivellements des Staat

lichen Nivellementsnetzes I. Ordnung ergibt sich insgesamt: 

- Die Berechnung der Genauigkeitsparameter nach den neuen

Fehlerformeln führt zu unverzerrten Schätzungen der mitt

leren km-Fehler (Standardabweichung der Gewichtseinheit).

- Die Ausgleichung von Präzisionsnivellementsnetzen nach dem

Verfahren der korrelierten Beobachtungen weist gegenüber

dem Verfahren der unabhängigen Beobachtungen eine höhere

Leistungsfähigkeit auf.

- Zur Schätzung vertikaler Erdkrustenbewegungen sollten

leistungsfähige Verfahren zur Anwendung kommen, die einen

statistisch gesicherten Nachweis der Bewegungen ermöglichen.
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·New Interferometric Technigues for Measuring Horizontal Earth Crustal Movements

by 

R. Schüler 1)

Summary 

Im ZIPE wurde ein Interf·erometer mit moderner interferometrischer Meßtechnik ent
wickelt, das zum Vergleich von Strecken verschiedener Richtung und mit Längen von mehr 
als 1 km eingesetzt werden kann. Das Interferometer arbeitet nach dem Grundprinzip des 
Michelson-Interferometers mit kollimiertemLicht. Die Interferenzsignale werden photo
elektrisch erfaßt und oszillographisch dargestellt. Die Darstellzeit der Signale be
trägt etwa 1 ms und die vorhandene Gangdifferenz der Strahlenwege wird automatisch re
gistriert. Das Interferometer wurde bei der Messung der Internationalen Standardbasis 
Potsdam eingesetzt und bis zu einer Reichweite von 2,7 km erprobt. 

1. Introduction

Väisälä's successful work of interferometric measurements of long distances out
side the laborato:cy in the open fields even under the condition of atmospheric 
disturbances, has it made possible to measure geodetic base lines with high accuracy. 
After the fundamental length-measurement of the 864-m-Nummela-Base-Line by Honkasalo 
in 1947, many base lines on other countries have been measured using the Finnish 
comparator. 

In the Central Earth Physics Institute at Potsdam (ZIPE) Väisälä's principle of 
using a two-beam diffraction interferometer has been applied for geodetic length
measurements. In 1963 the development of a 24-m-comparator for measuring 24 m long 
invar wires and tapes was concluded, and in 1972 a modified Väisälä-com.parator for 
measuring the 480 m lang northern part of the Potsdam International Standard Base 
Line was accomplished and first measurements were achieved at the same time. 

Although the application of Väisälä's diffraction interferometer had been ve:cy 
successful, it was exclusively used for geodetic base lines. Atmospheric disturbances 
are of great influence on the performance of the interferometric procedure, and 
therefore it seems generally to be impossible to measure distances longer than 1 km 
using this method. 

Several years ago some new aspects of interferometric measurements in free air 
have been considered at ZIPE and their application investigated, Among them the 
principal possibility of interferometric length-measurements of distances longer than 

1) Akademie der Wissenschaf_ten der DDR, Zentralinstitut für Physik der Erde,
DDR - 15 Potsdam, Telegrafenberg A 17
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1 km have been examined. Although former efforts to apply interferometers with extend

ed wave fronts for measuring long distances had failed, it could be shown, that

nevertheless such a possibility really exist. lt can be realized, if some new inter

ferometric techniques partially kn.own from other branches of interferometry are

a lied. On the other hand it seemed to be very im:portant to compare also distances ofPP 
· 1· d ·t· different directions. This can be accomplished, if the customary inc ine posi ion 

between the paths of rays and the distances to be measured is abandoned and an 

autocollimattng path is used. 

2. Long range interferometer

MICROSCOPE 

SCALE 

AXED �ROR 

TO REFERENCE 
MIRROR 

ROTARY 
COMPENSATOR 

REFLECTOR 

PLANEOF 
OBSERVATION 

..1.. 
T 

PLANEOF 
SOURCE 

.J. 
T 

Fig. 1. Two-beam interferometer and its optical arrangement 

for measurements in the open field. 

As a result of research with reference to the visibility of interference fringes 

under the condition of long light paths an interferometer was built based on the 

Michelson-interferometer with collimated light. The principle of the interferometer 

with its path of rays going to far distant reference mirrors is shown in Fig. 1. The 

light coming from the source is divided into two separated beams by a partially

reflecting beam splitter. The transmitted beam passes the compensator plate and is 

reflected by the rotational mirror 1 to a distant reference mirror. The second beam 

MOVEABLE 
ANGLED 

REFLECTOR 
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reflected by the beam splitter, in building a loop by means of a moveable angled 
reflector and a fixed mirror, isdirected by the rotational mil:Tor 2 to the second 
reference mirror of the interferometer. The ·two rotational mirrors are adjustable in 
height and azimuth in order to lead the two beams to the reference mirrors set up in 
the field. The loop of the second bealll with its moveable angled reflector IDJ33 afrord 
to change the optical. path difrerence between the two beams within a range of 1 m. 
The alllOunt of shifting is determined by means of a microscope scal.e connected with 
the reflector. 

REFLECTING MIRRORS 

BEAMS FROM 
ROTATIONAL MIRRORS 

Fig. 2. Path of beams for comparing two distances � and E1E�. 

Fig. 2 shows the principle of an interferometric comparison between two distances 
� and � by means of the mentioned instrument� The two beams coming from the 
rotational. mirrors follow the path over suitably placed reflecting mirrors, and the 
etal.on mirrors E2 and E2 being taken awa:y to the reference mirrors E1 and E1. After
reflection at these etalon mirrors the two beams are finally recombined by the beam 
splitter and interference will take place in the plane of observation of the tele
scope (Fig. 1), if the moveable angled reflector has such a position, that the path 
difference between the beams is nearly zero. Then the same procedure of measurement 
has to be accomplished using the etalon mirrors E2 and E2. The difference of
readings at the scale_yields half the difference of the distances � and �-

With some modification of the arrangement it is also possible to compare two 
distances with a common point and the same direction. If one of the length is 
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already known, this method is suitable for doubling distances. The interferometric 
com.parison by using a scale does not reduce the relative accuracy of the measurement, 
for the com.pared lengths are very much longer than the scale. All adjustments of the 
mirrors are carried out by means of laserrays and therefore not very difficult. 

3. Formation of the interrerence signal

It would be a very awkward attempt to find out interference fringes by visual 
observation in comparing distances longer than 1 km, as the range inside of which an 
observation of fringes is possible amounts only about 10 1um and atmospheric distur
bances very seldom allow to see them. Therefore a photoelectric detection and their 
representation by means of an oscilloscope must be used. 

The light source of the inte:rferometer consists of a high-pressure mecury lamp 
and lasers. The radiation, after having passed the two arms of the interferometer 
and arrivirig at the reception telescope, is collected at the slit o±' a dispersing 
system and separated into its different wavelengths. The separated light of the 
mercury lamp (?. = 435 nm, 546 nm, 578 nm) and: the laser lines (). = 633 nm, 1150 nm) 
then can be detected by photomul tiplier tubes. To produce a time-dependent inter
ference signal, the optical path of one beam must be changed in a periodical way. 
This variation is generated by a constant rotation of the compensator plate (Fig. 1). 
But a constant rotation does not provide constant. frequencies of the inter1·erence 
signals. Moreover, they must be separated from the current noise of the multipliers 
and the low-frequency noise due to the scintillation effect of the light beams. 
Therefore the oscillations of the interference signals must be reduced to small 
frequency bands. Consequently the range of observation also reduces itself to a 
small range of the path difference of the beams inside of which a signal may be 
observed. This transmission range amounts to 1 mm, and the mid-band frequencies 
correspond to the plan-parallel position of the beam splitter and the compensator 
plate. The mid-band frequency of the yellow mercury line (Ä = 578 nm) has been 
chosen to 30 kHz. The relative transmission range or all filters has the value 0.1. 
After separated amplification and filtering of. the different frequencies it is 
possible to produce a common signal by superimposing the selected wave lengths 
that may be obs�rved on the screen 01· an oscilloscope. 

4. Interference signal and positioning

The rotary compensator plate changes the path difference within a range of 15 mm. 
Nevertheless the real range of observation is only 1 mm, because the noise signals 
must be reduced by filtering. However, a widening or this interval has been accom
plished by a heterodyne frequency. This intermediate frequency equals the difference 
between the interference signal and a frequency generated by an oscillation circuit 
which has a frequency response like the interference signal. The frequency response 
is imitated by a rotating capacitor of a special form which has a tie line with the 
compensator plate. That circuit amplifies the range of observation to about 8 mm 
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inside of which a signal may be seen. 

If an emerging signal is observed, the optical path generated by the compensator 

plate must be known at the same time. For this purpose a rotary impuls step control 

by means of an incremental transducer is applied which provides 104 spike pulses per

rotation. Within the transmission range of 1 mm the interval between two spikes 

corresponds to a change of the optical path of 10 1um. With the aid of a suitable

electronic regulating system the horizontal deflection of the observation oscilloscope 
can be triggered by selected spike pulses. As every pulse may also be used for 

brightening the cathode-rey tube, the written scale is calibrated in steps of 10 1um.

Consequently an exact positioning of the interference ·signal may be executed within 

an optionally chosen interval of representation. 

5. Interference finding

101 Mlr>RS 
DATA 

PRINTER 

OPTICAL 

MEASURING 

SYSTEM ···-- ---
,....., - -

SYSTEM, 
FL.TERS SYSTEM 

..,..,_ -

IMPULS 
'"''-- -STEP inAt"tll � -

CONTROL FINDER 

Fig. 3. Connecting diagram of the measuring arrangement. 

In setting up· the etalon mirrors and the reflecting mirrors according to the 
arrangement in the field it must be taken into account, that the path difference be

tween the two interferometer arms does not exceed an amount of 1 m. This can be 
achieved through electro-optical distance measurements which provide moreover the 

lengths of the interrerometer arms with an inaccuracy of about :!: 10 mm. 

For finding the interference signal an electronic interference finder is used 

~ 

1 -r - - - ·- -

1 . 
•• . 

1 

r ")PS; L~ 

1 r--~ . 
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that signalizes the position of an emerging signal by means of a data printer. In 

combination with the mentioned heterod;yne frequency a path difference of 8 mm can be 
scrutinized. If there are no signals, ranges in the vicinity of the presumptive 
setting of the angled reflector have to be e:xmined. If a signal outside of the usual 
transmission range of 1 mm is announced, the reflector is moved until the signal 
passes inside of the required interval without the aid-frequency. 

The same procedure for finding the interference signal and its positioning by data 

printing may be used to perform the length measurements themselves. The inaccuracy of 
! 10 

1
um for distances longer than 1 km is small enough to use the representation o:t" 

the signals by means or an oscilloscope only as a supplementary aid in judging the 
signals and for special investigations with respect to their behavior under various 
atmospheric conditions. 

The connecting diagram in Fig. 3 provides a· short view as to the mode of operation 
of the measuring arrangement. 

b. Influence of atmospheric conditions

The condition of the free atmosphere near the ground does not always allow inter
ference measurements. Therefore the conditions permitting such measurements have to 
be studied in order to succeed. Many experimental results and experiences during 
measurements carried out under various conditions have shown, that the conditions for 
interference can be estimated, 11· characteristic features of the image formation are 
taken into account: First of all the image of the light source that may be observed 
within the reception telescope must be recognizable. The better the quality of the 
image the better the conditions for inter1·erence. Images without any details that 
look like smears do not warrant a success. Further, a continuous changing of the 
direction anomaly of the beams does not allow a satisfactory coincidence of the two 
images of the beams, and interference _signals do not appear. Therefore frequent ad
justments are necessary for a signal reception. Finally the extinction of light by 
active constituents of the atmosphere plays an important role for interferometric 
measurements of long distances, for a certain intensity is necessary to produce an 
observable signal. But no exact single restrictive limit for each of these three 
characteristics does exist. The quality of all three together decides, whether a 

signal comes out. 

However, if measurements are carried out, it is not necessary to investigate 
constantly this characteristics: The interferometer has only to be brought into a 

sufficient state of adjustment, then the electronic equipment itself judges, whether 
interference signals are possible or not, for an emerging signal is signalized by the 
data printer immeq.iately. 

The influence of temperature when comparing two distances by an interferometer 1s 
much smaller than for electro-optical distance measurements, for only the difference 

of the refraction index of air must be known while its absolute value is not 
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required. Therefore the inaccuracy of the measurements is smaller than 10-7 in general,

Although temperature measuring devices are still necessary for some points, the inter

ferometer is able to indicate the atmospheric dispersion of the used wavelengths and 

is, therefore, appropriate to give information about the influence of the refraction 

index of the air. For that purpose experimental measurements are running on at the 

present time. 

7. Interferometer testing and first measurements

In the past the interferometer was tested at different places and in several ways. 

Interference measurements require pillars for setting up the interferometer equipment 
and the different mirrors belonging to it. For measuring base lines always pillars 
built of stone have been used. For measurements in the open field outside of a base 

line, however, the erection of such pillars would be a sumptuary work. Therefore 

pillars of steel that may be taken into pieces have been built and successfully 
tested. The stability of such pillars is sufficient for distances up to 10 km and the 
adjustment of the fixed mirrors holds for hours. The interferometer tes�ing as to the 

influence of the ground vibrations has shown, that such vibrations have only little 
influence on the signal formation, as the duration of time of the signal is only 

about 1 ms. 

Experimental measurements as to the radius of action for range comparing have been 
successfully executed for distances up to 2700 m. 

In the meanwhile first applications for direct measurements have been made in 

comparing the two mutually inclined parts of the Potsdam International Standard Base 
Line in 1976, 1977, and 1978. The last comparison has been performed in combination 

with an absolute length measurement of the northern part of the base line by the 
mentioned modified Väisälä-comparator. Consequently now the whole length of the 960-m
base-line is measured interferometrically. 

However, there are also good prospects of an application of the interferometer for 
measuring horizontal earth crustal movements. Besides this other movements of inter
est, such as those of buildings could be determined in this way. 
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Starting from the second statistical moment (autocovariance 
function, power spectrum, admittances) in this paper the role 
of density changes in the atmo�phere on gravity residuale is 
considered. The space-time relations between NEWTONIAN attrac
tion and density changes are given in a general analytical for
mulation. 

On this basis it may be shown,that 
- with respect to correlation in the time in the short-periodic

ranges (4,5 ••• cycles/day) the short-time (few hours) local
(5 ••• 1o kilometres) range of the four-dimensional density
changes must be considered. It means that the admittances for
these spectral ranges depend on seasonal and climatic-geogra
phical situations

- with res�ect to correlation in the space (correlation between
stationsl the mesoscales (few hundreds up to two thousand kilo
metres) in the air pressure are important. For a distinct pres
sure surface the autocorrelation function of the NEWTONIAN

mass-attration is for this dimensions like the autocorrelation 
function of the density changes itself, for instance in the 
form C Br�(s,O) = exp(-C s 2) cos(C ·s) • 
In this dimensions (corrJlations leJgth few days in time and 
up to two thousand kilometres in space) the loading effect of 
the changing air pressure becames more interesting in the empi
rical gravity residuale. 

A further investigation on the space-time properties of the 
gravity residuale demands on the basis of an international coope
ration a dense network of meteorological as well as gravity sta
tions and both long and high-precise registration series. 

Introduction 

It is well known that the signal, registrated by an earth tide 
gravimeter or clinometer can be described by the sum of threa 
components (WENZEL, 1976) 

------------
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( 1 ) 

whereby 

L(t) 

L(t) 

p(t) 

d(t) 

= p(t) + s1(t) + d(t)

registration signal 
tidal forces including tidal deformations and 
tidal loading effects of the earth, oceans and 
atmosphere 
disturbing signal (non-tidal gravity variations 
like microseismics, influence of the attraction 
and deformation due to atmospheric pressure chan
ges, variations in the ground water table, secu
lar gravity variations 
drift (part in the registration signal whose phy
sical explanation is missing at time). 

Each of these three components demands a special investigation on 
their own properties, but also their interrelations must be regar
ded. 

From the point of view of global earth models different methods 
were developed for the determination of p(t) (e.g. CHOJNICKI-, 
VENEDIKOV- methods). The summands s1(t) and d(t) remain under this
aspect without any physical interpretation, only their formal sig
nificance, for instance for the error estimation, was taken into 
account. 

By the aid of high-precise and long gravimetric registration 
series we obtained few insigths in the nature of the disturbing 
signal s1(t). A clear connection between the gravity changes and
ground water table variijtions could not be formulated up to now, 
but it becames diatinct that both on theoretical (WARBURTON and 
GOODKIND, 1977) as well as on empirical basis (for a review see 
GERSTENECKER (1978)) one can estimate a value for the regression 
coefficient between gravity and air pressure of about 

r = - 0.35 ugal/mbar. 
One of the most advanced method for the computation of r is the 
determination by the admittances A(fi) for different frequencies
fi between the air pressurei and the residual gravity variations
r

R 
(for instance GOODKIND (1979))

(2) 

�here Ptr
R 

means the cross-power spectrum between the stochastic

air pressure t and the stochastic gravi ty residuals r
R

, P 
rR r R

is the power spectrum of r
R
. 
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part of s
1

(t) as a stochastic process produced by an other sto
chastic process, in this case by stochastic air pressure varia
tions as a special process of stochastic meteorological processes. 
This new four-dimensional concept finds its expression in the for
mulation of space-time covariance functions and, as above mentioned, 
in space-time power spectra (in the cited case only in the time 
dimension). Using this concept consequently we must know one the 
one hand the relations between 4) and r R in these expressions.
By this way we get the formulation for true admittances since in 
this framework the space-time character of the air pressure is 
taken into account completely. On the other hand for practical con
clusions we must lock for empirical data. Here I have found 
- autocovariance functions of four-dimensional air pressure changes

in me·soscale ranges
- admittances in the range of 4 ... 7 cycles per day and lower than

one day. 
Using this different material the aim of this paper is twofold: 

- to give the formulation of the autocovariance function of gravity
using the autocovariance function of the air pressure 

- to conclude, in the opposite direction, .from the admittances on
the character of the generating air pzessure process. 

General formulation 

The air pressure as a four-dimensional process J (!.,t) contri
butes to gravi ty changes E.. (!., t) by 
- the NEWTONIAN mass-attraction r(!.,t) due to the air density

'! (!.,t)
- the gravi ty varia tions LI ( x, t) due to the deforma tion of the

earth's surface due to the-air pressure f (x,t). 
Then we have the sUiu of two integrale 

( 3) L (!,, t) = J
ES 

+ 

where ES means earth's surface, A earth's atmosphere x = , _  
(

1
x,2x,3x) three-dimensional point coordinates, t time,

+ 1 K(~ - ~1) 'J! (~1 't) d~1 
A 
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G the GREENs function, K the kernel for the vertical component. 
Then the autocovariance function BrrC!.1,!.2, t1, t2) is

This means, that in this second statistical moment also the 
elastic properties�in the neighbourhood of the station occur. 
It was shown by WARBURTON and GOODKIND (1977) that the loading 
effect of pressure changes in a space dimension up to 200 km in 
the radius is lower than 15%. For the interpretation we should

keep in mind this fact. 
Now we confine us on the formulation of the autocovariance 

function S
rr 

of the NEWTONIAN attraction of the air masses 'f (!.,t� 

The autocovariance function of the gravity effect of the atmo
sphere in local and mesoscale ranges 

For local and mesoscale meteorological processes (i.e. proces
ses up to few thousand kilometres) a simple rectangular coordinate 
system is used . The autocovariance function Brr of the gravity 
effect is then following the second summand in (3)

+oo 00 

= E .C Jf d ,-x3d2x3 f d3X3 C3x1-3X3) (f !.1-�31 )-
3 

y (!_3' t 1)
-oo 0 

t40 

. Jf d1x4d2x4 r d3X4 C3x2-3x4)Cf!.2-!.4I )-
3 

"f C�4, t2ll,
-oo 0 

where !.J and !.4 are the source point variables indicating that
the integration in each of the factors is independent. Now we 
suppose homogeneity in the 1x - 2x -plane and using some substi
tutions one gets (SCHWAHN, 1975a) 

(6) 2 , 
d ~ • 
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with 

(7) 

( a�2 + a'2 + 
1 2 

131 

... 

= I 
_., 

It means that the autocovariance function of the gravity caused 
by density fluctuations in the atmosphere may be formulated in the 
form of 
- a convolu tion öf two au toco, ·ariance func tions:

the autocovariance function of the NEWTONIAN kernel between the
observation points and the source points (fig. 1, outer right -
hand side) 
the autocovariance function of the density in the two source 
points (fig. 1, centre) 

- and their integration over all two source points.
From this we conclude that two problems are to be solved:
- the determination of the ACF of the air density
- the determination of the ACF of the kernel.

The:·autocovariance func tion of the air densi ty 

In meteorology the autocovariance functions are used for the 
objective analysis of meteorological fields, input data control 
and forecast. A meteorological parameter studied most extensive 
by thie way is the air pressure � at the earth's surface and the 
heighte � of different pressure surfaces (85o,5oo,3oo mbar) in 
the mesoscales (CZELNAI, GANDIN and ZACHARIEW, 1976). 

Following (6) we need the four-dimension�l ACF and for simpli
city we use, since in this study we are interested at first in the 
space-time structure 

(8) 

-
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From the review given by OLEWSKAJA (1976) results 

( 1 ) 

(2) 

"in that time, when the space structure of the meteorologi
cal fields was under intensive investigation, the space-time 
structure was neglegted" 
the zero points of autocorrelation functions 
rent pressure surfaces 

earth's surface approx. 
850 mbar 
500 II 

Joo " 

2 800 
2 500 
2 200 
2 100 

km 
II 

II 

II 

are for diffe-

(J) the empirical autocovariance functions depend on
(Ja) - the geographical latitude 
(Jb) - the climatological season 
(4) the statement, that 11the pressure variation after one day

at one point corresponds very good with the pressure at the
starting day up to distances in the range of thousand kilo
metres. Soon after three days the correlation falls down,
after five days there is no correlation" (fig. 2,J).

Before we can draw .. some conclusions on the basi s of these 
findings we must consider the properties of the second term in 
the convolution integral, the autocovariance function of the 
kernel. 

The autocovariance function of the kernel 

One can see that the formulation of BKK in (7) is a convolu
tion integral also. Using HANKEL-transforms one can solve this 
integral (SCHWAHN, 1975b) 

( 9 ') �K ( 2 fl., h 13 , h 2 4 ) = 2 ,c ( h 13 + h 2 4 ) / ( 1 2 fl. f 2 
+ ( h 1 3 + h 2 4 ) 2 ) J / 2

where h13 = 3x
1

- 3x3 and h24 = 3x
2

- 3x4 .

In figure 4 the autocorrelation functions for several h13 =
h24 ( 5.0, 2.5 and 1,25 km height, i.e. approx. 5Jo, 7Jo and
850 mbar pressure surface) are shown. We can remark the sharp 
decrease of the correlation length with decreasing height from 
the earth's surface (from approx. Jo km to 7 km). 

It means that lower the density changes in the atmosphere are 
situated the shorter the influence on the gravity field is in 
the space. The significance of the changes in the neighbourhood 
is most important, in fig. 4 we have normalized curves. 
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From the consideration of the correlation length (fig. 2,3) in 
the autocovariance functions of the air pressure field and those 
{fig. 4) of BKK follows that the autocovariance function B

KK
operates for mesoscales like a delta function and we get for the 
gravity covariance function on the earthisurface 

For a single level 3x
2 

= 3x
4 

the autocovari�nce function of
gravity may be formulated by use of a widely accepted analytical 

. �y 

form {OLEWSKAJA {1976), GANDIN, MELESKO and MESCERSKAJA (1963)) 
of the 

{ 11) 

or 

{ 12) 

autocovariance function Bff resp. B,tH 

N 2 
sin(C

1 ('t'}s} 
B rr{I .§.1,l') = C('t') ----- exp(-C2(-i-)s)

c
1 

(�);s 

N 2 
B rr < 1 .§. 1 , o ), =

s in units of 103 kilometres. 
Formulas {11) and (12) are in a certain extent "predictions" 

since unfortunately up to now such a covariance function of the 
gravity residuals of stations with different distances was not 
estimated. But the european station net gives a good basis for 
such an investigation. If we have a remarkable deviation from 
this prediction or, better, from the evaluation of (6) using a 
complete information on the atmosphere then gravity changes due 
to deformations occur. Following our remarks in the introduction 
this effect plays perhaps a:.'. signifikant role for distances grea
ter than 500 km. 

The correlation length in time of mesoscale structures is 
(fig. 2,3) approx. 5 days and in the same scale we must find the 
correlation length in time for B 1:1:. 

00 

= fJ 
0 
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some conclusions with respect to the admittances in the range 
of 4 ••• 7 cycles per day 

Estimating admittances then we use the FOURIER-transforms of 

the autocovariance function Brr with 2� = O, 3x
1 

= 3x
2 

= 0 and

we have 

= ff 
0 

Neglecting the above mentioned fact of the seasonal dependence 
of Bn we can insert instead of t1,t2 the difference t2-t1 ="t'
and now we can apply the FOURIER-transform with respect to � and 
get admittances A(fi), for example see fig. 5 (GOODKIND, 1979).

In difference to the considerations in mesoscales here B
'!t'lhas

a space structure in short times, otherwise the admittance is 
zero which contradicts the empirical results. This space structure 
must be different from this space structure with correlation length 
of five days. We can suppose that a structure in short distances 
(up to few kilometres) exists, We conclude further: When we have 
a structure in short distances then becames the convolution with 
B

KK 
important.- Deformation effects may be excluded since the 

space structure is too small. 
A structure in B��can be produced only by local clirr.atic con

ditions. Perhaps on this way, since crustal response may be ex
cluded, we can explain the differences in the admittances of few 
stations not only in great distances and different climatic zones 
(Finland, Japan) but also over short distances (Frankfurt - Wolf
stein (GERSTENECKER,1978), La Jolla - Pinon Flat(GOODKIND, 1979), 
see fig. 5). A verification is possible only then if we know the 
fine space-time structure of the air density, i.e. from zero up 
to some tenth of kilometres and in time in one hour or shorter. 

A further investigation on the space-time properties of the 
gravity residuale demands on the basis of an international coopera
tion a dense network of meteorological and gravity stations and 
both long and high-precise registration series. 

cO -+oO 

(13) d x d x f d2s' 
3 2 3 4 J -

-<$> 

BKK( 2.§.'' 3X2,3X4) Bl1t< 2~'' 3X2,3X4, t,,t2) 
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List of figure captions 

Fig. 1: Schematic representation for the formulation of the 
autocovariance function according (6) and (7) 

Fig. 2: Space-time correlation function of the air pressure at 
the earth's surface in arctic latitudes (in OLEWSKAJA 
( 1976)), "t" in uni ts of a day. 

Fig. 3: Space-time covariance function of the geopotential heights 
for the 850- (above) and the 500- (below) mbar level 
(in OLEWSKAJA (1976)) 

Fig. 4: Autocorrelation functions of the NEWTONIAN kernel for 
both source po-ints in the same heights above the earth' s 
surface: 5.0, 2.5 and 1.25 km 

Fig. 5: Admittances in La Jolla and Pinon Flat using two super
conducting gravimeters (GOODKIND, 1979) 

PesDMe 

Hcxowi H3 BTOporo CTaTHCTHtleCKOro MOMeHTa (aBTOKoppe.JVmHOH
HM q>�HR:, cneKTP M0IIlH0CTH .ztml o.n;H0I'O :wm .IJ:BYX pg.n;oB BpeMeHH) 
B 8T0I pa6oTe paccMaTpHB8J)T BJIWIHHe BapH�HH IlJI0TH0CTH B0S.IzyXa 
Ha rpaBHMeTp:KlleCKHe peSH,Izy8Jll>Hh18 .n;aHHHe. IlpocTpaHCTBeHHO-BpeMeH
H0e 0THomeHHe MeJK.Icr npMTrotteHHeM H BapHallHaMH IIJI0TH0CTH W0PMYJIH
pyeTca B o6meM BH.n;e. 

Ha 8TOM OCHOBamm BOSMOlltHO IlOKaSaTD: 
- B OTHOllleHHH K BpeMeHHOä aBTOKOp_peJiflqHOHHOfl Wymanm'. B KpaTKO -

rrepHO.n;HllH0Ö oo�aCTH (4, 5 KO�eOaHHR:/.n;eHD) H8,1X0 Il0CM0TpeTD
KpaTKpBpeMeHHHä (HeCKOJ.Il>KO qacoB) �0KMbHliit (5 ••• KM) MaCmTa0
BapHallHH IlJI0TH0CTH. 3T0 8Ha�T, qTo 0TH0WeHHe Melt,1zy rpa:sHTa
UHOHHHMH BapHanmiMH H .n;aB�eHHeM 88.BHCHT OT cesoaa H WH_POTH.

- B 0THomeamr K �ocTpaHCTBeHHoä aBTOKoppemm;moHHoA WYHKUHH B8'lt
Hhl cpe.n;HeMacmTa Hh18 (HeCKOJ.Il>KO COT ••• THca:q KM) Bapmanmt. l7lf!
8TKX MaClIITa60B aBTOKOppe.7IaUHOHHM W� rpaBHMeTpHlleCKHX
pea:imyM:&HhlX .IJ;aHHhlX paBHa aBT0K0ppeJWillH0HH0A q>�HH BapHa.Qlm
IlJI0TH0CTH, HanpHMep B BH.n;e 

c2 Brr (a,O) = exp(-c1a ) cos( c3a)

B 8T0M M8.ClIITa6e ajxl)eKT HarpySKH .n;aBJieHHR: Boa.nyxa HrpaeT pacTy
lllp) P0J.Il> B 8MllH_P:KlleCKHX rpaBHMeTp:KlleCKHX .n;ammx. 

A7.UI ,D;MbHelnmx HCC�e.n;oBaimä TpeÖYDTCH Ha 0CH0Be MeJK.n;YHapo.n;
H0I K00nepaumt PBIUIOHMbH8Jl IlJIOTHOCTb 08TH MeTeopo�orHllecxmc H 
rpaBHMeTp:KlleCKHX C'.I'am:tmt a T8.l0lte ,ItJIHT8J.Il>HHe H BHCOKOTO'IIHJie 
rpaBHMeTpHllecKHe Ha6Jm.n;emm. 
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Der Einfluß der Meeresgezeiten auf die klinometrischen Gezeiten
resultate von Ost- und \Testeuropa 

von 
Simon, D.; Sohirokow, I.A.

A�.'.' der DDR 
Zentralinstitut f'ür Physik der Erde 
DDR 15 Potsdam, Telegrafenberg A 17 

Abstract: 

Ad'il der UdSSR 

Institut .?hysik der ßrde 
UdSSR ;-:ioskau _D 242 
.Bolschaja G-rusinskaja lo 

A comparison of the observational results of 19 European tilt�eter 
stations has shown that there are streng regional correlations 
between them. Two different types o:f Ii12 results appear in this
region. The first one located in 1:,Iiddle and ',Yest Burope is cha
racterized ad well by large azimuthal differences between, the 
diminishing factors "( EW and 6 NS as high values of phase dela;ys.
The second type in the East European region shows small azimuthal 
differences of "(' -values and small pha.se delays. The :phenomena 
can be explained in a first a.pproximation by the influence of the 
Atlantic ocean tides. But in the interpretation of the regional 
differences between the .!'J2 results of Bast a.."1d ·:rest .2.urope the
large scale structure of the li thos:p::1ere sce.2s to tal:a a certain 
part too. ·:ro study the effect- more accurately i t is nec�ssary to 
compute the ocean tide corrections for a 6r(3ater 11urnber of obser
vation points by means of the ner1 cotic.al maps eso,�ntially im
proved in the last years. ::lurthermore the '..-,-� profile of til tmoter 
stations must be completed especially in the area of the Jar,;,a
thean mountains. 

Zusa..'Il.C'.lenf assung 

Beim Vergleich der Beobachtungsresultate von 19 europäischen Kli
nometerstationen zeigten sich starke regionale Zus3mmenhänge. �s 
wurden 2 Typen von ru2 - Resultaten beobachtet. In der ,Vestregion
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treten starke azimutale Unterschiede zwischen den Verminderungs

faktoran und große Phasenverspätungen auf. Dagegen wurden in der 

Ostregion in beiden Azimuten etwa gleich große Verminderungsfak

toren und relativ geringe Phasenverspätungen gemessen. Der Effekt 

läßt sich näherungsweise durch-den Einfluß der atlantischen Mee

resgezeiten erklären. Doch scheint bei der Interpretation der re

gionalen Unterschiede zwischen den :t:2-H.esultaten Ost- und West

europas auch die großregionale Struktur der Li tosphära eine Rolle zu 

spielen. Um genauere Aussagen oachen zu können, müssen die 1'Ieeres-

0ezei tenwirkungen für eine größere Zahl von Me!3punlrten anhand der 

inzwischen verbesserten l,:eeresgezei tenkarten berechnet werden. 

Außerdel:'.l mU.f3te dio :i)ichte der Eeßpunlcte des transkontinentalen YiE

?rofils - bsonders im Gebiet mvischen dem 15. und 3o. Grad öst

licher .Länge - erhöht warden. 

1. Aufgabenste�l:_1��

Ziel der Untersuchungen war es, irgendwelche regionalen Zus9m1�en

htinge zv1ischen den klinometrischen Ti[eßergebnissen der europäischen 

·J-ezeitenstationen zu finden. Unter dem Eindruck der zahlreichen

Arbeiten über topografische, tektonische und hohlra.umbedingte S,:;ör

effe1cte schien die Entdeckungswahrscheinlichkeit solcher -regionaler

zusammenhänge nicht sehr hoch zu sein. Jedoch hatten wir im Ergeb

nis unserer Gezeitenbeoabchtungen in Tiefenort festgestellt, daß es

Stationen gibt, wo der Zinflu3 unterschiedlicher Hohlraumvertei

lungen in der CJl:'igebung der :-.�eßplätze sehr gering ist ( SIMON/1975/).

::aezü0lich der anderen Stationen konnten wir daher annehmen, daß 

dieser lokale Effekt v.;esentlich verkleinert wird, wenn man durch

schnittliche Yierte fiir bestimmte Regionen berechnet. 

,. 2. Zur Vergleichbarkeit der klin9metrischeJl )�eobachtungsresul tate 

von Ost- und 'ilesteuropa 

Seit dem Internationalen Geophysikalischen Jahr 1957/58 wurden in 

Ost- und Weoteuropa auf einer größeren Zahl von Untertagestationen 

Lotschwankungsbeobachtungen mit verschiedenen Typen von Gezeiten

klinocetern durchgeführt. Auf den mittel- und westeuropäischen 

Stationen kamen dabei in erster Linie Horizontalpendel der Kon

struktionstypen VERBAANDERT-MELCHIOR und TOMASCHEK-ELLENBERGER 
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zum Einsatz, während man auf den osteuropäischen Stationen vor

wiegend die von OSTROVSKIJ konstruierten fotoelektrischen Neigungs

messer zur Beobachtung der Gezeiteneffekte benutzte. Um die Ver

P"leichbarkeit der in beiden Regionen erhaltenen Meßresultate zu
u 

kontrollieren, wurden Parallelregistrierungen und Überkreuzver-
�leiche zwischen den Standardinstrumenten und Stationsnetzen in 0 . 

-./ V 

Pribram/CSSR, Tiefenort/DDR, Potsdam/DDR und Rimov-Budejovice/CSSR 
durchgeführt. Dabei zeigte sich keine Abhängigkeit der Meßresultate 
vom Konstruktionstyp der verwendeten Klinometer. Die in Ost- und 
Westeuropa durch Lo·tschwankungsmessungen erhaltenen Gezeitenpara
meter sind folglich miteinander vergleichbar. 

3. Das verwendete Beobachtungsmaterial
Um bei den Unter:::uchungen der regionalen Effekte die ','/irk."l.mgen der
1\Teeresgezei ten zu erfassen, wurden zur Auswertung in erster Linie
die Meßergebnisse von solchen Stationen heransezogen, die mög
lichst nahe an einem transkontinentalen WB-Profil in der Höhe des
5o. Breitengrades lagen ( s. Abb. 1). In Gebieten geringe:c Sta
tionsdichte mußten jedoch auch weiter nördlich oder südlich gele;;e
ne t,eßorte berücksichtigt werden, wie z.B. Tbilissi und Kazan/
UdSSR. Nichtberücksichtigt wurden dagegen die Beobachtun5sergeb
nisse von Meßpunkten in tektonisch stark gestörten Zonen sowie aus
der Küstenregion (Meeresent:fernung D < 250 km) wegen der in diesem
:rerritorium schwer zu überschauenden lokalen Keeresgezeitenstö
rungen (s. dazu Abb. 2). Die .Namen und geografischen Koo:rdinaten
der in Abb. 1 eingetragenen 19 Klinometerstationen sind in Tabelle 1
anßegeben. Sie enthält ferner die Verminderungsfaktoren und Phasen
verschiebungen der M2-Tide in beiden Azimuten. In der letzten
Spalte findet man die Differenz Ll r- = 6 E'll - ö NS z-wischen den Ver
minde:rungsfaktoren der EH- und NS-Komponenten • .Da die in der Ta- n 

belle 1 zusammengestellten Gezeitenpararneter in der I,·iehrzahl der 
b,i:l.lle durch vektorielle 1•,'fi ttelung aus den Meßergebnissen mehrerer 
?arallelinstrumente gewonnen wurden, haben wir in einer zweiten 
Tabelle die hierzu verwendeten Einzelresultate angegeben sowie die 
entsprechende Literatur zitiert. Anhand der Primärdaten ist zu er
kennen, da3 die Schwankungsbereiche der !feßresultate mehrerer 
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Parallelinstrumente von Station zu Station verschieden sind. In 
einigen Fällen haben die Beobachter allerdings durch nachträgliche 
Kontrollmessungen die Fehlerhaftigkeit einzelner herausfallender 
Meßresultate nachweisen können. Infolgedessen konnten die ent
sprechenden "Ausreißer"-Y.Terte aus den vektoriellen Tuiittelungen 
herausgelassen werden (Pfibram, Berchtesgaden). Noch ungeklärt ist 
dagegen die Ursache der nur in Ksi�z/VR Polen beobachteten zeit
lichen Drift der M2-Resultate. Sie hängt möglicherweise mit der
Azimutinstabilität der nur dort verwendeten BLtm�-Pendel zusammen. 

4. Vereleich der M2-_Resultate von Ost- und Westeuropa

7.1erden die in Tabelle 1 enthaltenen Gezei tenpararneter miteinander 
verglichen, so lassen sich deutlich zwei Typen von Meßresultaten 
unterscheiden. In der �estregion findet man große Beträge der 
Differenzen zwischen den Verminderungsfaktoren L1 (= t E'N- ;rMS,
sowie starke Phasenverspätungen in beiden Azimuten (atlantischer 
Typ der u2-Resultate). In der Ostregion treten dagegen sowohl ge
ringe \'v"erte von .6 0 als auch kleine Phasenverspätungen auf (kon
tinentaler Typ der M2-Resultate). Die Grenze zwischen den beiden
�egionen befindet sich nach dieser Tabelle östlich der Stationen 
Ksi�z/VR Polen, Pribram/C3S1 und Rimov/CSSR sowie westlich der 
Station Sopron /YR Ungarn. 

5. Erste Deutungen der be�bachteten azimutalen Unterschiede zwi-
schen den Y��minderungsfak:tore!l q- SN und '1NS in der 1

,
1lestregion 

Die oben erwähnte Azimutabhängigkei t der in Mi ttelcuropa beob
achteten M

2
-verminderungsfaktoren ist schon vor mehr als 7o Jahren 

von HE-JKER /1907/ entdeckt und auf den Einfluß der atlantischen
1:eeresgezei ten zurückgeführt worden. LOVE /1916/ entwickelte unter 
Bezugnahme auf diese Beobachtungsergebnisse im Jahre 1916 seine 
Theorie der direkten und indirekten Gezeiteneffekte auf einer ela
stischen (kugelföroigen) Erde. Die ersten Berechnungen der Ii1eeres
gezeitenkorrektionen für die Meßergebnisse von 5 europäischen Xli
nometerstationen wurden 1969 von PE.P.TZJ�V an...'land von Meeresgezei
tenkarten durchgeführt. PERI'Z�V /1969/ berechnete diese Korrektur
werte aus den Beiträgen von jeweils 1680 Wasserkörpern von Kugel
kappenform mit kreisförmigen Grundriß. :Die Attraktions- und 
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Deformationsanteile der Wirkung einer einzelnen derartigen kugel
kappen:förmigen Schicht von Meerwasser der Dichte l.o3 g/cm3 auf 
ein Klinometer sind in Abb. 2 für verschiedene Abstände 1f von 
ihrem Zentrum dargestellt. Dabei wird unter dem Deformationsanteil 
die Summe aus der reinen Deformationswirkung und der entsprechen
den Potentialänderung verstanden. Dem Diagramm ist zu entnehmen, 
daß die Registrierungen eines Neigungsmessers praktisch nur be
einflußt werden durch .Meeresgezeiten, die nicht weiter als 80° von 
der fließstation entfernt auftreten. Andererseits ist offensichtlich, 
daß schon kleine lokale .Amplituden- und Phasenunterschiede der 
Meeresgezeiten im Küstenbereich zu starken lokalen Unterschieden 
zwischen den Meßergebnissen der küstennahen Stationen führen kön
nen. Aus diesem Grunde haben wir ja die !(Ießergebnisse der kü.sten
nahen Stat:Lonen bei unseren Untersuchungen nicht berücksichtigt. 
Für die weiteren Überlegungen ist schließlich interessant, daß 
die Attraktions- und Deformationseffekte etwa bis in Zr = 55 ° Ent
fernung vom Belastungsort das gleiche Vorzeichen besitzen und 
gleichsinnig abnehmen. 

6. Vergleich der berechneten und beobachteten ?arameter der u2-
Tielle entlang eines transkontinentalen 'i'IE-Profils

Die von PERTZ�V /1969/ berechneten I.Ieeresgezei tenkorroktionen für 
die 5 fiktiven Klinometerstationen 7/armifontaine/Belgien, :Prag/ 
CSSR sowie Pol tawa, Iiios1cau und 1..azan /U!iSSR können dazu verwen-
det werden, den Gang der 111

2
-üesultc.te beider Azimute at,f einem

transkontinentalen Profil von ·:,esten nach Csten nä..½erungsv1eise zu 
veranschaulichen. Zu diesem Zwecke gehen wir zunächst von i,vill
kürlich gewählten lfä.1:-eru..'lgswerten für die meeresgezei ten:freien Ver-

1 miuderungsfaktoren '( und Phasenverschiebungen ae 1 auc 
corr corr >J, 

wo 1 - 1 die r,�eßrichtung IXf, i = 2 die Meßrichtung NS bezeichnen.
Durch Auflösung der Korrektionsgleichungen 

yi .1v- · 0 comput + U 
1

p = r 
i 
corr; Pertzev'sche 

Meeresgezeiten
korrektionen 

ae1 +Ll~i ae i oomput p = corr; 
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nach a 
i
comput und ae i 

comput erhalten wir für jade der 5 fik
tiven Stationen je einen Zrwartungsv1ert für die Verminderungs
faktoren und Phasenverschiebungen in beiden Azimuten. In den 
folgenden Diagrammen sind diese von ?( corr bzw. ae corr abhän
gigen :Erwe..rtungswerte der Verminderungsfaktoren (Abb. 3) und Pha
senverschiebungen (Abb. 4 und 5) über den geographischen Längen 
ihrer Bezugsstationen als schwnrz ausgemalte kleine Kreise einge
tragen. Sie wurden durch gestrichelte Linien miteinander ver
bunden. Als Näherungswerte f ür den meeresgezeitenfreien (direkten) 
Jezeiteneffekt wurden in den Abb. 3-5 für beide Azi1nute die 
'7erte Y- = o. 74 und ;,e. = o0 verwendet. Die Diagramme· 

ij corr corr 
enthalten ferner die Beobachtungsergebnisse der in Tabelle 1 zu-
sammengestellten 19 Rlinometerstationen des \TE-Profils. In Abb. 3 
bezeichnen clie Endpunkte der vertikalen Geraden jeweils die Be
träge von :r �s und ?{ ��s • Die geographischen Längen der be
treffenden Stationen können an der Abszisse abgelesen werden. 
Ein erster Vergleich zwischen den berechneten und beobachteten Ver
minderungsfaktoren zeigt eine gewisse Übereinstimmung in der Ten
denz ihrer 1i.nderungen auf dem 7.'E-?rofil. In der Westregion sind 
sowohl die berechneten als auch die beobachteten Differenzen der 
Ve:rrninderungsfakto:ren Li�= Y- .., ... - ?r„8 deutlich größer als in der

U () .ü',,' U l� 

Ostreeion. 

Der Vergleich der Phasenwerte führt zu einem ähnlichen Ergebnis: 
die beobuchteten und berechneten Phasenverspätungen sind in der 
·.7estregion in beiden .Azimuten deutlich größer als in der Ostre
gion. Wir wollen bei diesen Aussagen wie auch bei den folgenden
u'oerlegungen im Auge behalten, daß für die vorliegenden Unter
suchungen nur die Eeeresgezsitenkorrektionen von 5 Stationen zur
Verfügung standen, von denen nicht einmal alle auf unserem WB
Profil liegen. Die gestrichelten Verbindungslinien zwischen den
3.echenwerten können daher höchstens die Tendenz der WE-Variation
der :Meeresgezei tenwirkungen sichtbar machen. Um genauere Refe
renzkurven zu erhalten, müssen unter Verwendung der heute vorlie
genden verbesserten Meeresgezeitenkarten die Korrektionswerte für
eine weitaus größere Zahl von Meßpunkten auf dem WE-Profil berech
net werden. 

-
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7. Die Unterschiede zwischen den beobachteten und berechneten
Werten und die .?robleme. die bei der . ..Y..§)..f!lend1:1ng eines rein 
elastischen Iviodells zur Deutung der Beobachtungsergebnisse 
auftreten 

zur Berechnung de:t· Meeresgezeite1mirkungen wurde von PBRTZEV 
/1969/ das LOYE'sche füodell einer kugelförmi6en Brde benutzt,

_
deren elastische Parameter nur vom Kugelradius r abhängen. Beim 
Vergleich der auf diese �!ieise erhaltenen Referenzkurven mit den 
in Abb. 3-5 dargestellten Beobachtungswerten zeieen sich trotz 
der o.g. Gemeinsamkeiten auch beträchtliche Unterschiede zwi
schen den berechneten und beobachteten .-:>aten. So ist aus Abb. 3 
ersichtlich, daß in der 'i!estregion die meeresgezei tenbedingten 
Differenzen zwischen den Verminderungsfal:toren Ll 't = '( 3:.Y- :Y NS
im rr':i tt el um den I<'aktor 2-3 mal größer sind als die entsprechen
den berechneten Werte. In der Ostregion scheinen dagegen die 
beobachteten 1\·ieeresgezei tenwirkungen erheblich kleiner als die 
berechneten zu sein. Um das zu zeigen, wenden wir uns den 9.1s 
meeresgezeitenfrei angesetzten Bezugswerten '( corr und ae. corr
zu. Für den meeresgezeitenfreien Verminde:rungsfaktor "l( corr 
hätte man einen Wert zwischen o.68 und o.71 w::ihlen können • .Denn 
in diesem Bereich soll nach den Ergebnissen von neueren L1odell
rechnungen (s. z. B. SZAMEITAT/1979) sowie Me.Jergebnissen und 
theoretischen 'ü'berlegungen (MELCHIOR/1978/) den Globalwert � M:2
liegen. Bei Verwendung eines solchen Bezugswertes in Abb. 3 
würden jedoch die mit den PJ-<:.JT�-2:V' sehen Eeeresgezei tenkorrektionen 
ermittelten "Erwartun�swerte" für die Verrninderungsfaktoren 

y (EW) d ry- ( :NS J • d t O • . 
0 comput un 

O comput in er gesam en stregion weit entfernt
von den Beobachtungswerten liegen. Das ist in Abb. 6 zu sehen, 
wo '{ corr = o. 7o als Bezugsv1ert eingesetzt wurde • .;1n großregio
naler rJittelwert von t nir2 = o.74 für den meeresgezeitenfreien

J .V!_ 

Verminderungsfaktor, der in Abb. 3 die berecimeten ·1\erte der Ost-
region in den Bereich der Beobachtungsresultate rückt, ist nach 
den oben zitierten Ergebnissen jedoch viel zu hoch. Um zu einem 
plausiblen Viert von O corr zu gelangen, der dem vermutlichen
Globalwert von t

r-r2 
näher ist, müssen die Lieeresgezeitenvlirkungen 

in der Ostregion erheblich kleiner sein als die von PJ�RTZBV be
rechneten Werte. 
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deshalb gewählt, weil in der neueren Literatur der Effekt der Ge

zeitenreibung im festen Erdkörper als vernachlässigbar klein ange

sehen wird (BROSCHE, SÜlffiEill;�ANN /1978/). Im Falle von kleineren 

!iieeresgezei tenwirkungen in der Ostregion rück�n übrigens auch die 

in den Abb. 4 und 5 dargestellten Kurven der berechneten Phasen

werte mehr in den Bereich der Beobachtungsresultate. 

In der Tabelle 1 und in den Abb. 3-5 scheint sich anzudeuten, 

daß der Übergang vom atlantischen zum kontinentalen Typ der K
2

-

nesultate nicht stetig, sondern sprunghaft erfolgt. Ein solcher 

:Effekt wäre wegen des überwiegend atlantischen l.ieeresgezei ten

cinflusses ebenfalls nicht mit Hilfe des rein elastischen Erd

modells erklärbar. Zu seiner Deutung müßte angenommen werden, daß 

der elastische Zusammenhang zwischen den beiden Regionen ge

schw�tcht oder irgendwie unterbrochen ist. Doch ist die ungari

sche Station Sopron z. z. die einzige klinometrische Beobachtungs

station in diesem �oergangsgebiet, von der den Autoren brauch

bare 7,.·e::3,•,erta vorliegen. Sopron liegt zudem relativ weit im Süden 

( Cf = 47. 7°) und gehört eigentlich schon in den pannonischen Raum. 

Um sprunghafte i�nderungen der rr2-Eesul tute im Bereiche unseres

transkontinentalen ·::E-Profils in 5o0 nördlicher Breite nachweisen 

zu können, müßten an �ehreren Stationen im nördlichen Vorland 
der Beskiden und Karpaten Lotschv.1�kungsbeobachtungen durchge
führt werden. ·;Hr haben die festgestellten Unterschiede zwischen 
den beob�chtetcn und berechneten Gezeitenparametern und die da-

•• 1 
nms gezogenen Schlußfolgerungen der besseren (.;�ersieht halber 

noch einmal in einer Tabelle zusammengestellt (s. rrab. 3). 

8. Die Argumente für ein platj;entektonisches Modell

Bine i.Iodifikation des rein elastischen (LOVE'schen) r1odells zur 

aerechnung der t!eereseezeiteneffekte ist nur möglich im Bereich 

des Deformationsanteils. Um eine Erklärung für die o.g. Abweichun

gen zwischen den beobachteten und berechneten Gezeitenparametern 

zu finden, muß man die LOV-ß' sehe Voraussetzung einer reinen 

r-Abhängick9it der elastischen .Parameter fallen lassen und die

---------------
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mögliche Existenz von lateralen Änderungen oder Anomalien 

der elastischen Parameter voraussetzen. Werden laterale Varia

tionen der elastischen Parameter in der Litosphäre zugelassen, 

so können leicht mehrere verschiedene Modelle angegeben werden, 

mit deren Hilfe sich die in Tab. 3 genannten Effekte mehr oder 

weniger gut erklären lasse11. ·,'iir haben uns nach Abwägen der vor

liegenden Informationen und Argumente für eine plattentektonische 

Deutung dieser Erscheinungen entschieden, möchten jedoch darauf 

hinweisen, daß eine zuverlässige Interpretation der festgestellten 

Effekte zum gegenwärtigen Zeitpunkt noch nicht möglich ist. Die 

PERTZEV'schen Referenzkurven müssen erst einmal durch Berechnung 

der Meeresgezeitenkorrektionen für eine grö3ere Zahl von Profil

punkten unter Verwendung der neuen f•.'i:eeresgezei tenkarten genauer 

bestimmt werden. Au13erdem ist die Dichte der 1'.Ie'3pu.rücte auf dem 

WE-Profil besonders im J'oergangsgebiet zwischen dem 15. und 3o. 

Grad östlicher Länge zu erhöhen. Das ·.vird wahrscheinlich nur mit 

Bohrlochinstrumenten bzw. durch dos Niederbringen von kleinen 

Schächten ( Schurfen) nach der r,Iethode von OS'.rROVSKIJ/1:IATVi;.EV/ 

1969/ möglich sein. 

Nun aber zu unserem :W:odell. :Nach Le PICHON /1968/ liegt das Ge

biet 7.'est- und Mitteleuropas, in dem u
2
-Resultate des atlantischen 

Typs (große Lid"' -Werte und Phasenverspätungen) beobachtet werden, 

auf einer großtektonischen ?latte, die vom Kittelatlantik bis zum 

Karpatenbogen reicht. Mehr als 2/3 ihrer Fläche ist folglich vom 

l:eerwasser bedeckt und dam.i t den wechselnden Belastungen durch die 

Meeresgezeiten unterworfen (s. Abb. 7). Die Platte wird sich unter 

dem Einfluß der Meeresgezeitenvariationen deformieren und diese 

elastische ::>eformation mü3te sich entsprechend dem I.OYE'schen 

I,,:odell und den rl.echenergebnissen von PERTZEV bis in eine Bnt

fernung von l/) = 80 ° vom Belastungsort meßtechnisch nachweisen 

lassen, wenn nicht an der Grenze der ostatlantischen ?latte im 

Gebiet des Karpatenbogens eine mehr oder weniger breite Zone in 

der Litosphäre vorhanden wäre, in deren Bereich die elastischen

Parameter gegenüber den Werten im Innern der angrenzenden Platten 

verändert sind. Infolge dieser lokalen Anomalie der elastischen 

Parameter wird der elastische ZusaU1menhang zwischen der ostatlan

tischen und der im Osten angrenzenden russischen Platte vermindert. 
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Infolgedessen erhöht sich die Nachgiebigkeit der ostatlantischen 
?latte gegenüber den Belastungsvariationen auf ihrer Oberfläche. 
In ihrem Bereich, d.h. in der 'iiestregion, werden darum mit Nei
gungsmessern gröJere Beträge der l\Ieeresgezei temvirkungen gemes
sen als nach den Rechenergebnissen von PERTZ.EV /1969/ auftreten 

dürften. Andererseits beYJirkt die Schv1ächung des elastischo�n Zu
samr.nenhanges der beiden Platten eine Verminderung der elastischen 
r�esresgezei tenwirkungen in der Ostregion. Sollte dieses _platten
te::.üonische r.1ociell die Beobachtun3sergabnisse richtig interpre
tieren, so müf3te sich in der Jbergangszone (Karpaten-l1egion) eine 
s_;)ru113hafte 1�nderung der �;:2-:aesultate zeigen.
Durch M'odellrechnu:ngen unter Verwendung der M:ethode der fini t,3n 
Iae1::iente könnte untersucht werden, welche lokale Anomalie der 
elastischen l?ar�21cto:- in einer �-bergangszone vorgegebener Breite 
(z. B. B � loo km) ausreichen wiirde, um den beobachteten .i:;ffekt 
zu el'klären. Für den Fall einer sehr schmalen Übergangszone (B.c:: l kzr 
wäre die o.g. Forderung erfüllt, wenn z. B. der �lastizitätsmodul 
E in di�ser Zone UI!'l einige Größenordnungen kleiner wäre als im 
Innern der Platten. ';Jir hätten es dann rni t einer tiefreichenden 

tektonischen Störungszone zu tun. In Tabelle 4 v:erden unsere .Argu

mente fir das plattentektonische Llodell in .Anlehnung an Tablle 3 

noch einmal zusammengefaßt. 

9. Andere 1föglichkei ten zur meßtechnischen Erfassung des Ganges
der :r1Ieeresgezei tenwirkungen auf einem 'NE-Profil 

Eine genauere Untersuchung der Heeresgezeiteneinflüsse ließe sich 
einfacher durchführen, wenn dieser Effekt in erster Naherung frei 
von den direkten Gezaitenwirkungen beobachtet werden könnte. Das 
ist mit gewissen Einschränkungen in Sonderfällen möglich. So 

könnten 

durch harmonische Analysen von Neigungsregistrierungen der 
E'.'l-Komponente die Meeresgezei tenwirkungen mit 14-tägiger Pe
riode (U:F-Welle) direkt bestimmt werden. Denn in diesem Azimut 

gibt es keine direkte Gezaitenwelle mit ·-�-Periode. D:ie Ampli
tude dieser meeresgezeitenbedingten Welle an der Station Tie

fenort ist zur Zeit noch nicht bekannt. Zu ihrer Bestimmung 

• 
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müßten die Analysenprograrru;1e, z. B. das CHOJlUCKI-.t>rograr.?JD 
15 ·F, noch etwas abgeändert werden. 

Fernar könnten durch harmonische Analysen von Strainmeter
registrierungen der E'l'i-Komponente die i·:eeresgezei tenwirkungen 
mit !¾-Periode an Stationen in einer geographischen Breite, wo 
die direkte r.-r

2
-·;1elle ein relatives Minimum besitzt, mit einem 

geringen Fehler armittelt werden. Beispielswaise wurden an der 
Station Tiefenort (geographische Breite q; � 5o.6°) für den 
direkten Effekt mit 11-12-?eriode die Strainampli tu den e A.A �

2xlo-1P (EY{) und e08 
� 126 x lo-10 (NS) sowie für den Eee-

_.. l -lo (""'') resgezeiteneffekt e
A
,1 � 5 x o .wi'I gemessen. 

lo. Schlu!3folgerungen 
Als wichtigstes Ergebnis dieser Arbci t wi.rd der .Nach·,:eis von regio
nalen zusammenhängen und regionalen Unterschieden zwischen den Ge
zeitenparametern der europäischen Klinometerstationen an5esehen. 
Mit einem solchen Resultat hatte man unter dem Eind�uck der zahl
reichen Arbeiten über topographische, tektonische und hohlraWllbe
dingte Störeffekte zunächst nicht gerechnet. Die Deutung der fest
gestellten azimutalen Unterschiede zwischen den Verminderungsfak
toren der ::restregion und der dort herrschenden großen .Phasenver
spätungen als Wirkungen der !'�eeresgezei ten dürfte nach Meinung der 
Autoren relativ sicher sein. Das gilt nicht in e;leichem I.'Iai3e für 
die erhaltenen Hinweise auf plattentektonische Binfli.i::rne. Hier ist 
durch weitere Beobachtungen und Berechnungen der r.:eeresgezei ten
wirkungen (s. Abschnitt 8) noch viel Arbeit zu leisten, um zu 
sicheren Aussagen zu kommen. Um die regionale Relevanz der I,1aßre
sul tate von Klinometern und Strainmetern zu erhöhen, soll·ten 
l. einheitliche Methoden bei der Installation der Instrumente,

Analyse der Beobachtungsdaten und Dokur.rientation verwendet,

2. an jeder Station durch Parallelregistrierungen von mindestens
3 Instrumenten in jedem Azimut an Basisstation und Satelliten
stationen die lokale und kleinregionale Repräsentativität kon
trolliert,

3. Parallelregistrierungen von Neigungsmessern und Strainmetern
nach 1föglichkei t an jeder Profilstation durchgeführt und

4. neben der M2-Tide auch Meeresgezeiteneinflüsse mit anderen
Perioden ( z. B._ Mf-Periode) untersuoht werden.
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Tab. 1 Beobachtungsresultate 

Nr. Station geogr. Koord. 

). 'f 

1 Tiefenort lo.l 0 5o.6°

2 Glausthal- lo.3° 51.8°

Zellerfeld 
3 ?otsdam 13.o0 52.4°

4 Berohtes- 13.o0 47.6°

gaden 
5 Preiberg/Sa 13.3° 5o.9°

6 
✓ 

.2ribram 14.o0 49.7°

-✓ 

14.5° 49.o07 Rimov-
Budejovice 

8 Ksiaz 16.3° 5o.7°

9 Sopron 16.6° 47.7° 

lo Kiew 3o.5° 5o.4°

11 Roudka 32.o0 5o.o0

12 Bagatchka 33.1°
5o.o0 

13 :i?oltava 34.5° 49.6°

14 Samotevka 35.2° 5o.s0

15 Ghew- 35.6° 49.5° 

tschenko 
16 Katerinovka 36.8° 49.o0

17 Libknekh- 38.1° 48.7°

tovsk 
18 'fbilisi 45.o0 41.8°

19 Kazan 48.8° 55.8°

(vektorielle Mittelwarte) 

M2 
(''BW)

y elf 

o.8lo -lo.6 0

o.833 - 5.7 0

o.763 - 8.5 0

o.821 -12.5 0

o.795 - 7.8 0

o.782 -12.1 0

o.816 - 8.1 0

o.Slo -11.o 0

o.736 o.5°

o.728 - 1.5 0

o.724 o.3° 

o.69o 1.1°

o.711 o.8°

o.7o7 o.6°

o.699 -o.4 0 

o.691 1.2°

o.706 -o.4°

o.711 -1.2 0

o.7o7 1.6°

M2 (NS)

y 

o.699
o.676

o.552
o.678

o.689
o.657
o.545

o.684

o.715
o.73o
o.689
o.725
o.7o3
o.7o4
o.712

o.715
o.713

o.714
o.7lo

)( 

-5.6 0

-8.4 0

-6.9 
0

-2.1°

-3.9 0

-9.9 
0

-9.1 0

-5.4 0

-1.7 0

6.4°

o.6° 

3.8°

o.40 

3 .... o- .o 

4.3°

o.5° 

2.8°

3.8°

-o.l 
0

y ZN- YHS 

o.111 
o.157

o.211
o.143

o.lo6
o.125
o.271

o.126

0.021 
-0 . 002

0.035
-0 . 035

0.008
-0.031
0.013

0.024
-0 . 00 7

-0.003

-0. 003

_ / 1 
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fab. 2 Originaldaten und Quellenangaben 

Sta
tion 
Nr. 

1 

2 

3 

4 

r 

o.814
o.Slo
0.806 

-11.3°
0 -11.1
0 - 9.2

0 o.849 - 5.2
0 o.817 - 6.2

o.763 

o.821

0 - 8.5

0 -12.5

� (NS) 

o.672
o.7o4
o.721

- 6.8°

0 - 4.7
0 - 5.o

Literatur 

SIMON, D., The influenoe of looal 
and regional effeots on the re
sults of tidal tilt measurements 
XIV Gen.Ass of the Europ. Seism. 
Comm Trieste 1974, Proc., 457-
458 (1974) 

--------------------------------------
------------

o.697
o.659

o.552

o.694
o.674

0 -12.7
0 - 4.4

0 - 6.9

BONATZ, M. (Hrsg.) Beiträge zur Erd
gezeitenforschung des Arbeitskrei
ses Geodäsie/Geophysik der Bundes
republik Deutschland. Dtsch. Geod. 
Komm., R. B.: Angew. Geod. Heft 
Nr. 211, 72-95, ( 1975) 

BYL, J., Persönl. Mitteil., (1980) 

.EBE.:tHARD, o., Ergebnisse der i:lrd
gezei tenbeobachtungen 1951-1968 
in Berchtesgaden. Dtsch. Geod. 
Komm., R. B: Angew. Geod. Heft 
Nr. 7o/T I-III, (1971) 

------------------- --------------------------------------------------

5 0.803 - 8.6°

0.807 -lo.o 0

o.815 - 4.9°

o.756 - 7.7°

6 o.738 -12.7°

o.745 - 5.5 0

o.716 - 9.o0

o.857 . -11.9°

o.852 -lo.3°

o.78o -16.1
0 

0.809 -12.6°

o.766 -15.6°

o.785 -14.7
° 

0 o.674 - 5.o
0 o.678 - 4.1

o.7o9 0 
- 2.6

SCHNEIDER, M., Lotschwankungsmes
sungen mit Vertikalpendeln in 
Freiberg/Sa. V. Symp. Int. sBr las 
I•,:ar. rerr. Bruxelles Comm. n 236 
de l'Obs. Roy. de Belg. (1965); 
SCI-rnEIDrm, M:.' Ein Vertikal-Ein
stab-Pendel zur If.essung der erdge
zei tenbedingten Lotschwankungen, 
Studia geo�h. et geod., lo, 422-
436, (1966 J 

--------------------------------------------------

o.672 
o.621
o.6lo
o.737

-14.9°

0 -13.9
-lo.9°

- 1.2
0 

SKALSKY, L. Ustanovka prilivnoj 
naklonomarnoj apparaturoj s celju 
polucenija naiboleje dostovernych 
rezultatov. Studia geoph. et geod. 
20, 196-202, (1976) 

, 
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�ab. 2 Originaldaten und Quellenangaben (Fortsetzung) 

_l_i�_.�_._ _______ +-_;_(_l_'lS_)_ae_j_ ___ Liter"tur --·· ·----

M2 (Nfl) 

t 
� 

7 o.812

o.818

o.815

o.82o

- e.o 0

- a.o 0

- 8.0°

- 8.8 
0

o.569

o.52o

- 9.6°

0 - 8.6

SKALSKY, L., Ustanovka prilivnoj 
naklonomernoj appar�turoj s celju 
poluoenijs. naiboleje dostovGrnsch 
rezultatov. Studi� ccoph. et �eod. 
2o, 196-202, (l976) 

-------------------- ---------------------------------------
----------

8 o.858 0 
o.706 7.1° CHOJ1\'.IOKI, T. Resultats des mesu--14.6 -

o.883 0 
o.7o7 0 res clinometriques des marees, 

-12.0 - 4.4 exeoutces au cours des ann6es 
o.749 - 9.2° o.659 - 4.7° 1973/74, 1974/75, 1975/76 et 1g75/ 

o.754 7.6° o.665 5 "o 77 a la station Ksiaz. .2nbl. of 
- .... the Inst. of G-eoph. :L-'ol. Äcad. of 

Sc., v:arsz8.v;a, ( 1975-1978) 
-------------------- -------------------------------------------------

9 o.736 o.715 0 - 1.7 LICHT.El{i:;;GGBR, H.' Vorlö.ufiger Be
richt äbar �rdgezaitenreLi�trie
rungen in Sopron/U:ngarn, i'ap0r, 
VII. Int. Symp. i.i.ber .i;;rdtezeiten,
Sopron/Ung�rn, (1973), 6 s., 7 Anl.

-------------------- ---------------------------------------------�----

lo 

11 

12 

13 

14 

15 

o.728

o.724

o.69o

o.711

o.7o7

0 
- 1.5

o.8
° 

o.73o - 2.3°

o.73o

o.689 o.6°

o.725

o.7o3

o.7o4 - 3.6°

3ALENK0, V. , K0UTHY, A. , Determine
tion de 1' onde I.:i2 d' apres les ob
servations des inclinaisons de oa
r�es de long du profil Kiav-?olta
va-Artemovsk, VII. Int. Symp. über 
Erdgezeiten, Soprorv'Ungarn, (1973), 
7 S, 4 Anl. 

wie lo 

wie lo 

wie lo 

0STR0VSKIJ, A.E., MATVEEV, P.S., 
Tidal Tilts of the Barth by Obser
vations in the USSR, VI. Symp. 
Int. sur les Mar. Terr.t Stras
bourg, Proc., 9o-94, (1�69) 

-- --------------------------------------------

o.736 wie lo 
-------------------------------------------------

-------------------- ------------------------------------------------

-------------------- -------------------------------------------------

-------------------- ------------------------------------------------
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Tab. 2 Originaldaten und Quellenangaben (Fortsetzung) 

Sta- � (EW)
tion 
Nr. y ae 

16  o.691

Literatur 

wie lo 
------------------- --------------------------------------------------

17 o.706 0 - o.4

18 o.711 - 1.2°

19 o.7o7

o.713

0 o.714 3.8

0 o.7lo -o.l

wie lo 

BALAVADSE, B.K., KARTVELISCHWILI, 
K.S., Prilivnoje naklony zemli v
Tbilisi. Bull. Aoad. So. of Georg.
SSR, So, No 2, 349-352, (1975)

wie 14 
------------------- --------------------------------------------------

Tab. 3 Die Abweichungen der beobachteten Meeresgezeitenwirkungen 

von den berechneten 

Nr. Region Effekt 

1 West- und llt obs >Ll
r 

comput 
Mitteleuropa 

Sohlußfolgerungen 

die beobaohteten Meeres
gezeitenwirkungen sind in 

der Westregion erhebl·ioh 

größer als die berechne
ten 

o.715 

(NS) 
.ae 

2.8° 
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Tab. 3 Die Abweichungen der beobachteten Meeresgezeitenwirkungen 

Nr. 

2 

3 

4 

von den berechneten (Fortsetzung) 

Region 

Osteuropa 

Osteuropa 

Übergangs
zone zwi
schen der 
Ost- und 
Westregion 

Effekt 

der Bezugswert für den mee
resgezeitenfreien Verminde
rungs:faktor y corr = o. 74
mußte im Vergleich zum ver
mutlichen Globalwert von 
>r :M2 erheblich zu hoch ge-

wählt werden, um eine uoer
einstimmung zwischen den 
beobachteten und berechne
ten d -V:7erten herbeizufüh
ren. Wenn?( oorr einen plau
siblen Wert in der Nähe des 
vermutlichen Globalwertes 
annehmen soll, müssen die 
Meeresgezeitenkorrektionen 
kleiner werden 

die berechneten rhasenver
spätungen sind in beiden 
Azimuten größer als die 
beobachteten 

Schlußfolgerungen 

die beobachteten Meeres
gezeitenwirkungen sind in 
der Ostregion erheblich 
kleiner als die berech
neten 

die beobachteten raeeres
gezei tenwirkungen sind in 
der Ostregion erheblich 
kleiner als die berechne
ten 

die auf dem '.'iE-?rofil beobach
teten ·:1erte,_I}�, ;e zw und 

ce NS
scheinen sich in der uber
gangszone nicht stetig, son
dern sprunghaft zu ändern 
(bisher nur am Beispiel der 
l,1eßwerte einer einzigen Sta
tion beobachtet) 

der elastische Zu
sammenhang zwischen 
der Ost- und Westre
gion könnte in die
ser Zone geschwächt 
bzw. teilweise un
terbrochen sein 
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Tab. 4 Die Argumente für ein plattentektonisohes Modell 

Nr. Region .Argument 

1 West- und Ll7obs >A;r00mput' weil der elastische Zusammenhang
llitteleuropa mit der Ostregion geschwächt bzw. teilweise unter-

2 Osteuropa 

3 Osteuropa 

brochen ist und sioh die ostatlantische Platte des
halb bei Belastungsänderungen ihrer Oberfläohe 
stärker neigen kann; 

der Bezugswert"( oorr befindet sich in besserer
Ubereinatimmung mit dem entsprechenden theoretischen 
Wert, weil die Iv:eeresgezeitenkorrektionen kleiner 
sind (der elastische Zusammenhang mit der Westre
gion ist geschwächt bzw. teilweise unterbrochen); 

die berechneten Phasenwerte sind den Beobachtungs
werten näher gekommen, weil die Ivieeresgezeitenkor
rektionen kleiner sind (s. Punkt 2); 

4 Jb7rgangszone die Werte von <l y, 2(.
EW 

und � NS auf dem transkonti-
zwischen der tal '"ß 'J f • 1 •· i h · · ·· West- und Ost-nen en 11•-.tro i mussen s c im Bereich der Uber-
region gangszone sprunghaft änqern, wenn das o.g. platten-

tektonische l\�odell zutrifft. 
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Abb.1 

Abb. l Kartenskizze mit Angaben über die geographisohe Lage der 

in Tab. l genannten Klinometerstationen. 

f, C, P ••• Anfangsbuchstaben der Stationsnamen 
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d D f rmationswir kungen einer kugel kappenförmigen Sch icht
Abb. 2. Beträge der Attra

it
kt

k
io
re

n
i
�-sf?

rmig:n
o

Grundriß in untersch iedlichem Abstand l' von ihrem 
von Meeiwasser m /) Zentrum (aus PERTZEV/1969, P• 115, fig. 2 

y 
080 

Yew 
Q78 

Q74 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . .. . .

0.70 

0.66 

'---..1..------'------'-------''----_.__ _ __..__ _ ___._ __ .___..........._A, 

Abb.). Tide N.2, Darstellung der berechneten und beobachteten Verminderungsfaktoren 'fEw ondfNs 
in Abhängig keit von der geographischen Länge A der Bezugsetationen. Die berechneten 
Werte werden durch schwarz ausgemalte Kreise, die beobachteten durch die Endpunkte 
der vertika+en Geraden ge kennzeichnet. Die pun ktierte Linie bezeichnet den Näherungs
wert für den von Meereegezeitenetörungen freieh Verminderungefa ktor �corr = 0.74

.. 
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-
80

XEW Abb. 4. 

50 

Tide M2, EW-Komponen�e. Darstellung der berechneten und beobachteten Phasenverschie
bungen 1tin Abhängigkeit von der geographischen Länge ,\.der Bezugsstationen. Diebe
rechneten Werte werden durch schwarz ausgemalte, die beobachteten durch leere Kreise 
gekennzeichnet. Die punktierte Linie bezeichnet den �herungswert filr die von Meeres
gezeitenst6rti.ngen freie Phasenverschiebungaccorr = 0 
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Abb. 6. Tide M2, Darstellung der berechneten und beobachtetE)n VerminderungsfaktorenoEw undlr'Hs 
in Abhängigkeit von der geographischen Länge� der Bezugsstationen. Bezeichnungen wie 
in Abb. 3. Im Gegensatz zu Abb. 3 wird als Näherungswert für den von Meeresgezeiten• 
störungen freien Verminderungsfaktor der Wert O corr = o. 70 verwendet.

Osteuropäische Tafel 

Belastung durch Meeresgezeiten 

Grenzzone 

Abb. 7 Profilskizze zur Erläuterung der Eodellvorstellungen 

-

I 

I 
I 

DOI:https://doi.org/10.2312/zipe.1981.063.03



766 

GRAVITY MEASUREMENTS ON THE NORTH SEA 

G.L. Strang van Hees

TJetft University of Technotogy

The Nethertands

In 1978 the "Seasat" SateUite tvas taunched for oaeanographicat and meteorological 

investigations. 

The North Sea ws appointed as a test area, especiatty for European partiaipation 

in the project. The sateUite was equipped with a sateUite-aZtimetre whiah measures 

the height •of the sateZZite above the aatual seasur1aae with a preaision of 20 am. 

The seasurface has a variable component, mainly due to tides and meteorological 

conditions and a steady component, the mean seasurface. The deviation of the 

mean seasurface from the geoid is aaZZed the seatopography. 

This is of muah interest for oceanography, as it can be aorretated to ocean cu1'1'ents. 

temperature, density, coriolis effects and other phenomena. The condition is that 

the geoid must be kno,,m from seasurfaae gravity measurements with a precision of 
20 am as weU. 

(Neth. Geodetic Com.) 
!n conne�tior. with the Seasat project the N.G.C. has deaided to undertake a
systematic geophysicat survey 0'1. the Dutch part of the North Sea.

From August to Octobe1" 1979 a network of 60 Zines was sailed with Dutch hydrographic 

survey vessel Hr. Ms. "Buyskes". (Sez map). Gravity, earth magnetic field arid depth 
were recorded with high accuracy. 

Gravity measurements: 

The gravity measurements were done with the Askania-Bodensee-gravity system KSS5. 

This is a modernised version of the otd GSS2 system. In 1977 the Bodenseewerk

Geosystem in Germany renewed the old system completely. AU weak points in the 
otd system were improved. The cross-coupling effect was measu:..'ed by acolerometers 

on the gyro and computed by a speoiat-puT'[)ose device that takgs into account atz 

the electronic and mechanicat fiZters. 

AZthough the ship was rather smaZZ (60 m Zength) it tZL'Y>/'led out that the gravity 

measurements had a precision of about 1-2 "'liZZigaZ �f the strength of wind was 

Zess than 5 Beaufort. With increasing wind the precision became soon wor•se .. 

Du.ring the time of measurement we fortunateZy had about 90% of the time good 

weather. Most of the bad weather Zines were measured again. 
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Positioning 

TM ship had two navigational systems: Hifiz-6 and Pulse-8. In the southem. 

part of the North Sea the Hifix-6 tJas best, tJith a preaision of about 3 m. 

In the northern part i.,e used PuZse-8, i.,hich h«Iil precision of about 30 m. This 

ws good enough to estimate the Eötvös correction better than 1 mgal. 

Anonrzlies 

The free-aiP anomalies on the North Sea are ran.ging from +20 to -40 mgaL On 

some places i.,e got rather steep slopes in the gravity field although the bottom 

r.,as rather flat • .

The biggest change tJe found tJas 40 mgal on a distance of 20 km, thus 2 mgal 

pel' km. The processing of the data is still going on. An anoma'ly map tJi'll be 

produced in the near future. 

Delft, May 1980 

-
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SOME REGULARITIES IN THE MANIFESTATION OF THE RECENT 

VERTICAL EARTH'S CRUSTAL MOVEMENTS IN BULGARIA AND 

ADJACENT TERRITORIES 

Ivan N. Tot:omanov* and Bojan G. Vrablianski1Ul
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The, recent movements of the Earth's crust are characte

rized by their two components - horizontal and vertical which 

probably are linked to some. q,_uantitat.ively measurable statis

tical relat;ionship (B a n d e f y , 11966). By studying the 

horizontal component, over 40 various geodet;ic methods are 

applied. (T o t o m a n o v , 1i977b, 1:978a} but when the verti

cal component on vaste territories is determined. the precise 

geometric levelling is the sole utilised method. Eastern Eur

ope and the Carpatho-Balkan region, the, Scandinavian Peninsu

la and Japan are, among the best studiad areas in the, world wi

th respect t,o the vertical movements (B o u 1 a n g a r , 1i978). 

This paper de als wi t.h the vertical component of the re

cent crustal movements and the: features or regulari ties in 

the.ir manifestation in Bulgaria and the adjacen.t areas. On the 

basis of this an approximate estimation for the possible val

ues of the horizontal component of the movements could be ma

de (T o t o m a n  o v ,  1B77a). 

On account of the limited volume of the paper the qµes-

tiones of the filtering the non-representative. bench marks 

and the effecta of the perturbing agents (S o v r e m e n n -

y e; v e, r t, i k a 1 n y e • • •  , 1i958; T o t o m a n o v , 

107Oa, 197Ob, 1972; B o u 1 a n  g e r  et al., 11975; T o -

t. o m a n o v , V r a b 1 i a n s k i , 1i978}, of the mathe
JE Central Laboratory for Geüdesy, Bulgarian Academy of Sciences
Efo.eological Institute, Bulgarian Academy of Sciences 

----------------
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matical model-making by adjustiI.lg the repeated levelling da

ta (H r i s t  o v ,  1969a, 1969b; T o t o  m a n  o v ,  H r i -

s t O V ,  1972; H r i s t  O V ,  T r e n k O V ,  1974; T O t 

o m a n  o v ,  D i m  o v ,  1977} and of processing the tide -

gauge registrations (S o v r a m e n  n y e, v e r  t i k a -

1 n y e ••• , 1958; D i m o v , T o t o m a n o v , ii978) are. 

not subject of discussion here. 

This study was u.ndertaken within the framework of a com

plex national programme during tha years 1978-1979 with t;he 

participat.ion of the lnsti tut es of the Uni ted Centre for Ear

th Sciences at the Bulgaria.n Academy of Sciencas and of other 

institutions in Bulgaria and the. USSR with the aim to compile 

a new map for the divisio11 of the territory of Bulgaria into 

districts by seismic risk. 'l'he map of veloci ties of the 

vert.-ical Earth' s crustal movement.s presented here is one amo

ngst more than 50 special geophysical, geological and comlex 

maps of Bulgaria and tha adjacent areas which has been com

pile� on a common cartographic basis of scala 1:1 000 000. 

Thesa maps refle�t the. last various published data and mate

rials until the middle 1979 graphically agreed upon. The map 

of the velocities of recent crustal movements of Carpathian

Balkan region based on a common adjustment of levelling da

ta of the respective countries (J o o et al., 1875) and 

presented at the XVII General Assembly of the International 

Union of Geodesy and Geophysica in december �979 in Canberra, 

Australia (J o o et al., 1979) and issued in spring 1980 

in Budapest by the, Hungarian Geodetic Service (M a p o r·

••• , 1979) came later. Th� two maps of velocit.ies mentioned 

are identical as for the interior of Bulgaria, are: based 

• 
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on similar materials for the common parts of territories of 

Rumania and Yugoslavia and they differ by other comprised 

areas and in the way of agreement as mentioned abov�. 

The territory esamined here - Bulgaria and adjacent are

as of the other Balkan countries - is covered by data of pre

cise levelling in a very unhomogenous way. 

During the: years 1961-1978 seven. maps o:f the, velocities 

o:f recent, vert.ical crustal movement.s in Bulgaria are publi

she.dl. ( C e. n e: v et. al. , 1961 and H r 1 s t o v , G a 1 a -

b O V ,  1962; M l a d e n  O V s  k 1 ,  1965; K a n  e V ,  M 1 -

a d e n o v. s k i ,  1973; Vrablianski, iotomanov - M a p o f 

••• , 1971; Totomanov, Vrablianski, Burilkov - M a p o f •• , 

1973 and H r i 8 t O V et al., 1974; B u r  11·k O V ,  11977; 

T o t o  m a n  o v e.t al., 1978). The precision of the velo

cities represent,edc is evaluated. and publisherll. only for two• o-f 

them ( M a p o f ••• , 19711, 1973). 

On Fig. 1 two systems of isolines of the mean s4...uare er

rors of velocities are reptesented - the earlier publishe� 

data (M a p o f ••• , 1973) and the data of the. last map (T
0

0-

t o m a n  o v et al., t978) based on a common adjustment with

in the framework of Carpatho-Balkan region (J o o Jt al., 1975}. 

The... comparison of the t.wo systems presents: the. map of 11978 

has a precision of two-thre:e times better than this of 11973 

(and other mentioned maps). Namely on account of this, here 

the velocity data of Bulgaria are represented after th& map 

of 1978. 

Several maps of velocities of recent vertical crustal mo

vements are published also for the territory of Yugoslavia 

(Y u g o s l a v C o m m i t t e: e: •• , 1i975) and here the 
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data are represented a.fter the last study (J o v a n  o v i -

c h ,  1971; M a p o f ••• , 1973). For the terrritory of 

Rumania also two maps are available (M a p o .f ••• , 1973; 

V i s a r i o n et al., 1977}1 and here the veloci ties are 

represented,. after the last o.f them being reduced preliminary 

to the absolute velocity system by the adjustment of the Car

patho-Balkan region (J o o e,t al., 1975). 

Investigations of the recent vertical movements o.f the 

Earth' s crust in G-reece, and Turkey are not available or are 

in stage of organization; the levelling networks of these two 

countries are represented in accordance, with the last publi

she& data (H e 1 1 e n i c N ati o n  a 1 ••. , 11975; Tu -

r k i s h M a p p i n g 

o n a 1 ... , 1975).

. . .  , 
1967; T u r k e y  - N a t i-

The network of precise levelling on the territory com-

prised by the present investigat.ion and the isolines of ve

locities of recent vertical crustal movements after published 

data in the case of Bulgaria, Rumania and Yugoslavia and ob

tained by e.xtrapolation in the case of the respective parts 

of the terri tories of G-reece: and Turkey are represented res

pecti vely on Fig. 2 and Fig. 3. Whe:a proceeding for the. ve.

loci ties of the last two mentioned countries both the rela

tionship between the relief and veloci ties and the. tectonic 

and neotectonic conditions ar� taken into consideration (T o

t o m a n  o v , 1977c; B o r n  o v a s , 1974; Si p a h i -

0 g 1 u , 197 4) • 

The terri tory of Bulgaria is amongst. the best studied 

with respect to the recent vertical crustal movements accor

ding to Fig. 2. 
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Here an attempt. to establish some features or regulari

ties in the manifestation of the recent vertical Earth's cru

stal movements is made on the, basis of the. map of velocities 

(Fig·. 3). 

Vertical Velocities and Contemporary Relie� 

Even a visual comparison of the map of velocities with 

the map of contemporary relief of the physical Earth' s surfa

ca manifeste that some relationship between them is available. 

This relationship is studie.d. and established„ for Bulgaria by 

an unambiguous way. Here some final results of the detail in

vestigat.ion (T o t; o m a n o v , 1877c, 11978b, 1i978c} are gi

ven where the problem is reduced to a problem of mathematic 

statistics by treating the. random occurence of the two-dimen

tional random value (X, Y). Here X are the height differences 

and Y are, the relative velocities betwe,en two neighbouring 

bench marks. The investigation is based on fully complete em

pirical a.ata: 740 random occurences (Xk, Yk), on the basis of 

which the empirical joint and partial distributions of X and 

Y are deduced. By means of Chi-square criterion for indepen

dence the hypothesis of independence of X and Y is rej ected. 

at the negligeable li ttle probabili ty of 5/ 1i0 000 for the 

rejecting_ of a true hypothesis. 

When the horizontal distance betwe.en two points on Earth 

surface is in the interval from 5 to 8 km, the statistical re

lationship mentioned could be presented by the regression e.qu

ation 

Y s 0,93 X - 2,52 x3

which enables the determining of the mean value y of relative 

v.eloci ty bet.ween the two points in mm/year by me.a.ns of the- he

ight difference x between them in km. 

-
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The graph of this equation is represented on Fig. 4. It 

allow to forecast the velocities with mean square errors to 

o,1 mm/year when the height differences are less than 400 m 

and with mean square errors in the interval from 0,1 to 0,2 

mm/year when the height differences are from 400 up to 600 m. 

Vert.ical Velocities, Structure Area and Morphostruc

tura Zone.s 

The_ structure areas bulding the Earth • s crust in Bulga

ria and adjacent terri tories are (B o n c �_: v , 1l9711, 1i977; 

Ta c t o n i c m a p ••• , 1973): t,he; Moesian platform and 

a part of the Sei th platform and the. rege.nerated:. Thrace mass

if presented here by the Rhodepe.s massif, tha Serbian-Macedo

nian (Dardanian) massif and the: Pelagonian massif (Fig. 5}. 

The morphost-ructure zones are- formed_ within the Alpian 

mobil space (The Alpian folded zone) among these structura 

areas. They are,: the Carpathians wi th the main inner basins 

wit:hin them, the Balkanides (in the broad sensa of the term) 

presented by the Fore-Balkan, the Balkan (the structure zone 

of the Stara Planina Mountain} wi th the Sre,dnogorie, the, Kra

ishtides and the, Vardar River zone (B o n c a v , 11971}. 

By comparing the map of recent vert-ical movements with 

the. map of st.ructure, areas and morphostructure zonas one can · 

sae some adherenc� of the high positive velocity values to a 

determined type of tectonic structures. The adherence of va

loci t.ies is localized wi thin the, Thracian massif fragments. 

Thus, for example, the higheat values of recent raising 

(6 mm/year) are establishe� in the western part of the Rhod

opes; in Pelagonian massif the raising comes t.o 5 mm/year; in 

tha Serbian-Macedoaian massif it arrives to 3 mm/year. High 

v.alues of raising: above 2 mm/year are established_ in single 
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spots of Balkanides �d. of the'. Carpathian arc; only in the 

district of Varna these values fall into the Moesian plat

forme. 

Both the Vardar River zone and the.. Kraishtides don 't 

show any higll. velocities of recent vertical movements, ex

cept: the linking part of the last wi th the Carpathians. 

Vert;ical Velocities and. the Discontinuit,y- of 

Mohorovicic 

775 

The surface of Mohorovicic is accepted as the lower bo

undary of the Earth's crust. Some contemporary authors comp

rehend i t as a varying in space and time dynamic boundary bet

ween tha Earth's crust and. the upper mantle. As an established 

fact, the Earth' s crust has i ts greatest thickness under the 

mountain massifs within the orogenic areas (40-75 km); the in

termediate, thickness is under the platforms where usually the 

plains are disposeiL ( 20-30 km} and tha thinnest is i t under the 

contemporary oceans (to 5 km}. 

On Fig.6 a structura, schematic map of the: dept:hs of Moho

discont:inuity (V e 1 c e v , P e: t k o v , 1974) complemented 

after published data on the adjacent territories and after un

published data (D o b r e v , et al., 1978} is given. One can 

see that the thickness of the. Earth's crust alters in a large 

interval: from 30 km on the, Black Sea:.. coast, through 3o-35 km

in Nort.hern Greece: and in the: Moesian plat:form to 40-50 km in 

the Sredna Gora Mountain, t.he. Rhodopes, in Eastern Serbia and 

in the Carpathians. 

The comparison of the velocity map with the map of Moho

rov.icic boundary establisheä. the maximum velocit:ies of rais

ing (up to 6 mm/year) fall into the block with the greatest 

thickness of tha Earth' s crust ( up to 48 km) close.d round by 
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the Struma River and the Mari ts�, River depth fault zones and 

from east - by the fault zone of Zlatograd-Ardino-Kardjali

Haskovo-Dimi trovg,rad; the fault zones ment.ione,d are estab

lisherli. in depth by geophysical data. 

The high velocitie.s of vertical movement,s in the Sredna 

Gora Mountain and in the Serbian-Macedonian massif (above 2 

mm/year) are attache.di. to the high values of the. depth of Mo

horovicic surface, (abov·e 42 km}. The high velocitie:s of Dar

danian and Pelagonian massifs in Mace.donia and in the Ca:r;-pa

thians are attached to relatively thick crust (40-45 km) too. 

Vertical VeJ.ocities and Ne.otectonic Lineaments 

As emphasized before (V r a b 1 i a n s k i , 1;972a, 

1972b, 1974a - 1i974e, 1975) the. fault structures activated 

during the ne.otectonic stage (Pliocene - Quaternary). are main 

lines of the tectoni.c activation in Bulgaria (Fig. 7}. Here 

only their space orientation and vertical amplitude are ta

ken into consideration. Principally, their direct.ion corres

pond t.o the six main systems of faul ting at all earliex stru

cture plane.s (B o n c e v , 197 Ü. Their si tuat,ion in the re

gmatic network of the country determines both the morphostruc-· 

ture and the block division of the territ-0ry. 

The most representative for the Pliocene - Quaternary is 

the Balkanide system ( 90° -1.1io0
Ji. It determines the morphostru

cture zoning· of the country (V r a b  1 i a n s  k i ,  1975) • 

The largest verti cal movemen t ampli tude. appears by the faul ts 

of Kraishtidian (1''60°) and Jablanitsa- (60°-15°} systems 

(V r a b  1 i a n s  k i ,  1974b; V r a b  1 i a n s  k i , M i  -

1 e· v ,  1973}. The amplitude of the. movements during Pliocene

Quaternary increases from east t.o we-st direction and. in the 

Jablani t.sa system - from northeast to southwe.st direction. 
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The faul ts in Eastern Se.rbia which are natural extension 

of these in Struma River fault zone ara analogous to the len

gthwise faults with Kraishtidian direction in Bulgaria. The 

long,i tudinal faul t.s of the Vardar River zone bel.o:ng to this 

system · t.oo. 

The lengthwayse faul ts wi thin the, Carpathian arc at i ts 

connect;ion with the0 Moesian platform comprised by the Geth 

de.pression are in the: Subbalkanida direction also. 

The faul ts in meridional and submerid,ional direction ha

ve, limited developpement and subordinate; significance both in 

Bulgaria and the adjacent territories. 

The comparison of the map of velocities and the map of 

neotectonic lineaments shows some generalize_d re;lationship 

be,tween them. Thus, for exampla, tha highest veloci ties of the 

recent vertical movement,s of raising in Bulgaria ( 6 mm/year) 

in Dospat (We:Stern Rhodope.s) fall into a block of intense neo

tectonic raising limited by the Maritsa River depth fault, the 

Struma River faults and the Xanthian fault. The, largest ampli

tude of the vert.ical movement.s during the neotectonic stage 

arriving to 3400 m is connected. with some of these faults too. 

The; Pelag.onian massif westwards of the Vardar River zone: has 

also a recent veloci ty of raising 3-4 mm/year. Hihg: values of 

veloci ties of vertical recent movements ove.r 2 mm/year are 

establishadi. in other locali ties in country too. bu.t allways wi

thin blocks subject.ed. to reJ.ativ:ely intense: raising during the 

neotect.onic stage,. Thus the 0grazden - Maleshevska Mountain 

falling within the block closed rounj, by the: Struma River fa

ult zone, the Belasitsa fault, the Vardar River zone and the 

Kjustendil fault shows a recent raising of over 2 mm/year . 

The. same values of recent raising are established for soma 

• 

• 
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parts of Icht-iman- and Genuin Sred:na Gura Mountain falling wi

thin a block of intense neote,ctonic raising limit.e.d by the 

Kjustendil- and Krupnik faulte and their northeastwards ex

t;ensions. More northeastwards the. values of veloci tie.s of 2 

mm/year are established both in the. area of the Balkan and the 

Fore,-Balkan Ranges close.d round between the, Be.yond-Balkan- and 

the North-Fore-Balkan faulte and in the districts of Varna.and 

Balcik at th� Black Sea coast. 

These high velocities of recent Earth's crustal raising 

in Bulgaria from the Western Rhodopes and the: Ograzden-Male

shevska Mountain, through the: Sredna Gora Mountain, the Bal

kan and thaFore-Balkan Ranges right up to th& Varna district 

northeastwards could be incorporated in a. diagonal strip. It 

probably is linked with the Diagonal Swell (B o n  c e v ,1956} 

but at some localities it is considerably removed southeast

wards. 

Recent raising. of 2 mm/year show also some part.s of the: 

Carpathians at their linking zone with the Balkanides and the 

Kraishtides ( C a r t e n e o t e c t, o n i q u e ••• , 1971:). 

The est.ablished generalized correspondence. betwaen the 

map of recent moveaent veloci ties and. the map of tectonic li

neaments has some local disturbancea. Thus, for examj1e, the 

Rila Mountain block closed round. by the: St.ruma River fault 

zon�, the Krupnik fault a."l.d the Maritsa River fault has the 

most intensa integral raising in Bulgaria during the neotec

tonic stage .• The limi ting faul ts mentioned show the largest 

int.egral amplitudes of movements during the Pliocene-Quater

nary too. The velocit-ies of recent; vertical movement;s within 

this block are, however, negative (to -2 mm/year}. Another 

exampla of these disturbancea gives the circumstance that 

, 

.... 
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the: most intense. re<.:ent crustal susiding ( to -6 mm/year) 

appears not within the Neogene-Quaternary depressions but 

wit.hin the.massif o,f the, Carpathians northwards of Brashov 

whera thec 01 t Ri ver makes a sudden turn and shapes an unusual 

larga- valley filled. out by Quaternary formations of thickness 

over 400 m. One can show the intense recent subsiding here 

doesn't follow a Neogene depression area but has a tectonic 

predestinat-ion during the Quaternary along the activated. 

.faul ts. These and other examples give eviden.ce that the re;cent 

vertical crust:al movements change their intensity a.Jl<i sign 

iri t,ime. 

Conclusions 

1. The territory of Bulgaria and adjacent areas are cha

racterized predominantly by positive recent vertical crustal 

movements. Against the background of this raising with hig�est 

intensity in the Western Rhodopes, some trends of subsiding 

are observed. comprising- considerable parts of the: Moesian plat

forme, the Eastern Rhodopes with the,White (Aegean} Sea coast, 

the area of Vardar River zone, the Bourgas sinklinorium at the 

Black Sea coas t etc. 

2. The change of the sign of movements in space usually

coincides wit.h the localities of main fault structures, some 

of them of depth character, activated. during. the Pliocene-Qua

ternary. The slow recent movements, as a general rule, reflect 

the behaviour of the great, tectonic structures and the.ir trends 

towards raising, stabilizat,ion or slow su bsiding. 

3. The comparative invest.igat:ion made here enables to

draw the following regularities: 

- The recent vertical crustal movements show a statisti

cal relationship with the contemporary relief which allows to 

DOI:https://doi.org/10.2312/zipe.1981.063.03



780 

pr.ognost.icat,e the field of veloci ties on the basis of the re

lief. 

- The highest values of the velocities of the recent ver-

tical crustal movements are established within the Rhodopes, 

the Serbian-Macedonian (Dardanian) and the Pelagpnian. massifs; 

t:he:se value:S have, restrict.ed distribu tion wi thin the Balkanides

and the Carpathians and are foreign towards the Vardar River

and the Kraisht,ides structura zones anci even to the Moesian 

platform. 

The highest values of the veloci ties of re,cent raising 

o:f the Earth' s crust ar� connected. wi th the blocks o:f t,he thi

ckest crust; the values characterizing the tra..�ds towards sta

bilizat,ion or slow subsiding, are linkedi. wi th the blocks o:f re

latively thin crust. 

- The. highest values of velocities o:f recent movements

:fall into blocks o:f tha most intense. neotectonic movements 

which show maximum int,egral amplitudes of raising too. 

�hese results are only a first attempt :for a comparative 

st.udy of regulari ties in t.he manifestation o:f the recent ver

tical crustal mov�ments in Bulgaria and adjacent areas. 

Having in mind the partial coincidenca o:f the initial 

materials :for the presented map and the new map of velocities 

in Carpatho-Balkan region, this invest.igation could ba tre.a-

te d:. as a preliminary complex interpretation of the part of the, 

last map comprising the examined area of the ·Balkan Peninsula. 

, 
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0 HEK0T0PHX 3AR0H0MEPH0CTHX B IlP0RBJIEIDffl C0BPEMEHHHX 

BEPTll{AJI:bHHX ,IlBIDKEHIDi 3EMH0vl K0PH B BOJirAPID1 H BJH13JIEJIUilllv1X 

TEPPHT0PY.IHX 

HB. H. ToTOM8HOB, B. r. BphlOJIHHCKH 

/Peaxna:e/ 

781 

B nepxo,zr;e 1978-1979 r. rpynnoi HHCTKTYT0B no aayKaM o SeM

Jie B C0CT8Be BoJirapcKOH 8K8'A8MKH HayK K ,zr;pyrKX Ha�KOH8JlbHHX Be

,I(0MCTB 6wrn C0CT8BJI8Hhl Ha ooi.qei K8pTOI"p8q>Kq8CKOi 0CHOBe MacmTa

oa 1:1 000 000 CBbllIJe 50 cne�H&JlbHHX KapT B CBH8K c HOBhlM celc

MHqecKKM paiOHKp0B8HK8M BoJirapKH. O,zr;HoA Ha HHX HBJ1.R8TCH K8pTa 

K30JIHHHM CKOpOCT8M cospeMeHHhlX BepTKK8JlbHHX nsKX8HKA aeMHOI KO

phl B BoJirapH� K 6JIH8Jle�a�HX TeppHTOpKHX coce,zr;HHX 68JIK8HCKKX ro

CY'A8PCTB. nJIH BOJII"8pKK, PyMhlHKH K �rOCJ18BKH KCil0Jlb80B8Hhl H CB.R-

38Hhl rpa�KqecKKM o6paaoM KJIK nepepa60T8Hhl ,zr;aHHhle Il0CJ18,I(HhlX nyo

JIKK8�HH no H8�H0H8JlbHhlM KJIH M8X'AYH8P0'AHhlM HCCJ18'A0B8HKHM npH no

M0l.qK ceTei II0BT0pHoro BhlC0K0T0qHQI"0 rocy,zr;apcTB8HH0I"O HHB8JIHpQ-

B8HK.R 3TJ/1X CT paH; ,IVI.R Cesepaoiii rpe�HJ/1 ,t 'AJl.R EBponeiicKOH q&CTI4 

Typ�HH anepshle c,zr;eJiaHa nporaocTHqecKaR o�eHKa cKopocTei cospe

MeHHHX sepTHK8JlbHhlX 'ABH�eHHH 88MHOH K0phl Ha 0CH0Be perpeccH0H

HO� 8KCTp8Il0JI.R�HH npH II0M0l.qK cospeM8HH0I"O peJibe�a K npH yqeTe 

K0MilJI8KCHKX re0JI0I"HqecKHX H reo�H3KqecKHX ,zr;aHHHX 0 coapeMeHHOH 

,I(HH8MHKe BaJIK8HCKOI"O II0Jiy0cTposa. 

IlyTeM C0IIOCT8BJI9:HHI ,Il;SHHHX YCT8H0BJ18HH H8K0T0p:ble 38K0HO

MepHOCTH B np0.RBJI8HKH cospeMeHHhlX B8pTKK8JlbHhlX ,Il;BM�eHHM H HX 

CBH3e� C C0BpeMeHHhlM peJibe�oM, CTPYKTYPHhlMH oo�aCTHMH H M0pq>O

CTPYKTYPH�MH 80H8MH, TOJI�HHOH 38MHO� K0pM H H80T8KT0HHqecKof 

8KTHBH88�Hel rJiaBHWC paaJI0MHWC CTPYKTyp HCCJ18,IJ;0BSHHOI qacTH 

BSJIKSHCKOI"O uo�yocTposa. 
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iFig. 1. Map of the isolines of mean square errors of the velo
cities of the recent vertical Earth's crustal movement� 
in Bulgaria. 1 - for the map by Totomanov et al., 1978; 
2 - for the map of Eastern Europe, 1973. 
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Fig. 2. Map of the precise levelling network in Bulgaria and adja
cent areas. 1 - lines and bench marks of repeated precise levell
ing; 2 - lines and bench marks of unrepeated precise levelling; 
3 - transference of velocities among national networks of repeated 
levelling; a - nodal, b - similar to nodal, c - terminal bench 
marks; d - mareograph (tide-gauge) station, its velocity of absolu
te recent vertical movement (without taking into consideration the 
eustatical effect) and the respective mean square error; e - trans
ference of velocities by extrapolation. 
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Fig. J. Map of velocities of the recent vertical movements 
of the Earth's crust in Bulgaria and adjacent 
terri'tories 
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Fi,.t• Equation of regresaion y = y(x) for the atatiatical
re a lonship between the recent movements velocities and the 
relief. 1 - numerical approximation; 2 - empirical polygon; 
3 - limiting curves of the confidence area at probability of 
0,683; 4 - graph approximation 
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Fi�. �-Scheme of the structure areas and the morphostructure zones in Bulgaria
an a jacent territories (after: Boncev, 1971, 1977; Tectonic map •••• 1973, 
complemented) 1 - Moesian and Scith platforms. Alpian mobil space: 2 - Carpa
thians, 3 - main basins within the Carpathians, 4 - Balkanidee (Fore-Balkan, 
Balkan, Srednogorie), 5 - Kraishtides, 6 - Vardar River zone. 7 - Thrace middle 
massif( I - Rhodopes, II - Serbian-Macedonian i.e. Dardanian massif, III - Pela· 
gonian massif). 8 - isolines of maximum velocities of the recent vertical crus
tal movements. 
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Pii. 6. Map of the depths of the boundary of Mohorovicic in Bulgaria
an adjacent territories (after: Velcev, Petkov, 1974, complemented 
with other published data and with unpublished data by Dobrev et al., 
1978) 1 - Recent raising of the Earth's crust with velocities over 
2 mm/year; 2 - recent subsiding of the Earth's crust with velocities 
under -2mm/year; 3 - isolines of vertical velocities; 4 - isolines 
of the depths of Mohorovicic discontinuity, in km; 5 - depth fault 
zones of different order, after geophysical data. 
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Fig. 7. Map of the neotectonic lineaments in Bulgaria and adjacent 
territories (after Vrablianski, 1978, complemented) 1 - Main fault 
structures with neotectonic (Plincene-Quarternary) activation; 
2 - recent crustal raising with velocities over 2 mm/year; 3 - re
cent crustal subsiding with velocities under -2 mm/year; 4 - inte
gral amplitude of the vertical movements at the main fault activ 
ted during the neotectonic stage. 
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DISPLACEMENTS OF THE EARTH SURFACE CAUSED BY EXTERNAL 

FORCES 

Peter Varga* 

Abstract 

793 

The surface of the Earth is deformated by variations in 

airpressure, in water level and in water table. 

Paper is dealing with some problems of ellastic deformations 

of our planet caused by external forces and shows some 

applications of this calculations in geodesy and in geo

physics. 

As it is known, Lo�-numbers are received in the result 

of solving the system of differential equations of the 

sixth order describing elastic deformations of a spherical, 

radially inhomogenous, gravitating and compressible layer, 

if it is assumed that normal and tangential stresses 

on both the Earth's surface and the boundary of the core 

mantle can be neglected and the gravity potential is con

tinuous. If static loading acting normally on the surface 

is involved, then the solution of the equation system 

* Hungarian Geophysical Institute R. Eötvös
H - 1145 Budapest, Columbus u. 17-23., Hungary
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furnishes the loading numbers with the following 

designations coming into increasingly wider use: 

k ( 1 ) 
n , 

Their simple combinations characterise gravity and 

plumb line changes over the Earth's surface: 

( 1 ) 
Yn 

= 

By the aid of the loading numbers, as well as of the 

combinations S' � 1 ) and Y� 1 ) changes occu-rring

in consequence of stresses applied to the Earth's 

surface can be described. To determine such changes 

areas exposed to loading are divided into spherical 

trapezoids havinq equal S areas, i.e. the normally 

acting load is assumed to be constant. If phenomena 

taking place in reality are approximated in such a 

way, then the changes can be described by the loading 

numbers 1.e. by using their combinations through an 

approximation of the pressure values by a series of 

spherical functions (Pertsev, B. P., 1976): 

- vertical displacements of the Earth's surface:

2 nafp 
l1h z ----2 

nzQ 

h ( 1 ) 
n 

2n + 1 

( p n-1 ( a) - p n+ 1 ( a) ) • p n ('V)

d n ( 1 ) = I - n ;1 kn ( 1 ) + hn ( 1 ) 

l+k(l)_h(I) 
n n 

"" E 

g 
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- resulting change in gravity:

8 nf'p 
!).g = 

g n=O 2n+ l 
'( P l ( a ) -p + l ( a ) • p ("V)

n- n n 

- change in plumb-line deviation:

795 

4 nfap 
2 

eo -Y n ( 1 ) • n V: p n (V) - p n - 2 ('o/)
E -=------'- (P 1(a)-P +J(a)) 2 

g 

n- n �, _1 n=O 2n+l ,.. 

(p - pressure, g - gravity acceleration, f - gravity 

constant, a - radius of the Earth)• 

In the above formulae a is the angle, under which the 

spherical trapezoid subjected to loading can be seen 

from the centre of the Earth, while '\
f

" represents the

angular distance between the centre of the spherical 

trapezoid and an arbitrary point on the surface. In Fig. 1 

presented are changes in llg and !). � 

instances of trapezoids with aperture angles 

a =5
° 

for various angular distances.

in the 

0 
a=l and 

Following a number of other authors (Pertsev B. P. 1976; 

Farrell W. E. 1972; etc� we have determined the loading 

numbers and their combinations by integrating numerically 

the differential equation describing the deformations of a 

spherical, radially inhomogenous, gravitating and 

compressible layer. Investigations conducted by us 

(Varga P., 1979) covered several Earth models and their 

most important conclusions are summarized as follows: 

tih, 
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a./ interior parts (core) of the Earth exercise a 

significant influence on calculation results for 

lower orders of magnitude, but after n >40 

such influence can be neglected; 

b./ differences in mantle models scarcely affect the 

values of loading numbers; 

c./ the effect of varying models chosen at the upper 

boundary of the mantle on the solution of the 

system of differential equations: the effects of 

nearsurface factors increases with increasing n .  

Subsequently we have investigated forrnulae describing 

changes in level, gravity and plurnb line deviations, 

carrying out summing up to n= 70000 for spherical 

trapezoids characterized by various a angles. It has 

been established that the value of surns depends to a 

certain extent also on the Earth model. Changes in the 

state of nearsurface layers affect the results in the 

first line. Our investigations threw light on that the 

convergence of the sum formulae as represented in the 

foregoing deteriorates with decreasing a angle, 

which perrnits to infer that the mathematical apparatus 

as used by us is suitable to describe changes effecting 

larger areas only. 
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It is desirable that the investigated object could be 

characterized by aperture angles over 
0 a=O .01. It can 

be seen from the foregoing that using the mathematical 

apparatus we attempted to investigate several changes 

called forth by natural phenomena. In the course of this 

it must not be forgotten that our investigation method 

is pased after all on Hooke's law and it is well known 

that it does not describe the behaviour of nearsurface 

rocks with the needed accuracy in all cases. Their 

effect, however, as it is reflected by the mentioned 

results, manifests itself in changes due to loadings. 

After these precursory remarks let us examine the effects 

exercised on the Earth's surface by variations in the 

levels of superficial and subsurface waters and air 

pressure-values. 

Among loadings derived from variations in the level of 

superficial waters mention should be made first of all 

of partly periodical, partly aperiodical loadings caused 

by the seas. Regular variations are caused by sea tides. 

Variations of the gravity field due to this amount to 

sever3l microgals, while level oscillations are of the 

order of mm even in the interior of continents (Pertsev 

B. P., 1976, 1979).
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On the basis of the investigation of moreograph data 

series (Munk, W.7 Revelle, R., 1952) it can be 

unambiguously established, that even long lasting 

aperiodical movements can be observed in the level of 

world oceans exceeding in certain instances 10 cm. 

�t is rather difficult to form an idea about loadings 

due to such level variations, since their areal 

distribution, on the one band, and their nature, on the 

other, are not known to the required extent. Knowledge 

of the latter is essential, since a change in sea level 

results in deformation only if it is due to a change 

in water mass. Thus no loading comes into being if the 

chan�e in level was caused by a change in air pressure 

or sea water temperature, since they do not affect the 

magnitude of pressure on the sea floor. Changes in sea 

level may be cpused by tectonic movements as well. 

If a level change of 10 cm amplitude is assumed covering 

6 2 
an area of 10 km then at the shore a level change of 

1 mm occurs and at a distance of 150 to 200 km from the 

sea the ch�nge still reaches 0,7 mm. 

Similar changes must be taken into account in consequence 

of filling and level variations of water storage 

reservoirs. Calculations were made to determine changes 

occurring when the water storage reservoir constructed 

DOI:https://doi.org/10.2312/zipe.1981.063.03



at the central Hungarian section of the Tisza river 
2. with an area of 127 km and a · depth of 3 m on the 

average was filled up. Prior to carrying out the 

calculations the area of the reservoir was divided 

into spherical trapezoids with side lenghts of 

0�01 and for each such elementary unit the height 

of the loading water coloumn was determined. 

Level displacements occurring while the reservoir 

was being filled up are shown in Fig. 2, while values 

of gravity changes in Fig. 3. The level change at 

several kilometers from the points amounts to 1 to 

2 mm, but as far as 15 to 20 km from the reservoir 

vertical displacements still reach 0.2 to 0.3 mm. 

At places near the reservoir (within 10 km from the 

799 

shore line) gravity variations up to 10-12 microgals 

can be reckoned with. 

The effect of air pressure variations on gravity 

measurements manifests itself in combined form and 

depencs on several factors. They are as follows: 

1. Rearrangement of air masses

2. Deforming effects of pressure changes on the

Earth's surface

3. Non-ideal barometric compensation of gravimeters

---------------��-
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If instrumental effects are disregarded and certain 

simplifications introduced (it is assumed, that 

air pressure changes within the investigated spherical 

trapezoid have a �onstant amplitude and there are no 

changes without it) then according to our calculations 

over a spherical trapezoid of s
0

xs
0 

there appears a

gravity change of -0.27 rnicrogal/mbar, which rneans 

that exceptionally high barornetric changes rnay lead 

to an effect of hundreth rngal. Of course, this is 

already a rneasurable change and as far as the order of 

magnitude is rega�ded it corresponds to the correction 

of - 0.43 microgal/rnbar of measurernents conducted at 

various heights above sea level which is required owing 

to the normal air pressure value. Our calculations 

show a good agreement with experimental results) 

(Gerstenecker, 1978). 

The deforrning effect of air pressure changes rnust also 

result in level changes. On the basis of our calcu

lations using simplifications discussed i� connection 

with the gravity variations their rnagnitude rnay reach 

the order of mm, if the changes cover large areas and 

have high amplitudes. 
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Variations of the ground water table cause also 

changes in loading over the Earth's surface. ·1t 

should be observed, that the filling of water 

storage reservoirs influence the ground water 

table over an extendP.d area in their surroundings, 

and the corresponding cornpernentary effect rnodifies 

our calculation results for the water reservoir 

to be constructed on the Tisza river. 

To obtain an idea on the magnitude and nature of 

ground water table variations we have processed a 

twenty years lang data series of 8 ground water 

observation wells operated in the Great Hungarian 

801 

Plain. In Fig. 4 presented are the average norrnalized 

energy spectra calculated on the basis of these obser

vation series. It can be clearly seen that the obser

vations contain variations with annual periods having 

an arnplitude of 70 cm on the average. This rneans 

that a table change of a period of one year with 

arnplitudes of 0.1 to 0.5 mm is present on the sruface 

due to the loading, if the Earth responds elastically 

to loading effects. In addition to the foregoing the 

fact is known, that significant changes occur in the 

areal distribution of ground water table frorn one 

year to another. The Annual of the Hungarian Hydro-
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graphic Service publishes regularly the deviation 

· of the annual mean ground water table from the

average of many years permitting to establish that

changes reaching several decimeters and even

1 m may take place from one year to another over

the territory of the country in irregular distribu

tion, causing changes of the order of 0.01 milligal,

i.e. 0.l mm on the surface. That such changes really

exercise their influence on the surface 1s affirmed 

among others by the work of R. J. Edge, T. F. Baker 

and G. Jeffries (1979) describing the close 

correlation experienced by them between variations of 

the ground water table and records of horisontal 

pendulums. 

In conclusion we should like to call attention to 

that the magnitude of changes due to loading may 

deviate in reality from calculation results. This 

is because the calculations were carried out by 

assuming an ideally elastic Earth and this can not 

describe the behaviour of nearsurface ground layers 

in particular. This holds true particularly for 

ground waters. In spite of this our calculations can 

be used for estimating changes occurring in consequence 

of loads. 
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Fig. 3. Gravity variations caused by filling-up of an artifical 

lake on river Tisza. 
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Fig. 4. l\i:ean energy spectrwn of watertable variations in East-Hungary /relative amplitudes/ 
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TEKTOHvPIBCKA.H 11PE.I(ßCTlilHA.W'IH COBPEMEHB1IX 

BEPTI·IlWibBbIX )IB1L1IBH.111t1 SEMHOM KOPLI B IDJITAPWM 

E. BpH6J!flHCIUIÜ 1 /

Ha OCHOBa.HIDl II03,IUIJ.iIX aJIJ:,illit1Citnx CTpyKTypHIDC IIJiaHOB Tep

pnTop1,m F.oJirapmI pas,n;eJI.F:I8TCH Ha CTpyI<:TypHiiie o6JiaCTI1 11 M0pqJO

CTPYRTYPilliG 30H1I /EoHtreB, 1971/. K rrepBOD' 0TH0CJiTC.ff IvinsHfiCKM 

ruraTq;X)pw1 n �n,rncKl'IÜ cpe,nuHmrn r..1acc:vrn, rrpe,n;oTaBJie:IIHhiit Po,n;orr

ci�vr.1 uaccrrnoM n traC'l'I>IO JJ,ap,n;a.Hcrcoro r.iaccirna, a K BTopoit - fu.7.r

rmm·I.iUl /IIpe;n:6ai1.KaH, CTapoIIJiammcrm.JI soua/, Cpe,n;Horopne, Kprurur

':'II.TU-i Y.i ::r.mrue KapnaTH. ,llIDr y,n;oc5CTBa MOpqlOCTpy:KTYPHH8 30HH c5y

,n;en I-Ia31IBa'l1:b A.Jr1,m1:tcrn-:rr,.1 TI0.IT,BifäJ{HM rrpocTpaHCTB0r.I /QI-Ir.1/. 

CTp�/KTYPHHe oc5JiacTn:, a TaJ-01:e li AJI1,m:rfr0Koe rro,m3111.a1oe npo

cTpaHcTno, 38.L'IJJI·Wl0Ul88 :Jeir.:ey HllJ.:rn:, fIOF.a3bIBa.I0T UI-I,!UrniimyaJII>HOe 

pasm;:•r:m B TeG:emrn Bcero 0,aHeposoJI n: 60JI1>Iiie Bcero Ha HeoTeK-

AHaJII13 pasJior„mux cTpyrtTYP no Bcer,1 cTpyrc·.ryp1-niTI>i1 IIJIB.HaM, 

rriymn7.I)OBaI-IHHX D lli8CTH rJiaBHblX ClIC'l'fü:18-,"C pa3JI8MHBairn:R ITORa3H

Ba8'1', tIT0 C Cffi,'!hrilH Ifü'.l'e!ICHB.Hill:111 T8KT0ID.PI8CI{[,JJ\•Ili rrponeccaME ,n;o 

H80T8KT0IU!'tl8CK0ro /rurno:ueH-'CJ:8'11B8pTHtIHbil: rrep:HO,IJ;I::I/ 3Tarra xapruc

Tepr,rsupyeTC.fi AnI>rruticKoe 110,Il;BHXlliOe rrpocTpaHCTBO. I.1H8I:IliCK8..ff 

ITJiar::x)opi,-Ia B 3'.i'0 1..te C..:8.r1I08 Bp8M.ff Haxommac:r:, B 0TH0CHT8JII>H0 TeK

T0füfCWCIWf,1 CilOit01iC'fB:HH, IW'l'0poe xapaKTepHo ,IT.JI.ff 11'183030.ff H He-

030.H /r)J!iI'.2/. 

B I<oI-�e Bepx1mro r-.mo:ueHa H oco6eHHo B 1mtraJie rr.rumn;eHa 

HacTyrraeT cru,ruii nru;{!fIDl kl rrepeJIOii-1HllÜ !.i01'-,18HT B T8KTOHM'tl8CKOll 

3BOJIK>rn,m f,C>JII1ap1rn:. KacaeTCJi pa,I!YtlCaJII>HUX Ii:3l\1€H8Hllli, IWTOpHe 

11 Geological Institute,Acad. G. Bonchev-street, block II

1113 Sofia, Bulgaria 

TOIIW-ICCI:o;,1 STane • 
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OTHOCHTCE K TlfilY T8KTO}mq0CKliX ,I(BDeHlim i R nocTeneHHOMY sa

TY.xaHl!IIO ropH30HTaJibHOM KOMIIOHeHTH 8TIDC ,nBY.iJKemtii :VI ycHJiemm 

poJm BepTHKaJil>HOll KOMllOH0HThI. Tor,n;a mnn�a.JI:&HbIY.i ,n;ooporemnm 

neHe!L7IeH, KOTOp!irn ,JJ,7m KpaTKOCTH 6y.n;eM Ha3ImaT:& opTOTL7I0HOM, 

6WI r.ny6OKO pac'tfJ!eHeH pasJIOMaMH 6oJil>nmx M Ma.JieH:&KM.X 6JIOKOB 

/(pHr.3/. 

�arr.1eHThI sToro opToIIJieHa cero.n;H.H coxpairnJnm:o na paa

JllitIHOM rRIICOMeTpHi.!8CKO1VI ypoBHe Ha BCe:ll Tepp:VITOpirn: CTpaHbI 

/BpbI6JIHHCKl'f., 1975/. Ero i.!aCTli llO,n;H,fIJillCI, ,n;o 2,200 M B  carvU:iIX 

BbICOI{YJ.X ropax 10:iKHOM EoJirapr.m, a ,n;pyr:0:e - rJiy6OKO onyCT}LJ'filC:& 

- ;no 1,400 M B rpa6eHax n ,n;enpeccH.ffX, IlOICphITbIX TOJICTh!Mll IIJ.mO

n;eH-tfüTB8p'fiI't!RHM11 OTJIOJft8HHID,'Il'I /qmr.4/ • 

CpammTeJI:&HiiIM a:a:a.n:us pasJioMRbIX CTPYKTYP rro Bcer11 oTpyK

TYPHHM IIJiaHail/l /qJl'f.r. 2/ M pa3JIOMH1IX OTPYKTOP, aRTHBM3l7IpOBa.HHhIX 

B H8OT8KTOIDI't!ecm-üi STarr / qm:r • 4/ IIOKa3bIBaeT, 't!TO IlOCJI8.IO-IMe 

HB.IDIIOTCH rJiaBHbIIV:lli mnmJIMM T8KTOIDii.!0 OKO:W aKTllBli!3aIJ;Im. 88MHOÜ 

IWpbI B fu.71rapm1 /BpbIOJIHHCKM, 1975/. ÜIDI OT,IJ;8JLF.IIOT MOpq>OCTPYR

TYPHhle oo.JiacTu R MOWJC>O'.rpyRTYPHhle somr, a B o'r.n;eJI1imrx o;cy-

i.!MX pacceRaIOT KPYIBO M (l)OPMliPYIDT MOpqlOT8KTOHHi.!8CKlle srm.nel)Ma.JI:B

HHe RJIIDIM. Mx IIOJIOJK8HH8 B peI'N!aTM'9:8CKOfi 08TH CTpaHbI xopomo 

[';IOTIIBYipyeT MOpqlOCTPYKTYPHOe 11 6JIOKOBOe .n;eJieIDie HamMX serneJI:&. 

AHarrns TeRTOirni.!ecRoi1 a.RTMBM38.IJ;I1ll pasJior./IHhlx CTPYKTYP Ha 

H8OT8KTOIDii.!8CKOM STarre IIORa3HBaeT, 't!TO B OCHOBHbIX JII.lfIDIHX no.u

TB8pJit.naJOTCH rJiaBHHe CI1:CT8MbI pa3Jia.MbIBa.HIDI IIO BC8M 60Jiee CTapii!M 

CTPYRTYPHhlM IIJiaHa.M. Ü,IijiaRO, STM pa3JIOI'vlli xopomo IlORa3hIBa.IOT OOJI:&

moe pasHooc5pa.s:vre BO BpeMeIDI, 3Ha.RY M miT8HC�HOCTM IlpOHBJieIDIH 

/I'wru6oB, MmneB, Bann;apoB, BpbI6JI.HHCRM, 1979/.

HeOT8RTOIDI't!8CRlle Te:H,neHIJ;llM K llO)];H.fITtIIO, CTac5MJIM3MpOBa.IIl1lO 

IDlli K M8,IIJI8HHOMY norpy�eHMID S8MHOM Kopu B EoJirapllll B HaCTOH�ee 

BP8M.H ycrrenmo YCTaHa.BJIMBa.8TC.H llHCTpyr..1eHTaJI:&HO reo.n;esn-qecRMM 
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nyTeM qepes IIOBTOPHYID mmemmmo C'l'paHbI. 3TU TeKTOHHtiecm1e TeH

,n;e:mn,m BHpruKeHbI B tmCJieIIHHX CTOMHOCTHX l! IIOKa3a.HbI Ha KapTe co

BpeMeHHI:lX BepnmaJll,HbIX ,n;BroKe1mü 36MHO1'I IWpbI /qMr • 5/ •

Ka.K KOJIHtI0CTB8HHh!e, Ta.K 11 Rat.teCTBem-rue ,n;amme IlOR83bIBa.IOT, 

t.ITO Hama CTpaHa xapa.KT8pl13lipy8TCR: IIOBhIIII8HlIOÜ IIO.n;Bl'DKHOCTI>IO l1I 

,!Jli@)epeHD;HpOBaHHbThil'I BO BpeMeHH, 3Hß.KY l'I :mIT8HCID3HOCTll npOR:BJie

HIDIMH COBpeMeHimX BepTl1KaJil>HbIX ,n;BIDKel-IIDi 38MHOir ROphI /TOTOMaHOB, 

BpbI6JIHHCR:0:, 1979/. Ilpli 8T:0:X .n;BIDK8HHHX npeo6Jia,n;a.10T IlOJIO}YJ'1T8JII,Hbie 

CTOi-1:HOCTH, ROTOpllle xapaKT8p113HpyIOT ee KaK CTPa.HY C BC806ll(llM 

COBp8M0HHlilM IlO.n;ruITHeM. Ha qJOHe 8.Toro IIO,IllI.fITHH Ha6JIIO,n;aeTCR: H 

TeH.n;eHIJ;IDr R JIORaJII:,HblM rrorpyjKeIDUIM, B OCHOBHOM B roro-BOCTOtrnO:ti 

qacTM CTpamr. .visMeHeHHe 3Ha.Ka ,n;mDKem1.'i1 IIO't!T'L'I BO Bcex CJIY't!MX 

COBIIa,IJ;aeT C M8CT8MH 60JII:,IIIIDC pa3JIOMHHX CTPYRTYP, aKTHBH3HpOBaH

HbIX Ha H8OT8KTOHH't!8CKOM 8T8II8 /BphIOJillHCRH, TOTOMaHOB, 1979/ •

8TH TeH,n;e:Hcyrn, 0 ROTOpl:DC MbI yY!.e BCIIOIJk'IHaJil1 BbIIlie , XOTR: Ii 

B O8.MbIX OÖllUDC qepTax, OKa3a.Jm:CI, Ha,ueiIU:Ih!MH n ,n;ocTaTOtIHO IIOJIHH

Mli ,IJJIB O,n;HOro KOMilJI8KCHOro a.HaJilI3a COBpeiv18HHbIX BepTli'.iRaJII>H1IX 

,n;BIDKelmfr 8eMHOli KOpbI H HX TeKTOHH'tl8CKOfi npe,n;ecTHHB.UIDi. 

OpTOIIJI0H /,n;ooporeHHa.H Him!U'IaJil>Ha.H IIOBepXHOCTI>/ Ha TeppitI

TOp:miI Eo;rrapHH B KOHUe BepxHero MHOJJ;eHa xaprutTep:0:ayeTCR: ()OJII,-

IlIOii H8CbIIlt8HHOCTl>IO pa3JIOMHhIMH CTpyKTypa.MH BC8X CTPYRTYPH1IX Q 

IIJia.HOB /paspesbI A, (llfil' .6/. Ha:vi60Jil>IlIM r.ycTOTa OTU1eqaeTCR BO 

�a.KniicROM MacCJirne - 47, 5 %. Ha .A.Jrl>mrifcn:oe no,n;BIDKHOe rrpo

CTpaHCTBO npmco,n;HTCR: TOYite 60Jil>IlIOe KOJilitI8CTBO pa3JIOM.OB - 45 %. 

PasJIOMHhie CTPYRTYPH B Mlism10Roi1: IIJilITe - TOJil>RO ?,5 %, He Hr

paroT cymecTBeHHofi poJIH B ee CTPYKTYPHOM o(Ix)p1vmemrn:.

HeoTeRTOimtieCRM 8BOJilOI.Um 38MHOi1 ROpbI B Eo;rrapxm /pas

pesH E. @IT' .6/ X8paRTep:t1syeTCR: IIBTeHmIBHI:·JM:li BepT}IRa.Jll,HID.lli 

,IU3HJ!.8Irn.milll, ROTOpbie pa3JmlJa.IOTCR: IIO BPSMeIDI, 3Ha.Ry H ImTeHCHB

ROCTli IIpOSIBJI8HHR. 
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Km.mJieRCHlffi a.Ha.mI8 IIORaa1rnaeT / q)l'II' • 6/, tITO Ha HeOTe-RTO

:mrnecROM aTane /paspesH E/ aRT1'IBM3HpyeTCH TOJ!I:>KO 23,6 1� li3 

pa3JIOMHl:DC CTPYRTYP Bcex CTPYRTYPHHX IIJiaHOB .n;ooporeHHoiil IIOBepx

HOCTli /paape3H A/. B aTy rpymzy IIOIIa,I(alOT npeHMYllleCTB6HHO pas

JIOMhI, orpruummruoll(lle CTPYKTYPHbI6 OÖJiaCTI1 li MOWJ()CTpywrypmre 

3OH1!, a TaR1.{8 - Rpymrue pa8JIOMH, npOXO,IVlliUie K HHM none_pe'Cll!O 

H.Me ROCO. 

Cat\IH}I ÖOJ!I:>l!IOE npoueHT H8OTeitTÖHlftieCKH aRT1-IBII3:vIPOBaHilliX 

pa3JIOMHhIX CTPYRTYP IIpIDCO,IU-ITCH Ha AJI1,mn,1cKoe IIO.IlBiiO.:moe npo

CT.Pa.HCTBO, I,/leiil>ll.11'Ü1 - Ha �aRHticm,rii MaCCl'IB, a i',WH:bl!Ie BCero 

TBKviX pa8JIOMOB B Iil1!3MÜCKOM IIJraTqx>pMe.. IipliI c_paBHemrn 81'/llIJil,I

TYlJ. BepTHKa.JII,HhIX ,IU3ID1e:r-rntl Ha nepe)].Hillil IIJiaH BhIXOMT pa3JIOMhl 

(l)_paKvi::ü01wro r;racmrna H TO - rJia.BHHM oc5pasoVI ero sana,m-IhI.X oT-. 

lJ,8JIOB. 

CoBp8M8HH8.H T8RTOIDI'ti8CR8.H 8.KTMBI1:3a.I{vlff 38ivIHO:L KOphl Ha 

Hal!Ief. TeppliTOpI1:I-I / mm /ro.n;./ IIOita3aHa Ha _paspesax S, f])1Ir.6. 

Car,10e oc5mee BH.PBJieI-rne HeoTeRTOHnqec1mx TeH,IJ;em:urn BO3'/1.hl!•,1amm, 

cTa61wrnru.u,u,1 1um Me,IJJ.Iemwro rrorpyilteHHH cTpyRTY.PH1IX o6JiacTeii 

li MOpcJ10CT.PYRTYPHh1X 3OH ,naeT Rpl'IBa.H CKOpOCTeH COBpe1v1eHHHX 

Be pTmta.JII:>mrx ,IU3IDKemrn. 

Ilapa.JIJieJil>HO C 8THM Hepe,D;Ko Ha6JI10.n;a.IOTCH � o6paTHiiie TeH

.n;emurn. Om1 BIDIBJimoTcH u Ha MnsHi1cRo:w IIJia.TCI10prne, :vr ro q>_pa

KmlcKoM Macmrne li B Am,m1itCIWM IIO.n;B:VDiillOM npoCTpa.HCTBe /pas

pesH B, 41:v:rr .6/. CaM.bIM TIDII1:q1ruM CJIYtiaeM HBJIHeTCH ropa hma t

HaxO�a.HCH 1,3 o6XBa.T0 <D'prun1tic1wro MaCC1'IBa. • Ha H8OT8KTOID'J:qec

ROM aTane OHa I-'.!CIThITa.Jia cauoe IIBTeIICHBHOe BO3.n;HI,'laID!e - 6oJiee 

2,200 M' a Ha COB.P8M8HHOI-:1 ee BepTHKa.Jil>Hbie '/1.BlIEeimH OTJil1tffi.IOTCH 

oTpMUaTe�I>I-IhIMH snaqeHMMl-I /paspes V - B, qn,rr.6/. 

-
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3a.RJIIo tie mi:e 

1. CoBpeM0Illibl0 BepTUEa.JII,HH0 ,n;BIDK8Hlif.I seMHOM KOpbI Ha Te-

ppHTOpirn Eo.JII1ap1rn B OOJII,JilllliCTBe CJIY'C!a0B T0KTOIDilieCKH o6yCJIO

BJie:HbI. ÜIDJ OTpruKalOT HOB0Ml.llli8 T0KTOHHtI€CR1'I8 T8II,IJ;eHI.T,1lli servmoii: 

KOpbI K B03)J;I:iIMaHl1IO, CTa6:wmsarcvrn 1:lJili K M0,ITJ.I8HHOMY rrorpy,wIDIIO. 

3.H.aRH ,!03ID:-temnt IlOtITH BCer,ua Ii3M0H.fIIOTC.fI OROJIO EpyllHbLX pa8.7Io

MOB, H3IlliITbIBaIOJ.UUX aJCTHBHSa.I.UOO Ha IIJIHOIJ;0HOBO-tI8TBepTlltrHO.M 

aTarre. 

2. IIpn H3YtI0IDllI COBpeMeHHbIX BepTMKaJII>HHX ,IJ;Bl·DK0lll1Ü 30L•1-

HOß KOpbI TorrorpacplitI0CitYIO IlOBepXHOCTI> Ha,IJ;O paccMaTpr,rnaTI> B 

RatieCTBe ,JJ,I.fH81'.llitI0CKOÜ IlOBepXHOCTH, HerrpephIBHO HCilliTHBaIOIUeil 

T8KTOHHtI6CKHe Hanpmr{eHH.a. 

3. J1HCTPYM8HTaJII>HO IlOJIY'Cf8HHble 3Hatremr.H CKOpOcTeii COBpe

M8HHbIX B8pTMKaJII,HhIX ,D;BillK8HHfi OTpruKa.IOT ,IJ;BIDK0IDI.f! TO.7Ib1W B Tex 

rryHKTax, B RO'l'OPIDC pasllOJIQjlt8HhI HHBeJmpHbie penepu. 8TO ecTe

CTBSHHO IIpMBO,D;HT R Heooxo,m�MOOTH MaRCID..filJThHO CORpamaT.I> reo-

MeTpHtrecKoe HHT8pIIO.Jil1pOBaI-IHe, ROTOpee IlPHM8H.fI8TCH reo,n;esH-

CTaivm npH npoBe.n;eHHM CICOpOCTHHX Hsorrmc H 38.MBHHTI> ero T8RTO

HH't!8CKOI1 MHTepnpeTar.u,rew. 

Summary: The comparative analysis shows that recent vertical 
movements of the Earth's crust in Bulgaria have a definite tec
tonic predestination. They are a reflection of the youngest 
tectonic tendencies of the earth's crust towards uplift, sta
bilization or slow subsidence. The topographic surface should 
be· regarded as a dynamic surface whic.h is continuously subjec
ted to tectonic stresses. 
It is pointed out that the rate of recent vert·ical movements, 
de�uced from geodetic studies, are valid only for those places 
which contain the levelling markers. Naturally, this will lead 
to considerable limitations of the geometric interpolation in 
this type of investigations and to gradual replacement by mo
dern tectonic interpretation. 
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�r. 1. CxeMa CTpyrcTypHbIX o6JiaCT8}� M JU[bIDiliCKOe II0,1.LB:vDKHOe rrpo

CTpa.HCTBO B EoJirap:vm 

1 - fv11i3HÜCRM IIJI8.TQ)Opu1a; 2 - �a.KHi1QirnJ1 cpe,IUIHHHf Mac

CMB; 3 - AJr:oIIYIIIC}C08 IIO,n:BV.LilliOe rrpocTp8.HCTBO; 4 - rrpo

QJMJI:OHM ..'Il'.IHJIB 

1111111111111 

�. 3. KapTa O pa.CilOJIO)Ke!IBI1 OpTOilJieHa /:VIHMW,IaThHIDI .n;ooporeH

Hhlii neHeIIJieH/ B EoJirapMM 
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M.6. KOMIJJieKCHhie rrpo@,LJm: COBpeMem-mx BepnIKa.Jll>HI:iIX ,Il;BYL"XeHIDI

se�mon Kopu B EoJirapmr 

A - rrpo@1.1m o rroJim:mmrn opTorureHa /mnm;naJil>HI:i[M ,noopo

reHHI:iifü neHenrreH/ B 1wuu;e Be pxHero MUOIJ;eHa u pacrroJim:::e

mte pa3JIOMHHX CTPYRTYP no BCeM CTpyKTYPHiill\-1 IJJiaHaM / CM. 

cpHr. 2, 3/; B - npoqm.1m: o pacnoJim!IeHIDr pasJioMHBX cTpyR

TYP, aKTID3li3Up0BaHHbIX Ha HSOTeKTOHI•rqecICOM ::narre / CM. 

WHr.4/ 11 o rroJio�emm opToIJJieHa B cTpyKTYPHHX o6JiaCT.FIX 

/ CM. (J?lir .1, 3/; 1 - pa8JIO!v?ffiI8 CTPYKTYPI:l; 2 - OpTon.,i:eH. 

0TpyR'rypHbie OÖJiaCTn; 3 - r-iill:31-IMCKa.JI nnaTQX>p:;,1a; 4 - 4)pa

KilliCKIDtI cpe,mnnnnt MaCCHB; 5 - AJil>mIECKOe IIO,IJ;BJiDKHOe 

npocTpaHCTBO; 6 - 6oJiee 8HatnIT0Jil>HM IIJnIOIJ;eH-qeTBepTMq

HaJI aKKYMY.J.I.F.rUIDI; B - rrpo<JjH.ill'.1 CIWpOCT8}1 COBp8M8HHbIX Bep

TllliaJil>Hl:lX ,UBIDK8I-IT.AlI 36MHOÜ IWphI B EoJirapim B MM/ro.n, 

npirne,n;eHHhIX R a6coJIIOTHor:ry HYJIIO /er,1. (l)lll'.5/; 7 - uecTa 

H30JililillÜ CROpocTe:fii, BHpruK8HHI:lX B MM/ro,n;. 
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Investigations in the Czorsztyn - Geodynamical Test Field 

by 

Zbigniew Zqbek 1/

1. Tectonics of Pieniny Klippen Belt and project of test field

for geodynamic investigations.

821 

Pieniny Klippen Belt in Poland is a part of a narrow in-the shape

of- an arc zone that streches from Vienna in the F.astern Alps up to 

Marmorosze in the Roumanian Carpathians/ F�g. 1/. 

Pieniny Klippen Belt makes a narrow / several kilometers or 

a few hundred meters wide / zone of Mesozoic and Paleogenic rocks. 

This zone cuts across the Tertiary sediments. The length of crag 

belt is about 900 km. The belt of Pieniny crags, called as well 

an inner crag belt is a transitional zone between two basic structural 

units: the Inner Carpathians lying southwards from Pieniny Klippen 

Belt and the Outer Carpathians / Flysch like / lying northwards. 

In Poland the crag belt length is about 60 km and �ets widest / 5 km/ 

in Mnts. Pieniny. The crag belt is characteristic because of its 

uncommon morphology: some of its stratigraphic links / mainly Jurassic/ 

are built of hard layers which form hills and ridges partly covered 

with vegetation. Therefore the crag belt is very picturesque. 

There where soft layers occur / mainly Cretaceous / valleys, saddles 

and other depressions had formed. 

1 

Institute of Highr Geodesy and Geodetic Astronomy 

Warsaw Technical University 

Jednosci Robotniczej Sq. 1

00-661 WARSAW, Poland
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Pieniny Klippen Belt tect.j.nics is connected with forming 

of Carpathians orogen. In the light of new tectonics of the Earth's 

Globe / plate tectonics / Carpathians are the orogen of collisional 

type. This type of orogen is characterized by extensive compression 

and eonnected with its tectonical transportation.During the movements 

of tectonic plates in the Tertiary, occurred the subduction of 

the European continental crust beneath the Pannonian plate/ 2 /. 

The zone of crust subduction in Carpathians was going along Pieniny 

Klippen Belt. The sediment form.ation formed earlier in this zone was 

hard pressed into narrow belt of folds and scales. This situation 

is well illustrated by schematical / patly hypothetical / section 

through the Carpathians / Fig.2 / presented by P. lfarn.kowski / 3 /. 

Geological stru�ture of Pieniny Klippen Belt may explain 

the increased tectonical activity in this zone. The project of a dam 

on the Dunajec river near Czorsztyn and of a big storage reservoir 

caused several contrversies. New, when both are under construction, 

geodynamical investigations near Czorsztyn acquired importance 

not only from purely scientific point of view but from the economical 

point of view as well. 

In spite of the pressing need, geodetic methods of investigations 

have not been applied since 1972. In 1978 the Institute of Higher 

Geodesy and Geodetic Astronomy started investigations within 

the framework of the problem " Geodynamics of Polish Area " 

coordinated by the Institute of Geophysics of the Polish Academy 

of Sciences. These investigations aim of the delimitation of vertical 

and horizontal crustal movements as well as the variations of gravity 

field in the Czorsztyn region. 

The project of the test field has been consulted with

prof. W. Kowalski and dr J. Liszkowski from the Institute of Hydrologie 

and Geologie Engineering of the Warsaw University. 

Taking into account the geological structure of the investigated 

area and the boundaries of the planned water reservoir it was decided 

to carry the investigations in some places along the limestone belt 

streching from the Czorsztyn castle to village Falsztyn / Mt. Zielone 

Skalki / and along the pararell belt near the Niedzica castle / Fig. 4 / 
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Both belts constitute a part of the Czorsztyn unit of Pieniny Klippen 

Belt / Fig. 3 by K. Birkenmajer / /1/. Mt . Wdzar is also included 

into the test field. Its volcanic origin makes it an interesting 

structural unit. 
Reference point are situated outside the crag belt zone on the 

Magura nappe and Podhale Flysch. These areas are not tectonically ac

tive and lay on two different deep plates of the Earth's crust. 

In June and July of 1978 and 1979 levelling, triangulation and gra

vimetric measurements were earried out on the field. These should give 

a possibility to observe the influence of the water filling the reser

voir on the investigated geodynamical processes. 

2. Investigation of vertical movements by the methods of precise

levelling.

The precise levelling net was designed as shows Figure 4. This net

cons±sts of two crossed levelling lines. The meridian line passes 

through three main structural units: the Magura mappe, the crag belt 

and Podhale Flysch, crossing perpendicularly the contact zones of 

these structures. The direction of meridian levelling line is perpen

dicular to the funajec valley and to the future water reservoir. 

The parallel levelling line passes along the crag belt and crosses 

the dislocation line that forms a boundary of this structure from the 

west side. This levelling line goes along the future water reservoir. 

The groups of rocky bench marks are situated on Mt. Wdzar, the 

Czorsztyn castle mountain, the Niedzica castle mountain and Mt. Zie

lone Skalki. At the ends of the meridian levelling line there are 

groups of reference bench marks situated on the Magura mappe rocks 

and Podhale Flysch rocks. The parallel levelling line ends with groups 

of ground bench marks situated in the Jarmuck layers zone. 

Systematical levelling errors are particularly destructive while 

investigating the crustal movements by precise levelling. This type 

of errors may be highly misleading as far as the investigated pheno

menon interpretation is concerned. 

The applied methods and observation programmes ought to conform 

with the above mentioned indications. 

The measurements were carried out with the use of two precise Zeiss 

automatic levels type Ni ooj. Before use, both levels are carefully

tested in order to determine whether they qualify in high accuracy 

measurements. This qualification test has been worked out by our 

Institute • 
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Levelling on the Czorsztyn test field is made simultaneously witfr 

two Ievelling sets. The second levelling team follows the first one. 
In this way it is possible to currently check the levelling net scale, 
also the stability of the mean meter of levelling net is controled. 
In the case of measurement with one levelling set it is impossible 
to detec.t irregu.lar changes of rod length. Application of two levelling 
sets diminishes systematical instrumental errors and th.e! scale error 
in particular. 

In levelling of the highest accuracy the factor of time is 
of parti.cular importance because the promptness of carrying out 
the observations decreases the-±nfluence of some systematical errors 
on the results of the measurements. Taking the above into account� 
the programme of levelling measurement for one station of the level 
is established as follows: t1 , t2 , pl , p1 , where

' t1 , t2 - backsiights
p1 , p2 - foresights.

This programme as shows several years of investigation in the Institute 
of Highe� Geodesy and Geodetic Astronomy / 4 / is an optimal programma 
for levelling by means of precise auxomatic levels. This programme 
gu.arantees high rapidity of observation and high accuracy of levelling. 
The observations carried out according to this programme are 20% fast�:r 
than the obseryation made by applying classical programme / t1,p1,p2,t2;•

Considerable errors are caused by the changes of rod invar tape 
length due to temperature changes. During the measurement the levelling 
rods can get heated and the difference between the tape and the air 
may achieve 10°c •. In order to eliminate the thermal influence, the. invar 
tape temperature is directly measured by means of a temperature- sensi
tive resistor designed by the Institute of Higher Geodesy and Geodetic· 
Astronomy. 

In the mountain areas· the scale error of levelling rod is the most 
important source of systematical errors. The invar tape of rod shows 
considerable length chang� which are due to humidity and irregular
changes of length occur prticularly during transportation of rods. 
It is indispensable to carry out field rod comparation to obtain 
a high accuracy of levelling in the mountains. For this purpose, 
in the Institute of Higher Geodesy and Geodetic Astronomy, the 
portable vertical comparator for precise levelling rods was constructed. 

DOI:https://doi.org/10.2312/zipe.1981.063.03



825 

A laser interferometer of the French Soro Company has been used as 
a part of this comparator. This newly conatructed comparator is applied 
in comparation of the roda before and after measurementa on 

the Czorsztyn test field. The accuracy of comparatin with the use

of this method ia ± 4 m/m. 
Precise levelling were carried out in 1978 and 1979. The obser-

vations were made by dr s. Marganski, dr M. Barlik, T. Knap MSc •• 

E. Tomiczak MSc ••
Mean error of measurements carried out by two levels for 1 km 

is as follows: 
1978 : m = .:t 0,26 mm/ km 
1979 : m = ± 0,30 mm/ km 

The analysis of the relative altitude changes of the bench mark 
groups situated on geological structures has been made. Table 1 
presents the changes of relative altitudes in reference to the bench 
mark groups. 

TABLE 1 

Investigated Bench mark Mean 
structure �I:QUP, 

/j, IL,9-AIL,a symbol number error 

Mt Wdzar PW 1-3 3 

Czorsztyn castle mountain PW 4-8 5 + 0,40 mm + 0,75mm
-

Niedzica castle mountain PW 9-N2 3 - 0,42 + 0,71
-

Podll,ale Flysch PW 13-18 6 + 0,90 ± 0,90

Niedzica castle mountain PW 9-N2 3 
Mt Zielone Skalki PW 23-25 3 

+ 0,16 + 0,90
-

The levelling net on Mt Wdzar, the Niedzica castle mountain and 
Mt Zielone Skalki contains the bench marks from the levelling net 
measured by the Geodetic and Cartographic State Enterprise in 1968. 
Table 2 presents the comparison of the former and currently 
obtained results. 

-

• 

1 
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TABLE 2

Investigated 

structure 

Mt Wdzar 

Bench mark 

number 

G 

Mean 

error 

Niedzica castle mountain 

Mt Zielone Skä3:ki 

N5, N2 

Z1, Z3 

1 

2 

2 

+ 1,85 mm i 2,8 mm 

0,60 .:t 1,9 

The greater values of mean errors in Table 2 are the result 

of the lower accuracy of measurements in 1968. 10 years•period 

of time makes results of this analysis.important. It allows for 

a conclusion that the relative vertical movements between 

the investigated points are less than 0,,5 mm per year. This conclusion 

corresponds with the results of analysis presented in Table 1 , exept 

for one relation : the Ni.edzica castle moutain - Podhale Flysch, where 

the result is 0,9 mm. But the error of this value is also 0,9 mm. 

As the changes do not exceed the measurement error further interpre

tation will be possible after carrying out more repeated measurements. 

3. Investigation of horizontal movements.

For the investigation of horizontal displacements 4 points 

were selected: 

-top in the Zielone Skalki belt

- point on the cragy mountain near the Czorsztyn castle

- geodetic post on the terrace of Niedzica castle tower
- top of Mt Wdzar

These points are shown by Figure 5.Selected points are marked by 

concrete posts on solid rocks. The posts have built in brass sleeves 

which make an automatic centering by means of a special knob attached 

to the instrumental plate possible. 

Four points are chosen as reference points in distances which 

provide favourable conditions for a laser measurement of distance. 

These points are as follows: 

- on the church tower in Frydman village; brass sleeve mounted

- a triangulation mark on Mt Trzy Korony; a concrete post with
a cut in cross on a brass plate 

- on Mt Luban and Mt J�dras tops are brass marks with cut in

crosses attached to the rocks. 

" Hi --'H 
~ 19 .u 68 
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The points Luban and Frydman lying in the Magura nappe area, 

the point J�dras in Podhale Flysch and the point Trzy Korony 
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is situated in Pieniny Klippen Belt and it plays a role of a comparison 

point. Possible connections between chosen ponts forma triangulation 

net as by Figure 5. 

AGA Geodimetr Model 8 has been used for measurement on established 

net. Before and after measurements the stability of laser beam 

modulation is checked and constant of instrument is delimitated. 

The accuracy of geodimeter measurement is limited by the influence 

of atmospherical conditions. Refraction errors are due to unknown 

enviromental conditions along the laser beam. The investigations 

carried out in the Institute of Higher Geodesy and Geodetic Astronomy 

show that the refraction errors in high degree have a periodical 

diurnal character /6/. The refraction exerts the least influence after 

sunrise and before sunset. On this base, the observation programme 

is established as to diminish the influence of refraction. 

The observations are carried out at the same season of a year in June

July from 6 a.m. till 9 a.m. and from 6 p.m. till 9 p.m. 

All sight lines are measured in 5 observation series in the fore

noon and: 5 series in the afternoon. 

Much attention has been paid to the measurement of meteorological 

conditions. Air temperature is measured by means of Assmann's psychro

meter with accuracy ± 0,1 ° c at both ends of the l�ne to be measured. 

Besides, the thermal gradient is measured in a place which best 

determines the atmospherical conditions for sight line /by electronic 

gradientometer constructed by the Institute of Higher Geodesy and 

Geodetic Astronomy /. Air pressure is measured at both ends of 

the sight line by means of aneroids and humidity is measured with 

Assmann's psychrometer. 

Four investigated points / Mt Wdzar, Mt Zielone Ska�i, 

the Niedzica castle, the Czorsztyn castle/ arethe geodimeter stations. 

All si.x sight lines between these points are reciprocal sight lines 

and are measured in 20 observation series. The others 8 sight lines 

are measured in 10 observatio series. 

The vertical angles are also measured as to reduce the measured 

distances onto horizontal plane. Linear oservations in the net give 

only one extra observation and as to check the results horizontal 

angles are also measured / 6 series, all angles around horizon /. 
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In. 1978 and 1979 the observations were carried out by 
J. Wojciechowski MSc. Table 3 presents the results of measurements.

TABLE 3 

Line D.t.stance Difference Mean 
1978 1979 D7��8 

error 
mm 

Niedzica -Zielone Skalki 3 563,451 ,450 - 1 + 1,3
Wdzar- Zielone Skalki 4 516,882 ,883 + 1 + 2„3

-

Zielone Skalki - Luban 8 071,540 ,535 - 5 + 3,0
Niedzica - J�dras 2 342, 767 ,766 - 1 + 1,7

-

Wdzar - Luban 3 813,847 ,845 - 2 + 2, 1
Wdzar - Frydman 6 429,551 ,545 - 6 + 2„4
Wdzar - J�dras 5 983,860 ,871 +11 .! 2„6
Z.Lelone Skalki -Frydman 3 544,349 ,350 + 1 + 1, 7

-

Zielone Skalki - Trzy Korony 10 478,117 , 117 0 + 2,9
Wdzar - Trzy Korony 8 293,990 ,999 + 9 + 3,3
Zielone Skalki -Czorsztyn 3 062,408 ,404 - 4 + 1,4
Niedzica - Wdzar 3 727,556 ,553 - 3 + 1,7
Wdzar -Czorsztyn 2 350,137 , 137 0 + 1,8
Niedzica -Czorsztyn 1 500,375 ,376 + 1 + 1 , 1

The obtained results may mean that the movement of point Wdzar 
in north-west �irection is possible. Generally. 8 differences 
are less than its mean errors and only in one case the difference 
exceeds a little maximal error / three times MSE / 

Full interpret�tion of horizontal movements will be possible 
after carrying out measurements in next years. 

4. Gravimetrie investigations.

For investigation of gravity field variations 4 points are 
eatablished. �ese points are selected near the groups of levelling 
bench marks and the triangulation points /Mt Wdzar, Mt Zielone Skal
ki, near the Czoraztyn castle and the Niedzica castle/. 

Reference points are chosen with taking into account geological 

1 
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condition as well as two another factors. On the one hand, the die-
placements of masses in the Farth s crust in tectonic active area 
should not influence to the g.ravi�y 1n reference poin�s. On the other 
hand, taking into account the accuracy of gravimetric measurements 
the reference points should be established as closed from investiga
ted points as possible. So the reference points are in distances 
nearly equal to the deepness of crust. The accuracy of gravity measu
rements depends on the·quality of approach roads. These accuracy de
pends also on the value of gravity difference between two points. 
With regard to above the suitable heights of points are chosen. 

The constant scale of gravimetric measurements is very important 
in the investigations of gravity field variations. The tilt method 
of gravimeter calibration is the most suitable method for these pur
poses. The applied device for gravimeter calibration allows to delimit 
the gravimeter constants in uniform /constant/ scale. The vertical 
circle of this device with its graduation errors is a partieular but 
constant base for gravimeter calibration by tilt method. Besides, the 
field calibration with the use of this method is possible. The gravi
meter constant is delimited for the position of reset screw proper 
for measured area. 

The calibration deviee on the base of Wild theodolite type T4 no. 
16969 was designed some years ago in the Institute of Higher Geodesy 
and Geodetie Astronomy /7/.

During the many years' eyele investigations the same deviee should 
be used. 

In 1978 and 1979 there were used three quartz gravimeters: Worden
Prospector no. 1008 /from the Institute of Hydrologie and Geologie 
Engineering of the Warsaw University/ an.d Sharpe-Seintrex nos. 156, 
157. 

The measurements were earried out by dr. M. Barlik /1978/ and 
M. Pruszynska, M.Sc. /1979/.

The relative errors of delimitation the gravimeter eonstant k by
the use of tilt method were as follows: 

m 

Worden gravimeter -1 � 1 • 1 o-4
m 

Sharpe gravimeter --.,J:-� 3•10-4

The changes of gravity differenees from 1978 and 1979 are presen
ted in Table 4. 
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TABLE 4 

Line 

Ostra - Wdzar 
Wzdar - Czorsztyn 
Czorsztyn - Kacwin 

Jaworki - Wdzar 
Wdzar - Howy Targ 
Howy Targ - Bialy 

Wdzar - Hiedzica 
Niedzica - Zielone 

Ag79-bg79
µgl 

- 21

+ 21

+ 53

- 39

+ 77
Dunajec -101

+ 38

Skalki - 42

Mean 

error 

I_J 171 
+ 42 ... -

+ 21

+ 33

+ 20
-

+ 
-

23

+ 20

+ 34

+ 28
-

The changes of gravity differences for two lines Wdzar-Nowy Targ
Bialy Dunajec are the same order as maximal error i.e. three times 
mean error. It may be considered as a result of gravity increament 
on the Nowy Targ point. The other differences are approximately 
the same as its mean errors. 

Full analysis of these changes is not possible now. The investi
gations will be continued and interpretation of results will be 
possible after more repeated measurements. 

SUß'..mart: In the Area of Pieniny Klj_ppen Be 1 t near Czorsztyn there is
built he dam and the large water reservoir. From the geology cf this 
area we can suppose that it is today tectonically active. In order to 
investigate the movements of the Earth's crust and the changes of the 
gravity as well as to observe the influence cf the filling of water 
reservoir on the geodynamical processes there were built in 1978 the 
special levelling, triangulation and gravimetric nets. There was wor
ked out the methodology of inve stigations and there were realised the 
measurements in the yaars 1978 and 1979. In the future such measure
ments will be repeated every year. 
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Fig. 1. Teotonic map of the Carpathians /after D.Andrusov and K.Birkenmajer/ 
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1-- crystalic and sediments formations of foreland, 2 - Pieniny Klippen Belt /Mesozoio 
rocks/, 3 - orystalic and sediment rocks-Gemeric Zone, 4 - crystalline area of the Vepor 
nappes, 5 - sediment rocks of sub-tatric nappes, 6 - crystalline area of high-tatric nappes, 
7 - sediment rocks of high-ta-tric nappes, 8 - crystalline area of the Marmarosa zone, 
9 - sediment rocke of the Ma.rmarosa zone, 10 - senon of the Brezova pla teau, 11 - the Inner 
Carpathians Paleogene /Podhale Flysch/, 12 - crags of the older bed of the Outer 
Carpathians, 13 - Magura nappe zone and Paleogene of cragy belt, 14 - nappe zone of outer 
group, 15 - Neogene v'olcanic rocke, 16 - marine and continental oediments of Neogene. 
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