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FOREWORD

IMPROVEMENT OF MINING SAFETY VIA SCIENTIFIC RESEARCH

Normally the Editor-in-Chief does not write introduction
or preface to numbers or volumes of Acta. When he has done it
is for two reasons. These are:

1. The Editor-in-Chief, being a researcher himself, is the pro-
ject leader and coordinator of the scientific activity re-
viewed in this volume.

2. The present issue contains results of fundamental research
under the financial support of the so-called Hungarian Sci-
entific Research Fund (OTKA) which will be presented at the
first time.

It should be added that these papers only deal with the
first partial results of a large-scale complex research planned
for several years and, due to the limited size of this volume,
selected passages are only offered from the scientific produc-

tion of the first two-three years.

WHAT IS THE MATTER AT ALL?

On the initiative of the Hungarian Academy of Sciences a
special financial fund was established by the Hungarian Govern-
ment in 1986 which provides the possibility of support for all
branches of science in the field of fundamental research of
greatest importance. This financial fund is the Hungarian Sci-
entific Research Fund (OTKA). Financial support may be obtained
through a competition system. Within the scope of mining sci-
ence the exploitation safety of mineral raw materials repre-
sents a field which consists of problems reguiring a lot of
fundamental research to be solved. The understanding of the
character of the field and tasks may be easier by drafting the
accepted subject of mining science in a schematic way. This
might be needed even for the reason that in all those cases
when any branch of material production is in question (e.g.

mining, metallurgy, architecture, etc.), normally the technical
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and economic processes of the technological development of pro-
duction can hardly be separated from the specific human activi-
ty which is qualified as scientific research. It is easier to
distinguish them in the field of the natural and social sci-
ences. In these cases the research and especially its phase
called fundamental research can be separated in a much clearer
and easier way (if such a "distinction" is necessary at all)
from the development and application process of the results,
the latter being the ultimate object of every scientific
research.

WHAT IS TO BE UNDERSTOOD UNDER MINING SCIENCE?

In our opinion mining science deals with laws of phenomena
which are the results of the fact that the exploration and
especially the exploitation of mineral raw materials and some-
times their processing as well represent rather "drastic" in-
terventions into the natural environment including ..ot only the
solid crust of the earth (as the natural host medium of these
materials) but also significant zones of the hydro- and atmo-
sphere.

Namely, mining science is a coherent system of knowledge
about the laws of material- and energy-flows which proceed in
space and time as a consequence of the establishment and aban-
donment of caverns caused by the exploitation of minable mineral
raw materials from the three-phase crust of the earth. With
their knowledge - in connection and in interaction with a
number of other branches of science - these laws can be dis-
closed, recognized and interpreted. Based on these laws opera-
tions can be selected which help to prevent and avert the con-
sequences of these movements, or to control, influence and
eliminate their effects. It is obvious that in our interpreta-
tion an open pit and a deep borehole are the same "caverns"
developed in the earth's crust like the roadway system of an
underground mine and large-size workings. The intrusion into
the earth's crust results, first of all, in a disturbance of

the original stress conditions. The consequence of this
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disturbance is a "reaction", some kind of "answer" of both
materials in solid and fluid phase and in form of rather com-
plicated interactions. The reaction of the original material in
a relative equilibrium manifests itself in response to cavern-
-building and abandonment in processes of motion, in changes of
quality and condition, in transport processes of materials and
energy. The three-phase medium in which these processes take
place is neither homogeneous, nor isotropic at all and natural-
ly it is not a continuum.

That means that the analysis of material behaviour, the
recognition of its laws of operation, and the development of
possible process control methods are by no means simple tasks.
Essentially, however, this is the subject of mining science.

Due to the processes in motion mentioned above the fol-
lowing natural hazards endangering mining activity appear:

- deterioration of rock environment (faults, collapses),
- gas phenomena (gas outbursts, damp explosions),

- water hazard (water inrush),

- mine fires due to self-ingition,

and other sources of hazards.

These may cause not only damages and sometimes destruction
of material values, but endanger the health and life of people
working in the mine.

In the Hungarian mining the influence of natural hazards,
the frequency of their occurrence are potentially increasing
with the operations moving towards greater depths and geologi-
cally and tectonically more disturbed areas, and with the ope-
rations carried out below the static level of water stored in
karstic rocks. With them the risk of production is strongly in-
creasing. The influence of environmental effects and the pro-
cesses endangering the natural environment are also added to
them. Essentially these are the circumstances which led to the
support of our fundamental research in this field from state
financial sources and by the Fund mentioned.

The exact and official title of the project is: "Complex
research works establishing and supporting the increase of min-

ing safety to disclose control possibilities based on the
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interactions of the natural system". It is planned for five
years and is based in principle on experiences and scientific
results obtained in several decades.

The research is carried out in several fields by the staff
of a number of institutions (research institutes, university
departments). To give a better idea on the subject a brief ex-
planation will be given in the followings about the main rela-
tions and connections among the elements of the system. The in-
crease of mining safety requires the availability or establish-
ment of the corresponding conditions. A common feature of these
conditions is that a definite kind of balance of factors inter-
acting with each other should be obtained, very often, even
nearly in all cases, by compromise solutions. In actual cases,
however, there is a possibility of making choice among differ-
ent alternatives, a well selected compromise will represent the
optimum solution.

In our case the factors to be taken into account form a
coherent system divided into two groups:

1. System of natural factors
- in their original, undisturbed condition, and
- in the changed and continuously changing condition due to

mining interventions.
2. System of the technical-technological factors of pro-
duction
- a chain of caverns of varying lifetime developed in the
earth's crust in space and time with different sizes and lo-
cations, and

- structures ensuring the stability of caverns, the relative
balance of the host rock, solutions, methods and means to
influence the state of rocks, further their material (water,
gas) and heat conductivity conditions as well.

These system groups of factors are not treated here in
detail. Werefer to them by means of some obvious examples.
These are:

- the geometry, the physical state, material properties of the
mineral occurrence,

- changes due to mining interventions, intrusions, as
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a) loosening, displacement of rocks,

b) flow of fluids, gases and heat,

c) the change of flow in space and time,

d) effects appearing at the surface, further

- means to keep the underground areas open
a) supporting structures,

- consolidating and scaling procedures to modify the character-
istics of permeability and rock conditions respectively,

- reduction of heat by means of ventilation, and simultaneously
the decrease and provention of the possibilities of self-
-ignition, etc.

At this point it should be emphasized that there are mani-
fold interactions between the natural and technical systems,
and what is more, such interactions are continuously arising
from the operation of the production process, because the tech-
nical system of mining (production) provides the constant con-
ditions of changes of the natural system as well as the bound-
ary conditions defining these changes continuously.

The task is just the detection of these interactions to
influence deliberately and last but not least to control ex-
pediently the activity of the elements of the natural system,
by applying the appropriate technical means. If we know better
the character of the natural system elements and the changes of
their active mechanism, then it will be possible to influence,
with hope of success, the different forms of natural hazards
not only separately in each case, but together, too. This is
the more important, as they have a common reason of development.
Namely: the underground cavern-system is the general and neces-
sarily inseparable consequence of mineral exploration and ex-
ploitation .

The method of research should undoubtedly be an approxi-
mate formulation of the physics of processes on one hand and a
statistical elaboration of data obtained partly from laboratory
tests (e.g. from material models), but mostly from observations
of the nature on the other hand. In the next step simulation
models of the individual subsystems should be established and

finally these models connected. This way a real process control
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would be reached.

From the papers in this volume it is easy to recognise
that they deal with some considerable factors of the natural
and technical systems, they include the investigation of some
essential elements of these systems as well as the results.

After having finished the present stage, in one or maybe
two further issues of the Acta, it should be possible to report
on the final results in a more complete and more comprehensive
way and in a more detailed form.

Thanks are to be expressed to the Hungarian Academy of
Sciences and to the Hungarian Government for the financial sup-
port.

F Martos
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AUTHENTICITY OF DETERMINATION OF TECTONIC CHARACTERISTICS IN
COAL DEPOSITS

F Kovacs

Department of Mining, Technical University for Heavy Industry,
H-3515 Miskolc, Egyetemvaros, Hungary

The author characterizes the reliability of the parameters determined
by geological prospecting on the basis of a comparison between the predicted
and actual tectonic data of various coal deposits. Geological prospecting
can only predict 10 to 20 percent of the actual faults.

It is verified by means of a statistical analysis that the throw of
faults as a probability variable has lognormal statistical distribution.

The analysis proves that it is possible to determine the rate of
predicted and actual tectonic parameters as a function of throw. Using re-
gression functions the probable tectonic parameters (frequency of faults,
specific strike-length and fault plane area) can be estimated on the basis
of geological prediction.

Keywords: coal deposits; faults; Hungarian coal mines; predicted
tectonics; tectonic structure

The tectonic structure of coal-occurrences is of outstand-
ing importance among the factors determining the complexity of
exploitation. The exposure of the set of workings and of the
individual working faces, the length of drift driving in the
country rock and the conditions of drift driving are largely
determined by the tectonic situation (the site and size of
faults and other geological discontinuities).

It is the task of geological prospecting - and partly that
of mining exploration - to carry out a preliminary exploration
of the spatial situation of the layer. But, naturally, this
preliminary exploration is limited. On the one hand, the number
of prospecting drill-holes cannot be increased beyond a certain
limit, and, on the other hand, only quantitative characteris-
tics can be obtained by geophysical methods in some instances.

On the basis of experiences of mining exploration, the

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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actual tectonic situation is very often considerably different
from the one predicted by geological prospecting data. The pre-
dicted tectonic situation usually contains some uncertainty,
the reliability of tectonic parameters is of a relatively low
level.

According to data relating to the Karaganda basin, 5 to
17.1 percent of tectonic disturbances is detected by geological
prospecting. In the period of planning and mine construction
the rate of detection rises by 3.5 to 10.6 percent. The majori-

ty of the faults (72.3 to 91.6 percent) becomes only known

during exploitation. The rate of preliminary detection - relat-
ing to the total number of faults - is 10 to 15 percent (Kovacs
1988) .

The present examination covered in Hungary the territory
of six mining works (Lyukébanya, Oroszlany shaft 21, Balinka,
Markushegy, Nagyegyhéaza, Many). An evaluation of the data of
the "reliability" of geological prospecting in predicting the
tectonic situation led to the fact that the geological pros-
pecting using deep-drilled holes was able to detect 7.3 to
47.8 percent of the actual faults with more or less accuracy
as regards location. The mean value of the reliability of the
prediction of faults was 15.2 percent in the territories
examined.

The rate of the preliminary detection rises with the in-
crease in the throw of faults. According to the data on the
Karaganda basin the majority (88.9 to 93.1 percent) of the
faults with a throw of less than five meters were only discov-
ered in the period of mining exploration and exploitation. The
faults with a throw of more than 10 m are detected in a con-
siderable extent (17.6 percent) already in the period of geo-
logical prospecting. The rate of the preliminary detection is
only acceptable for throws of more than 15 m, where geological
prospecting detects tectonic disturbances with a reliability of
60 percent.

On the basis of the exhaustive examination of the six

Hungarian territories it was found that prospecting predicted
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faults with a throw of less than 5 m with a reliability of 5 to
8 percent, faults with a throw of 6 to 10 m with a reliability

of 25 to 29 percent, faults with a throw of 11 to 20 m with a

reliability of 33 to 38 percent and faults with a throw of over
20 m with a reliability of 83 to 90 percent.

The relatively low reliability level of geological pros-
pecting manifests itself not only regarding the sites and
number of faults, but also regarding the throws. The throw of
the faults found at the site predicted by prospecting is on an
average only 84 percent of the predicted value. A comparison of
the mean throws of all predicted faults to those of the actual
faults shows that the throw of the actual faults is only 30 to
70 percent (47 percent on an average) of the predicted mean
value.

On the basis of the data presented, the tectonic charac-
teristics given by the preliminary geological prospecting do
not give a realistic picture (in an absolute sense) of the
disturbance of the occurrences or of the mining conditions to
be expected. Only 10 to 20 percent of the actual faults are
predicted, only big tectonic disturbances (with a throw of more
than 20 m) are indicated exactly as regards locality. At the
same time the prediction gives a higher value of throw than the
one that can actually be expected.

To characterize the tectonic intensity of deposits in the
horizontal direction the number of faults (number) or the
specific number of faults, density (number/km ) can be used.
This parameter, however, does not give a complete picture of
the tectonic situation in itself, as it does not contain the
size of the faults, the length of the strike or of the throw.

Another characteristic of the tectonic intensity in the
horizontal direction is the specific value of the strike-length
of the faults (km/km ) which gives the total amount of strike-
-lengths in a unit area. This parameter reflects the general
character of the tectonic situation, informs about the proba-
ble technical and economic conditions of exploitation.

The third useful parameter is the specific area of fault

planes (km /km ) which shows the area in km of fault planes
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per unit area of the deposit. This last parameter is naturally
determined by the specific strike-length (km/km ) and the throw

of the faults.

DETERMINATION OF THE PROBABLE THROW OF FAULTS

In a first step the probable throw of faults is determined
as statistical analyses show that the throw is decisive in de-
termining the reliability of geological prediction. The reli-
ability of the prediction (prediction of the number and loca-
tion of faults) rises with an increase in the throw of faults,
and vice versa.

The first three columns of figures in Table | show - by
giving full details of the actual data - the prediction and the
actual throw for the faults predicted during prospecting and
for the actual faults which appeared at the predicted sites.
The second three columns of figures in the table give the
average throw of all the predicted and all the actual faults.

Thus the prediction by geological prospecting does not
give an exact approximation of the actual situation. A method
is to be found to determine parameters characterising the prob-
able actual tectonic situation from the data of the prediction.

This analysis can be performed by using a statistical
method on the basis of the probability theory. In investiga-
tions of this kind the first thing to do is - on the basis of
examination of the fitting and theoretical considerations - to
determine the statistical distribution of the set of data (in
this case: the throw of faults). Namely, the computational re-
lations are determined by the character of the statistical
distribution.

The examination of the hypothesis was carried out on the
basis of the predicted and actual data of five territories
(Oroszlany shaft No. 21, Balinka, Markushegy, Nagyegyhéaza,
Many) .

On the basis of the mathematical statistical examination
of the throws of the faults predicted by preliminary geological

prospecting and of those of the actual faults, the throw of the



Number

Table 1. The

Territory

Lyukébanya
Oroszlany,
Balinka
Markushegy
Nagyegyhaza
Many

Total

shaft No. 21

predicted

and actual

mean values

The mean throw of faults (m) whose
accurate site was indicated during
geological prospecting

Predicted
mean value

10

43

34

85

54

40

Average of

actual

35

24

62

57

39

37

values

Reality
Prediction

60
o1
71
73
105
98

84

of

throw of

faults

Throw of total faults
Predicted Average of Reality
mean value actual values Prediction

10 3 30
30 23 7
34 13 38
54 21 39
32 13 41
31 19 61
32 15 47

SOINOLO3L 40 NOILYNINY3L13A
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faults as a probability variable has a lognormal statistical
distribution. The hypothesis was verified by the Kolmogorov-
-Smirnov test (Rényi 1954).

The empirical distribution functions were first determined
for the throw values then the parameters of the lognormal
distribution were calculated by regression calculation.

According to Kolmogorov's law, if a 99 percent probability

level is desired,

sup [Fn(X) - F(X)J = DFmax

must be less than

1.63
VIN-

with a probability of 99 percent. If this requirement is

satisfied, the hypothesis is accepted.

On the basis of the data of Table Il, the condition
DE - 1.63
max Vn"
Table IlI. Calculated data of fitting
Predicted value Actual value
Mining works
DFmax N 1.63 D:max N 1.63
'In7 VIN-
Oroszlany 0.161 21 0.356 0.214 20 0.364
Balinka 0.113 22 0.348 0.120 65 0.202
Markushegy 0.211 24 0.333 0.208 79 0.183
Nagyegyhaza 0.205 21 0.356 0.074 124 0.146
Many 0.124 18 0.384 0.190 52 0.226

is satisfied in nine cases; the hypothesis of lognormal dis-

tribution is not valid for the actual data of Méarkushegy (where
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the two calculated values are nearly equal). The reason for
this is that all the faults with low throws (M < 1 to 1.5 m),
discovered in a large number in individual areas during exploi-
tation, were included in the data.

It was verified on a high probability level in nine cases
(90 percent of all cases) that the throw distribution of the
faults has a lognormal distribution. From the character of the
distribution it follows that
- the probable value M can be approximated by the arithmetical

mean

- the probable value can be calculated from the parameters m

and 6 of the distribution function by the relation

Three of the results of the detailed calculations will be
presented here. Figure 1 shows the distribution function cal-
culated from the data predicted for shaft No. 21. The number of
data (faults) N', the probable value m' and the standard devia-
tion 6' of the distribution function are given in the figure.
lhe value gives the degree of the displacement of the func-
tion in the direction of the x-axis what means that the func-
tion does not start from x = 0, but from x = . Figure 2
presents the distribution function determined by the actual
faults.

The "displacement" of the function j.n the direction of the
range of smaller throws is conspicuous. The probable (mean)
value of the throw of predicted faults is 29.41 m, that based
on the data of the actual faults is 21.58 m. This significant
discrepancy is the result of a dual effect. On the one hand,
the throw of faults whose sites were accurately indicated
during prospecting is, generally, 10 to 30 percent less than
the value estimated during prospecting. On the other hand,
prospecting predicts faults with a bigger throw with a proba-
bility of 60 to 100 percent, while faults with a smaller throw
(0O to 10 m) are predicted only on a less part (0 to 20 percent).

At the same time faults with a small throw appear in a large
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Fig. 1. The distribution function of throw data of predicted faults
(Oroszlany, shaft No. 21)

Fig. 2. The distribution function of throw data of actual faults
(Oroszlany, shaft No. 21)
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number during exploitation and decrease the mean throw of the
actual faults.

Figure 3 presents results from data of Balinka. The
average throw of predicted faults is 38.58 m, the value ex-

pected on the basis of data of actual faults being 11.26 m.

Fig. 3. The distribution function of throw data of predicted and actual
faults (Balinka)

Figure 4 shows the data of mining works of Nagyegyhéaza.
The predicted mean throw is 26.72 m, the probable value cal-
culated on the basis of the data of actual faults 6.71 m. The
mean throw of faults, the calculated parameters of the distrib-
ution functions are included in Table 111.

The task is to give a method on the basis of the results
of the present investigation for the determination of the prob-
able parameters of the actual tectonic situation starting from
the prediction made on the basis of the data of geological
prospecting. The parameters of the predicted and the actual
situation are supposed to develop in a new field of prospecting

in the same way as in areas prospected earlier and already



1B F KOVACS

Fig. 4. The distribution function of throw data of predicted and actual
faults (Nagyegyhéaza)

Table 11l1. The parameters of throw data and distribution func-

tions in the individual territories

Mean throw of The calculated parameters
faults of distribution functions
Territory Ptriic::c— Reality Prediction Reality
M M mi 6" m 6
Oroszlany, shaft No. 21 29.4 21 .6 3.18 0.63 2.76 0.79
Balinka 38.6 11.3 3.50 0.56 2.18 0.70
Markushegy 51.0 11.0 3.67 0.76 1.44 1.40
Nagyegyhaza 26.7 6.1 2.89 0.89 0.40 1.71
Many 33.0 12.9 2.84 0.88 1.14 1.92
exploited, if the methods of prospecting and their accuracy,

respectively, do not change fundamentally.
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The regression functions giving the relation between the
predicted and actual data were calculated on the basis of data
of five mining works. Figure 5 shows the function describing
the relation between the probable values m and m and Fig. 6
presents the function describing the relation between the

standard deviations 6 ' and &

Most probable value calculated on (he basis of predicted data m'

Fig. 5. The function describing the relation between most probable values

In the case of a new area of prospecting where the pre-
diction of geological prospecting is known the parameters (m,
60 characterising the probable actual situation can be cal-
culated on the basis of the predicted data (ml1l and 6 '), wusing
the equation of the regression functions. From the distribu-
tion parameters m and 6 - knowing the character of distribu-
tion - the mean (probable) throw of faults (M) as well as the
distribution (distribution function) can be calculated accord-
ing to the throw of the probable number of faults (to be de-

termined separately).
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The standard deviation calculated on the basis of predicted data G’

Fig. 6. The function describing the relation between standard deviations

DETERMINATION OF THE PROBABLE NUMBER AND STRIKE-LENGTH OF FAULTS

Table IV gives the ratio of the actual and predicted
values of the number, the strike-length and fault plane area
for the individual mining works.

The data of the individual territories show that the
reliability of predicting faults with a small throw is lower
and the probability of their preliminary detection is of a
lower level. It follows from this that on territories with a
large number of small faults the rate of actual and predicted
faults is higher. In other words, there is some kind of rela-
tion between the throw of faults (the mean throw) and the pre-
liminary detection rate. Considering this, the changes in the
ratios N/N', L/L', T/T' vs. can be determined.

Figure 7 presents the prediction ratio of the number of
faults (rate of discovering) as a function of the mean throw of
faults. The rate of preliminary detection improves regularly
with the increase in throw, the ratio N/N' decreases consider-

ably.



Table I1V. The predicted and actual

Fig.

Territory

Lyukébanya
Oroszlany,
Balinka
Markushegy
Nagyegyhaza
Many

Average
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in the individual

shaft No. 21

The rate of actual and predicted

territories

parameters
Number of Strike-length
faults of faults
N/N' L/L*
16.00 3.61
0.85 0.80
2.95 2.17
3.29 1.69
5.90 2.79
2.89 1.49
3.97 1.98

7. Ratio of the number of actual

By using

the

function

determined above,

and predicted faults vs.

e.g.

tectonic characteristics

Fault plane

if

area
TIT'
1.28
0.63
0.82
0.67
1.12
0.92
0.80

21

mean throw

M

6.5

m,
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the ratio N/N' is 8.3. |If the prediction indicated, say, 30
faults in an area of 20 km of the given deposit, the probable
actual number of faults is 250, and the probable density of
faults is 12.5/km2.

A similar method can be used in estimating the probable
strike-length of faults. Ilhe regression function of Fig. 8
gives the ratio L/L’ vs. mean throw. The correlation indicates
a close connection, the reliability of the prediction improves
with an increase in throw. If M =6.5 m, the ratio L/L"' is
2.813. If in the given case the prediction gives 80 km as total
strike-length in a productive territory of 20 km , the probable
value is 225 km, the specific strike-length of faults being
11.25 km/km2.

Fig. 8. Ratio of actual and predicted strike-lengths vs. mean throw

The relation between the prediction rate and mean throw in
case of fault plane area is presented in Fig. 9. The regression
relation is close, the reliability of the prediction improves
with an increase in throw. An example to illustrate this: if
M =6.5 m the ratio T/T' is 1.062. If T = 1.8 km2, T =

= 1.91 km2, for a productive area of 20 km2 the specific fault
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Fig. 9. Ratio of actual and predicted fault plane area vs. mean throw

plane area is 0.096 km2/km2

This method makes it possible to calculate the probable

tectonic parameters of
prediction

a given deposit on the basis of the

data of geological prospecting. If the

tectonic
parameters are known, the

technical implementation of
can be planned, the output
can be estimated.

ing and exploitation

and economic
characteristics
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SPATIAL DEVELOPMENT OF OPTIMUM MINING SEQUENCE IN SOFT
UPPER-SEAM AND BRITTLE LOWER-SEAM ROCK-ENVIRONMENT

M Petrassy

Central Institute for the Development of Mining, H-1037 Budapest,
Mikoviny u. 2-4, Hungary

The study is dealing with tests and test results carried out and ob-
tained respectively in the mine of Nagyegyhdza to understand movement
phenomena around faces surrounded by soft and brittle rocks of the Eocene
period and to develop optimum mining sequence.

Keywords: brittle rocks; mining sequence; Nagyegyhaza mine; soft
rocks; support system; upper seam face operation

INTRODUCTION

The stratifical characteristics of the new coal basins of
the Eocene period adjacent to the Tatabanya Coal Basin and
among them the Nagyegyhdza Coal Basin are very unadvantageous.
Coal seams of this area are tectonically highly dissectioned,
moderately folded and besides rock pressure increasing with
depth, strength characteristics of the rocks are also declining
in function of depth. The upper coal seam and surrounding rocks
(Fig. 1) are very soft, but the surrounding rocks of the lower
seam are brittle. Resulting from this characteristic feature of
petrographical and stratigraphical conditions, the mining of
coal occurrences in question has following essential problems:
- high degree and intensive plastic strata flow during upper-
-seam operations, further conservation of drift tunnels as
well as main and tail gates originating from the problem
above (Petrassy 1987);

- dynamic pressure phenomena appearing when undercutting brittle
fresh water limestone with lower-seam faces and development

of support structures for these dynamic loads (Petrassy 1987);

Acta Geod. Geoph. Mont. Hung. 25, 1950
Akadémiai Kiad6, Budapest
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Fig. 1. Average water content and uniaxial compression strength of layers of

the Eocene period in the coal basin of Nagyegyhaza. 1 - limestone;
2 - marl; 3, 4 - clay, clayey marl; 5 - upper seam; 6 - fresh water
clay; 7 - fresh water limestone; 8 - lower seam; 9 - redispositioned

dolomite; 10 - stand-up dolomite

- assurance of the spatial system of optimum mining sequence
between these two seams.
This study is disclosing how to determine the optimum
mining sequence which is successful, if as a result of this
mining sequence problems of supporting faces both in the upper

and in the lower seams will be minimized.

PETROGRAPHICAL AND STRATIGRAPHICAL CONDITIONS OF PRODDCTIVE
STRATA

The substratum of the coal basin of Nagyegyhaza is the
main dolomite of the Triassic period. This is the relatively
rigid frame of the basin. Within this frame the basin sediments
are located, with the lowest member redispositioned dolomite.
The productive strata evolved on the repositioned dolomite
(Fig. 1) with its lower part up to the adjacent roof of the
upper seam, being marsh-sediments. This is followed by continu-
ous sedimentation by some shallow-sea brackwater formations.
The successive layers of the Eocene period are closed by salt-

water sediments. The adjacent floor of the lower seam is a thin
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marshy or continental clay of variable colour and redisposi-
tioned dolomite.

The strata of the lower seam are composed of one or two
benches, with an average uniaxial compressive strength of 10 MPa,
the thickness is 5 to 15 m, the consistence of coal is good.
The adjacent roof is fresh water limestone of 15 to 20 m thick-
ness, with an uniaxial compressive strength of 60 to 100 MPa.
Above the limestone a 5 to 10 m thick fresh water clayey marl
layer follows of an uniaxial compressive strength of 1 to 2 MPa
and of bad consistence. This is the adjacent roof of the upper
seam. This rock is generally characterized by thin-benched, la-
melled joints, rough Ilumpy fracturing and often by greasy joint
planes. The upper-seam strata of 6 to 8 m thickness are devided
into many benches, they contain 55 percent coal, 42 to 45 per-
cent fresh water clay of very bad consistence and some percent
fresh water limestone.

The adjacent roof of the upper-seam is of a variety of
rocks, mostly globularian brackwater clay of very bad consis-
tence having an average compression strength of 1.5 MPa and an
average thickness of 16 m. This is followed with continuous
sedimentation by consecutive layers (forming the high roof of
the upper seam): globularian clay, clayey marl having an aver-
age thickness of 15 m and a uniaxial compression strength of
15 MPa, nummulinar clayey marl of 9 to 10 m thickness and of
30 to 40 MPa uniaxial compression strength and a nummulinar,
alveolinar limestone of 15 to 20 m thickness and very good
consistence deposited over the foregoing layer. The average
water content of the rocks in the successive layers is low. The
uniaxial compression strength of the rocks downwards from the
alveolinar, nummulinar limestone is exponencially decaying
(Fig. 1) and its minimum value is in the upper seam and in its
direct environment. According to petrographircal potentialities
from the point of view of conservation of upper-seam roadways
and of plastic behaviour of rocks, the critical strata are the
soft clay, clayey marl and coaly strata of 25 to 30 m thick-
ness deposited above the fresh water limestone.

The upper-seam soft strata are abruptly followed by the
thick-benched fresh water limestone of high strength which is the

initial source of dynamic pressure phenomena of lower-seam faces.
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SUPPORT SYSTEM OF MAIN AND TAIL GATES IN THE UPPER-SEAM

The essential problem of upper-seam operations is the con-
servation of drift tunnels and main and tail gates driven in
plastic rock-environment. Experiences made it unambiguous that
the support of upper-seam roadways is only adequate if support
structures are applied in closed form simultaneously with the
driving, the support resistance is sufficient, and the support
structure has an adequate yield. In drift tunnels these re-
quirements are net by (TH) arches of a specific mass of 33 kg/m.
Based on these requirements a side dam support system of main
and tail gates (Stuber and Petrassy 1986) has been developped;
the basic idea has been taken from advantageous experiences of
advancing faces of the British and German mining (Hunke 1976).
Using these ideas the conception of the support system has been
developped and it was investigated if a side dam (Fig. 2)
built along a longwall gate supported with circular arches
provides a protection for the gate which is suitable within a
time interval to serve also the next face. In these experiments,
pressure gauge boxes developed by the Institute of Water
Engineering at the Technical University Budapest have been
built into side dams (Haldsz 1984) and parallel with pressure
detection the convergence of the roadways has also been

measured.

Fig. 2. Development of side dams. 1 - buttress; 2 - side dam; 3 - roadway
with circular arch support system strengthened by hydraulic props
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PRESSURE AND MOVEMENT PHENOMENA UNDER THE INFLUENCE OF UPPER-
-SEAM FACE OPERATION

According to the test results:

- the load acting on the side dam increases due to influence of
the first face, with the moving-off of the face up to 40 to
60 m, then reaches the maximum value, and it starts to
decrease ;

- the second face causes only in the case a further increase
of the load, if the common load bearing function of the gate
and the side dam is not ensured;

- the convergence of longwall gates is monotonously increasing
due to the influence of the first face. This process is not
altered with decreasing load acting on the side dam;

- the speed of gate-convergence increases (due to the influence
of the second face) but its rate is not depending on the
extent of the load;

- the maximum value of the pressures measured in the side dams
is 20 to 30 percent of the primary rock pressure.

An interpretation of the measured data resulted in the
f

- continuous and intensive plastic rock yield is taking place

o

llowing :

around the face, due to abutment transferred rock pressure
and caving, the field of movement is devided in two parts
(Fig. 3) in accordance with the current position of the face,
i.e. in parts before and behind the face.

- Before the face and in the undisturbed rock bordering the
gates, plastic rock yield is taking place following failing
conditions: its maximum intensity is in a zone of 10 to 15 m
width before the face.

- Based on load and convergence, three zones located besides
each other can be distinguished in the space behind the face:
a) a loosening zone,

b) a solidifying zone and
c) a zone of rocks of entirely plastic behavjour.
The loosening zone is an unloaded strip of If) to 15 m

width behind the face. Rocks of this area are caving and
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Fig. 3. Pressure p, section-contraction AT and rate of convergence in
function of the distance L from the face

loosening, therefore the zone is unloaded. Since the loosened
rocks of this zone are unloaded, the virgin rock adjacent to
this zone gets the maximum transferred load what explains the
maximum convergence-speed developed in a 10 to 13 m thick strip
around the face.

The thickening rock zone (behind the first zone) extends
to 50 to 60 m distance from the face. Due to the influence of
thickening, the load is dynamically increasing in time and in
proportion to time in function of the distance. With the in-
crease of load,the transferred load is reduced and the rate of
convergence is more intensively reduced.

Measurements have shown that in this zone the load is in
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proportion to convergence and both the load and the convergence
of roadways follow the logarithmic time variation of the plas-
tic rock yield (Fig. 4). This relation is probably eliminated
when pure plastic rock yield develops. The rheological function
of load (Fig. 4a) breaks up when a maximum value is attained.
Beginning at this point the load reduces, whilst the conver-
gence of gates continues with unchanged trend and with plastic

rock yield characteristics (Fig. 4b).

Fig. 4. Change of load on side dam (a) and of cross section-contraction of
the roadway (b) in function of the distance L from the face

In consequence of the fact that the steepness of the
rheological function of the measured convergence is in time
constant, the dynamic character of the plastic rock yield is
the same in the second and third zones. Since in the first and
second zones an intensive plastic rock yield takes place as
belonging to an unstable condition and in the third zone the
character of movement is the same as that in second zone, the

convergence phenomena developing around the face are in the
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upper seam and in its soft rock environment of the same nature.
The rock yield - at least within the investigated time interval
- cannot be divided to dynamic and static sections resp., it is
an uninterrupted process in time.

The pressure decrease in the third zone indicates plastic
rock yield accompanied by stress-rearrangement, i.e. the de-
velopment of a zone around the face poor in stress what lasts
as long as the measurable movements of the surface subsidence,
i.e. the consolidation comes to end. Experiences show that con-
solidation is a process of more years (Martos 1969), what indi-
cates that a rock zone being poor in stress can develop even
for several years both for overcut lower-seam and undercut up-

per-seam operations.

MOVEMENT PHENOMENA DURING EXTRACTION OF THE UPPER SLICE OF THE
LOWER SEAM

Investigations regarding the movement phenomena of the
lower seam were ensured by the roadway retained in the wupper
seam which remained in good condition after extraction of the

upper 3 mslice of the lower seam (Fig. 5).

Ep2 Ek3  Ek: Ek5 Epi

Fig. 5. Vertical section of the return gate of the upper seam. 1 - return
gate; 2 - development tunnel of lower seam face; 3 - clayey marl;
4 - fresh water limestone; 5 - axis of borehole

Movements caused by the lower-seam face have been measured

by levelling the roof-point of the roadway. Maximum values of
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the movements were found to be 1.7 to 2.0 m. These values
originate from the sum of sinking of roof-points and deforma-
tion of the roadway. In the sinking curve no sharp breaks were
experienced what could refer to rigid break of large panels.

To reconcile compression waves with rock-sink, it has been
decided to drill exploratory boreholes from the roadway. The
lower-seam goaf was attained by four exploratory boreholes.

At one borehole the waterbearing marl could not be
drilled. Before casing the borehole wall consecutively col-
lapsed. But with the four productive drillings the fresh water
limestone layer has been transversed after the marl layer, in
15 m length with a drilling speed referring to in-situ condi-
tions, without observing any fissuring or deterioration. This
was followed by a loosened zone of 2.0 to 2.5 mwith partial
loss of flushing fluid, then the borehole reached the goaf with
full loss of flushing fluid.

Measurements and boreholes have proven that collapse of
the fresh water limestine area in full extent of 150x300 m? did
not take place above the face panel. The deflection of the
fresh water limestone in a distance of 140 mwas 1.5 to 2.0 m,
the time process could be deduced from measurements of prop-
-pressures and subsidence. Surface subsidence movements have
been measured above a return ventilation drift and perpendicu-
larly to its direction parallel to underground sinking mea-
surements. The maximum measured subsidence was 1 m on the sur-
face. Its movement elements did not show any anomaly.

The sinking trough measured in the upper-seam return gate
has a profile differring from that of the surface subsidence.
The deflection is in the sections constant (Fig. 6) and the
inverse of the radius of curvature is everywhere equal zero.
The maximum sinking amounted to 2 m. The movement elements of
the sinking trough prove neither deflection nor any load origi-
nating from this in the soft upper-seam strata forming adjacent
roof of the fresh water limestone.

The movement of the upper-seam soft strata is governed by
the plastic rock yield as proven by the change of sinking in

function of distance (Fig. 6) and time (Fig. 7) measured in the
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6. Subsidence due to the influence of the face No. 1 of the lower seam
developed along the longitudinal axis of the return gate on the
surface (a) and in the return gate of the upper seam (b)

return gate.

The change of maximum subsidence in function of depth is

characterized by a continuous curve between the roof of the

face and the surface. The regression equation of the curve is:

where M is the extracted slice thickness and h is the height

measured from the roof of the face. According to this formula

the

roof of the face sunk in a rate complying with the slice

thickness what contradicts results of direct observations and
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Fig. 7. Development of deflection in time of fresh water limestone and of
the section contraction of upper-seam gates. 1 - fresh water clay
above the face; 2 - upper-seam gate

measurements relating to caving of the fresh water limestone.

The changes of subsidence in function of distance (Fig. 6b)
and time (Fig. 7) measured in the return gate are in accor-
dance with the regularities of the plastic rock yield, the in-
tensity is equal to that measured in drift tunnels and longwall
gates (Fig. 4).

Since the nature and numerical value of characteristics of
both curves correspond each other in the initial section of the
movement-phase, it is quite sure that plastic yield of the
fresh water clayey marl has taken place within the investigated
time-interval without any difficulty; it was not hindered in
its movement by the limestone beneath also moving. In this
phase movements of the two strata are separated; and until the
characteristic features measured in the return gate of the wup-
per seam reflect the plastic movement of the fresh water clayey
marl, the movement measured in the face is characteristic for
in-time processes of the fresh water limestone.

The forced connection between fresh water limestone and
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fresh water clay located above the former is temporarily inter-
rupted due to caving, loosening and deflection occurring with
the advance of the face. The fresh water limestone is tempo-
rarily relieved and the forced connection of the two layers
develops again during the phase of consolidation. This transi-

tion condition is shown in Fig. 8.

NAGYEGYHAZA
CSORDAKEIT

Fig. 8. Thickness of the broken and fissured rock zone in fresh water lime-
stone. A - seam; B - broken rock zone; C - fissured rock zone

The position of the deflecting, fissured, and broken rock
zone was defined by boreholes drilled from the return gate of
the upper seam. Since the boreholes Ep2 and Ek3 have not at-
tained the border of the broken rock zone, its position is
shown in Fig. 8 (based on known data of adjacent boreholes)
with dotted line.

The height of the broken rock zone is above the extracted
slice of the seam:

M -
K

_s
1

where M is the extracted slice thickness, s is the deflection
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of the fresh water limestone, and k is the loosening factor of
the limestone.

The subsidence of limestone is equal to the subsidence
measured in the return gate of the upper seam. Its measured
value is indicated by double shading, its final state by dotted
line.

Depending on the position of the face, the thickness of
the broken rock zone as measured above the face is 3 to 7 m.
Its loosening factor varies between 1.25 and 1.33. Data of the
borehole Cs-140 drilled in Csordakut (Soki 1983) (see Fig. 8)
show similar values, proving the mutual validity of experiences.
In the undermined area three zones develop along the longwall
face of the lower seam, during caving of the upper 3 m slice of
the seam, depending on the face length; the two outside ones
have a length of 90 to 110 m, the middle one has an approxi-
mately constant caving height.

With the development of the whole surface the deflecting
fresh water limestone probably subsides on the goaf. By this
means the stress of the fresh water limestone beam, the load on
shield supports decreases, but the conditions for dynamic com-
pression phenomena during extraction of the upper slice of the
lower seam, mentioned in the introduction remain unchanged

along the full width of the face.

OPTIMUM EXTRACTION SEQUENCE

According to investigations carried out an intensive plas-
tic rock yield takes place in the soft strata of the upper seam
due to the influence of both the upper and the lower faces,
therefore parts overcut in the lower seam or undercut in the
upper one get in a rock strip being poor in stress.

Since retainment of roadways in the stress-poor rock strip
is essentially much easier and more economic in the upper seam,
therefore the optimum sequence is represented by undercutting
of the upper seam.

The reasonable mining sequence has been developed based on

the experiences discussed, i.e. the upper slice of the lower
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seam is first mined, then that of the upper seam follows. The
undercutting of the upper seam is applicable - what is proven
also by mining experiences in several years - as corroborated
by the expertise of the University for Heavy Industry (1985)
which shows that undercutting does not damage the upper seam.
Movements and plastic rock yield developed with undercut-
ting of the upper seam in the soft rocks of the upper seam. The
stress-poor zone provides on one hand an essential help to
maintain galleries of the upper seam as a natural shield on the
other hand it makes longwall face operations easier. This fact
also proves that with the recognition of natural processes,
these processes may utilized and even the very unadvantageous

plastic rock yield can be to the service of the miner.
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IMPACT OF MARGINAL DRAINING CONDITIONS ON THE QUANTITATIVE
VARIATIONS IN KARSTIC WATER INFLOW RATES

A Schmieder

Central Institute for the Development of Mining, H-1037 Budapest,
Mikoviny u. 2-4, Hungary

Based on rheological laws, governing the migration of waters within
the system of main karstic water reservoirs in the Transdanubian Midmoun-
tains, as well as on mechanic ones pertaining to the function of overlying
protective layers, the author discusses the problem how the rate of karstic
water inflow is quantitatively varying in function of the marginal condi-
tions of drainage. A system of general hydraulic relationships is derived
enabling the analytical description of equilibrium conditions, created in
spontaneous way or established artificially within the system of water
storing and protective layers. In addition, they are adapted to calculate
reliably expected rate of total water inflow and waste water to be drained
respectively.

Keywords: protective layers; splitting; throttling; water inflow rate;
water inrush

INTRODUCTION

Processes in the nature take place in well defined condi-
tions and within a given system any state of equilibrium is to
be established but in specified conjunctures. Such conditions
are in relationship with the presence or shortage of sealing
strata and in mines under water hazard with the efficiency of
natural or artificially constructed layers by which underground
areas are separated from water reservoirs.

The total amount of karstic water Q(t) - to be drained for
protecting the workings separated by protective layers from
aquiferous strata, or inflowing into the area - is varying in
broad limits, depending on the geometric character of drainage
and the efficiency at which the protective layer can reduce the

rate of water inflow. In an extreme case it may vary within the

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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range of 0 < Q(t) < Qmax, which emphasizes the importance of
reasonable selection of marginal conditions of drainage and
their full exploitation, as well as their influence under as-
pects of both mining and environmental protection. In the pres-
ent paper questions are discussed which are related to the ef-
fect of marginal draining conditions - pending on the method of
hydraulic protection and the character of protecting layers -
on the variations in the total amount of karstic water to be
tapped for protecting the workings and on the rate of karstic
water flowing into mine spaces from the floor side. The time-
liness of this subject is linked to the increased requirement
to use efficient water reserve preserving and proper karstic
water protecting methods. In Hungary, the importance of this
subject, both from social and economical points of view, is
stressed by the fact that in the area of the Transdanubian Mid-
mountains steps have been continuously taken to protect mines
exposed to the hazard of karstic water inrushes and preserving
available karstic water reserves, simultaneously. Based on ex-
periences, acquired with working mines under karstic water
hazard in the area of the Transdanubian Midmountains, as well
as with the function of the system of main karstic water reser-
voirs, the author indicates the effect of the marginal condi-
tions of drainage on the quantitative variations in the rate of
karstic water inflow, on the one hand, and on the other hand as
a synthesis of the relevant investigations, a system of rela-
tionships was established which enabled the anticipated rate of
water inflow and its interval of confidence to be analytically
estimated more generally and reliably as it was done earlier.
Depending on marginal conditions these values are varying in

very broad limits.

HYDRO-GEOLOGICAL CHARACTERISTICS OF KARSTIC WATER RESERVOIRS

In the Transdanubian Midmountains the system of main
karstic water reservoirs is constituted of tectonically very
disturbed limestone and dolomite formations karstified in a

varying extent, their thickness is several hundred to several



KARSTIC WATER INFLOW RATES 41

thousand meters (Schnieder and Szilagyi 1988). Its territorial
extension is near to 10 000 km in the area being of importance
from the point of view of mines supplying solid minerals, i.e.
in that lying between Budapest and Keszthely Mts. Depending on
the conditions of infiltration the average rate of water inflow
is 600 to 900 mVmin (Schmieder and Szilagyi 1988). Its water
reserves amount to 40 to 50 kiV from which the mines have
drained in yearly average more than 600 m'Vmin during past
years. The average void volume for the hydro-dynamically coher-
ent karstic water reservoir (Table 1) varies from 1 to 4 %,
depending on lithological characteristics, degree of tectonical
load and karstification of the strata. The fissured character
tends to diminish exponentially vs. the depth (Schmieder et al.
1975). A similar trend is valid for the average sickering
factor k(z) vs. depth (Schmieder 1976), the integrated value of
which, related to the total thickness of reservoir, in other

words the lateral water supplying factor kM of the reservoir

Table |

Dolomite Limestone
Field kM n kM n

mV s % mv s %

Nagveqvhéaza 1.0 « 10~2 2.5 — —
Many o4 o 1.5
Tatabanya XlIV/a 1.2 10"2 2.5
Kincsesbanya 0.6 10"2 1.3
Nyirad 7.0 10"2 4.0
Tatabanya XV/c - - 4.0- 10'2 1.5
Dorog - - 5.0 10"2 1.5

(Table 1), varies considerably in each basin. The extent to
which reservoir rocks are fractured is also highly divergent in
each basin and moreover in parts of the same basin (Schmieder
et al. 1975). At non-covered parts of reservoir, at surface
outcrops or in lack of protective layer the extent of tectonic

fracturation mapped underground, i.e. the specific value of
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strike length per unit surface, is varying from 5 to 25 km/km2
(Schmieder et al. 1975). Within the reservoir the process of
water migration is decisively bound to these lines and takes
place in tectonically fractured, more or less karstified fault
zones. The local water supplying factor of fault zones varies
by 5 to 6 orders of magnitude (Fig. la) and the empirical dis-
tribution of its values is logarithmic (Schmieder 1971, 1982bhb).
A similar distribution is shown by water inrushes in zones
without protective layers (Fig. Ib), illustrating the close
relation between the rate of water inrushes without any resis-

tive effect and the local water supplying capacity of fault

zones.

kM lkm U Yo max (n <r)

m”s mVs m mA~min
E o 0T 1-7.1022 240 30 226
D 10 ,10°r 1.3 nol 190 40 2.1

Fig. 1. Empirical distribution functions for measured local water supplying
factors of fault zones (a) and some values for water inrushes in-
flowed from fault zones consisting of dolomitic rocks (b)
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DYNAMIC CHARACTER OF KARSTIC WATER MIGRATION

It could be concluded from investigations, based on ex-
tensive measurements and observations (Schmieder 1971, 1982b)
that within karstic reservoirs, water migration takes place es-
sentially in voids and follows Darcy's law of linear sickering
in the outer belt of movement field around point like tappings
(wells, water inrushes), i.e. in the zone outside of a circle
with a radius r z xg and in the case if sufficiently great
amount of rocks are present. In this zone of movement the
Dupuit-Thiem relationship

N RO (1)

valid for the cylinder symmetrical movement of stressed level
water can be applied with good approximation for the variations
in space of the depression (Schmieder 1971).

In the internal belt of movement the migration of water is
no more of a potential character. Approaching the point of tap-
ping the migration of water is more and more localized to a
unique fault zone. The speed of water flowing increases and the
dynamic character of its migration is effectively similar to

the transitional water migration process described by

Forchheimer (Schmieder 1971). In this zone - e.g. around a well
of vertical axis with a radius r , a penetration depth 1 and a
yield q, drilled into the water reservoir - the spatial varia-

tions of the depression are described by a Minski-type relation
(Schmieder et al. 1975, Schmieder 1976)

q , X0
7XYT In rO (2)

(kI)V T
The major part of formation energies is consumed in the inter-
nal belt of movement field. This part can reach 95 to 99 per-
cent in some cases what indicates the importance of this range
under karstic hydraulic aspect. Summing up the losses produced
in the outer and internal belts of the movement, the equation

of energy balance describing fully the depression created
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around a well of vertical axis drilled into the water reser-
voir (Schmieder 1976) is:
.o R

2Xkl In F (3)

so ~ 2ICkM (k1)3/2 T

The total depression formed in the water reservoir around a
karstic water inrush of a yield g, is similarly without any ef-

fect of a protective layer (Schmieder 1976):

R(t) d 1 c
~ In = (4)
so 21tkM Ttiirn 1n A, (km)3' 2 Ao

In these relationships the full variation is sQ, in the water
level related to the points of tapping while kM is the average
lateral water supplying factor of the reservoir, ki is that of
the rocks surrounding immediately the well penetrating in a
lenght 1 into the water reservoir, km the local factor for the
zone of fault, R(t) is the remote effect of depression, rQ the
radius of well, O that of the water inrush and x that of the
transitional range of movement. The lateral water supplying
factor of the reservoir is determined using the first term on
the right side of the equations. By means of their second and

third terms on the right side the characteristics

so = aoq + bog2 (5)

is evaluated for the relevant wells and yater inrushes (Fig. 2).
If the depth of penetration 1 is reasonably selected, the local
water supplying factor km for the zone of faults can be di-
rectly calculated. Its empirical distribution function can be
obtained using 40 to 60 wells drilled in a nearly uniform ter-
ritorial density and with nearly identical depth of penetra-
tion (Schmieder 1982b). The subsequent analyses in this paper
are based on the presumption that the geometry of the water
reservoir, its position in space, extension, degree of tectonic
fracturation and pressure status are known, together with its
permeability and water storing characteristics, as well as the

empirical distribution in space and the equations of movement
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Fig. 2. Measured characteristics for wells (a) and water inrushes (b)

describing these processes are given. In other words, all the
data, necessary to describe directly the equilibrium vs. the
marginal conditions of drainage, are known about the reservoir.
The simplest marginal conditions of drainage are characteristic

for the areas without protective layer.

LACK OF PROTECTIVE LAYERS

In lack of protective layers the quantitative variations
in karstic water yield are exclusively influenced by the geo-
metry of drainage. Two types of characteristics are shown in
Fig. 3.
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b) B0

R[t] J_ RIM

a*4,<hum].

Fig. 3. Kinematic sketch of a karstic water reservoir drained on floor side
through wells (a) and level mine openings (b)

The system for lateral drainage, outlined in Fig. 3a, cor-
responds to a one step method of karstic water table sinking by
wells, i.e. the conventional passive mine water protection by
tapping on surface. For both methods all the reservoir param-
eters, as well as the depth under water level of the operations
and the area of simultaneously protected and open surfaces T,
respectively, are identical.

For the wells the depth of penetration and the extent to
which the water table is to be sunk, can be between certain
limits freely selected. When draining is made from surface the
suction is at any point bound to the value so.

By considering all these factors, the question should be
replied: to which extent the differences in the geometric

marginal conditions of draining do influence the quantitative
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variations in the volume of karstic waters to be tapped for
protecting mine workings and in the total yield of karstic
water, respectively?

a) The operation of sinking the karstic water table is con-
sidered as convenient provided that the karstic water level is
sunk by the draining system below that of workings at every
point of the protected area. For a given well distribution this
requirement is fulfilled if the karstic water table has been

sunk in the centre of protected area to sQ, i.e.:

o m Nru n = *0« . (6>

in which: Q is the expected value of water yield to be drained,
necessary to establish dynamic equilibrium and gQ is the
equivalent radius of a great well. The water yield Q obtained
is proportional to the depression (Fig. 3a). The maximum water
desorption capacity of the reservoir is indicated by the
straight line. In other words, the maximum value of the total
karstic water yield to be drained for protecting underground
operations is the same as the amount of water drained laterally
from the reservoir. For distinction this water yield is de-

signed by Q(kM)Q, its expected value is:

Q(kM) =~ . (7)

This expected water yield has a relative dispersion + 20
to 25 percent if the effective water supplying factor kM is
derived either from data obtained by measuring a group of wells
or from a series of production data (Schmieder 1982b).

b) In the case if surface draining is performed, the
dynamic equilibrium is established spontaneously due to water
inflows occurring over the area T of the open surface. The
values of water inflow are divergent over the open surface
depending upon the degree of tectonic fracturation and on the
local water supplying factor of the fault zones.

According to the experience the number of karstic water

inflows over the area in a dispersed way is limited and its
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average value is (Schmieder et al. 1975, Schmieder 1982b)

kL

km km

where k is the average sickering factor for the uppermost belt
(30 to 40 m) of the karstic water reservoir, Lo is the degree
of specific tectonic fracturation of the reservoir and km is

the average water supplying factor for the fault zones.

Be the average value of water yields for various water
inrusches designated by qQ, then the following equation of
equilibrium is valid for the relationship between the total
yield of inflows at the open surface and the maximum depression

at the points of drainage

2 -2
n X n
in R odo n 0 o (9)
S» Jinokm Sz (fo03«

By substituting nQ and n~g” Qq (Schmieder 1982b)

" @, ??(JT) W, o % (10)
so~ 27w In .o 7 + In 2 +
v 0 O
A reduction of the constants yields:
SO = AQO Bqg2 (11)

and solving the quadratic equation, the expected total volume

of the inflowed surface water is:

[s~

\I-B .. 02)

where \ is the factor of hydraulic interaction (Schmieder
1972). The main relative dispersion for the expected values of
surface water yield does not exceed generally + 30 to 40 per-
cent as estimated from measured characteristics. Limits of con-

fidence (reliability 1-p from the probability function (Fig. 4a)
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Fig. 4. Empirical distribution function for a partial set of water inrushes
in the Dorog coalfiled, as related to mine panels without protec-
tive layer (a) and covered by a protective layer (b)

expressing the anticipated values for different water inrushes)
are estimated from the following relationship:

Ilg aLsl = (13)
% V'~0
Q(P)O = Q0 h * 2.3 "fa , (14)
where 6g is the dispersion of water inrushes (6 = 0.8 - 1.1)

(it is estimated by an empirical distribution function repre-
sented in the Briggsian logarithmic coordinate system and the
average number of water inrushes in R ).

The extreme value of the interval of confidence is deter-
mined by the value of Q(kM)o.
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In general, the surface water yield is substantially lower
than the maximum transmission capacity of the water reservoir.

Increases the area T of surface

s AQ ' % (15)

o} j2 jm
due to variation according to 1, the characteristic (11), shown
in Fig. 3b is more and more shifted towards the tangent and in
a limit case, the expected value of Qg is Q(kM)

In the case of measured data illustrating the values of
simultaneously inflowing total surface water volumes Q (t)0 vs.
the established laminar depression s”, the straight line AgQ
characterizes the maximum water desorption capacity of the
reservoir. At s = 0 it is the tangent of the characteristic
curve of surface water yields.

In knowledge of measured and calculated data, respectively
the reduction in water yield originating from the difference of
geometrical random conditions of drainage the expected and real
degree of water yield reduction can be defined by the water

yield reduction factor:

o (16)
Q(kM)
being the ratio of yield values.
In Table 11 data are shown on some practical examples,

where kM is the average lateral water supplying factor, charac-
teristic of the basin, s is the average depth of workings
under the water table, Q(t) is the total volume of effectively
drained and inflowed water, s is the established average of
laminar depression, Q(kM)Q is the maximum water yield involved
with full depression and the factor of water yield reduction
is

The three other columns in this table include data on the
effective depression characterizing the water inrush of great-
est yield, on the average of some values of drained and in-

flowed water volumes in the case of no productive layer and



Designation

of the

field

Nagyegyhaza

Many

Tatabanya XlIV/a

Kincsesbanya

Nyirad=
Dorog

*Note:

kM
go

me/s m

1-10'2 190
4+10'3 200

1.2 «10~2 110

6 +10'3 200

(7 +10'2) 120

5 ¢10~2 250

Q(t)

m3/min

120
40
65
90

300

150

Table

SL

m

CcD

120
70
100
120
25

. 2
min/m

0.7
3.0
11
11
0.4
0.17

m/min

270

65
100
180
300

1200

0.45
0.60
0.65
0.50
1.00
0.12

s(t)oi

m

190
170
100
200
120
250

10T

m3/min

2.2
0.8
2.2
1.0
10.0
8.0

m3/min

40
15
15
15
160
120

On account of the considerably lower permeability of surrounding strata the effective

is 2.2 «10 2 n?/s.

value of (kM)
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the maximum yield of effective water inrushes. In the Nyiréad
area, where the water table is sunk by shaft wells (Schmieder
et al. 1975), no reduction in the water yield is observed.

In mines without protective layer, as at Many, at the
shaft XIV/a of Tatabadnya and in the Kincsesbanya area, on ac-
count of draining operations the reduction in water yields re-
ached 30 to 50 percent, depending on the extension of the rele-
vant area and the underground method of drainage. For areas
covered by protective layers, the effective extent of water
yield reduction tends to increase further, what resulted for
the Nagyegyhaza coalfield in a reduction of the water yield by
55 percent and for Dorog field by 88 percent, spectacularly

showing the importance of marginal conditions of draining.

FUNCTIONING OF PROTECTIVE LAYERS

According to Point 1, the water migration between reser-
voir and mine openings starts in lack of protective layers even
at the smallest pressure difference. Thus, water inrushes with-
out any resistive effect may occur in any point of acquiferous
fault zones with equal probability, with maximum areal frequen-
cy and water yield.

With intercalation of protective layers the starting con-
ditions of water movements change and both the number of water
inflows n(V) and their average yield q(v) are reduced, further
on the empirical function of distribution for various values
may be distorted (Fig. 4b).

According to massive mining experiences the average number
of water inrushes/unit area n(v) and their average yield dimin-
ish (Schmieder et al. 1975), if clayey-marly water barring
layers of durable hydraulic resistance are intercalated, with
increasing specific thickness of the protective layers. In
basins or basin parts it can be characterized (Schmieder 1972) by

the average resistance factor:

yu(v)* = n(v) (17)
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and by the average throttling:

fo(vV)*r = (1B)
%

derived empirically for given water storing and protective
layer systems (Fig. 5). In Eqs (17) and (18) nQ and gQ mean
average characteristics for the area without protective layer
interpreted on empirical basis. According to experiences, no
water inrush breaking through the protective layers should be
reckoned with, provided that the specific thickness of protec-
tive layers is equal to or greater than the value of "V

(Fig. 5).

Fig. 5. Average sealing (a) and throttling factors (b) derived empirically
for clayey-marly protection layers in the Dorog coalfield
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In such conditions the expected values for the number of
water inflows n(~v) and for their yields q(V) are zero. Through
water barring protective layers, water migration starts at
points and in the case when the hydrostatic pressure difference
s , related to the floor level of mining operations, is higher
than the internal resistance (Schmieder 1976, 1989) to water

migration of the protective layers:

(19)

(20)

where 1Q is the reciprocal of VQand m the efficient thickness
of protective layers. |If the free formation energy (Schmieder
1982b), expressed by the difference sQ-EQ is negative at all
surface points of the system of cavities, i.e. Eq is everywhere
higher than the formation energy sQ necessary for water migra-
tion, then no water movement takes place through the protective
layers. For this reason the protective layers act in such con-
ditions as a homogeneous sealing structure for reducing the
yields of water. This situation is characterized by the sealing
factor /J (v) = o and by the total volume of simultaneously
inflowed water Q(v) = 0.

If the free formation energy is at any point or over a
larger surface positive or it becomes positive under the effect
of changes in the stress or shearing resistance of rocks
(Schmieder 1989), then water migration starts and a single
water inrush, or a series of inrushes may occur the dynamic
equilibrium is re-established between the water reservoir and

protective layers. This occurs when the condition of equilibrium
(21)
necessary for a stable state, is created, i.e. in all points of

the cavity system the effective value V for the specific

thickness of protective layers is at any point equal to, or
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higher than, v q.

When the process of water migration is established the ex-
clusive sealing action of protective layers is lost. From this
moment on the water barring protective layers act - in addition
to their sealing effect - as a flow resistance connected in
series with the reservoir. Then, it has a significant part
along the paths of motion in dissipating the energy causing the
motion. This effect is called throttling of the protective
layer, while the volume of water, inflowed against flow resis-
tance of protective layer is called water inrush of throttled
rates.

In basins or basin parts where the protective layer con-
sist of strata with lasting hydraulic resistance and their
function is characterized by throttling, the reduction in water
inflow rates is the consequence of the combined effects of
sealing and throttling.

In basins or basin parts where the protective layer is
easily eroding detrital and soft rock resp. and the migrating
water is able to widen out the passage created through the
protective layers beyond all limits, or the passage is the con-
sequence of hydraulic rock breaking forces, the throttling ef-
fect of protective layers cannot be any more exercised and
water is inflowed without being throttled. This type of pro-
tective layers is characterized by an average throttling factor
7°(v) = 1 and by an exclusive sealing effect. Since the dynam-
ics of the water migration taking place within the reservoir
as well as the function of water barring formations overlying
it directly are known, it can be found how and to which extent
the insulation does influence for a given geometry of drainage
the variations in the total volume of simultaneously inflowed
karstic waters to be tapped for protecting the operations
underground further: what is the physical meaning of the
average factors of sealing and throttling to be measured and
interpreted empirically and to which extent they are charac-

teristic for a given system of reservoir and protective layers?
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DIMINISHING OF WATER INFLOW RATES BY PROTECTIVE LAYERS

The diminishing of the water inflow rates by protective
layers depends, essentially, on three factors: on the character
of protective layers, on the geometry and on the method of
draining.

Protective layers nay be without and with a throttling ef-
fect. The impact of diminishing the rates of water inflow
varies in both cases according to the condition, if draining is
made laterally or from the surface. In the latter case the
throttling effect is only exercised by the protective layers if
water is inflowed through them by overcoming the throttling

action.

A) Protective layers without throttling exercise their
action of diminishing the rates of water inflow like a sealing
mechanism. The simplest possibility of representing this type

is by the system of water table sinking shown in Fig. 3a.

a) Be between the wunderground workings, protected by water
table sinking and the reservoir a protective layer of thickness
m, without throttling (Fig. 6). In such layer conditions a
proper protection for mine openings is offered against water
inrushes, only if the specific thickness of protective layers
is in every point of the protected area equal to or greater
than vq. With the system of water table sinking shown in
Fig. 3a, this condition can be fulfilled by annihilating within
the protected area the free formation energy SO~EO which in-
duces water migration. In other words if for an arrangement of
a given geometry the water table is sunk in the centre of the

protected area by wells below

so - EO = Ao 0(V) (22)

By dividing the expected water yield Q(n) by the expected
value Q(kM)o of the yield due to a total water table sinking

(7) one gets
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Fig. 6. Kinematic sketch for the underground draining of a karstic water
reservoir on floor side, with the intercalation of a protective
layer

Q(v)
4- (v)O Q(kM)o (23)
as the average, relative reduction in water yield, due to the
utilization of intercalated protective layers.
By substituting the known value of Eq (19):
,m ni

I,
4 (V)O =1 - 4 = 1 - , (24)
uo Vo

where V is the specific thickness of the protective layer,
prior to sinking the water table and VQ is the value obtained

after water table sinking. Supposing that the average yield qQ
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for water table sinking wells is the same in both cases without
and with intercalated protective layers, the average relative
factor of diminishing the water yield is expressed by the
relative reduction in the number of wells, i.e. by:
4 (v)Q=2~ - (25)
o
If the reservoir is drained laterally, the expected reduc-
tion of the water yield remains the same even if the throttling
effect is due to intercalated water barring protective layers.
The variations in water yields of layer water reservoirs
on the floor side, covered by water barring protective layers
without throttling, are governed by the same laws irrespective
whether draining is made by wells or the dynamic equilibrium is
established by self regulation following water inrushes break-
ing through the protective layers (Schmieder 1982a).
b) When the method of drainage from the surface is applied
(Fig. 6) the dynamic equilibrium between water reservoir and
protective layer is established in accordance with the opera-
tion of water table sinking when in consequence of
- artificial draining operations carried out from underground
openings, or

- water inrushes breaking through the protective layers the
karstic water table is sunk in any point of the protected
area or in the area opened by mining to such an extent as to
annihilate everywhere the free formation energy. With the in-
tercalation of protective layer without throttling the
equilibrium is described by the following equation:

sO * EO = A QCV) + B Q(V)2m (26)

It can be expressed from the quadratic equation (26):

QCV) X (V) (27)

By dividing the expected value Eg. (27) of the yield of
water Q(v) by the expected value of Qg Eq. (12), the average
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relative reduction in the rate of water inflowed from inter-

calated protective layer without throttling is:

ne)

*7 (V) (28)

As the protective layer without throttling operates ex-
clusively as sealing mechanism, their average water yield re-
duction factor corresponds to the average sealing factor of the

system of reservoir protective layer

10 (Y) (29)

Its variations are represented in Fig. 7a by substituting
n(y)/no = 1 as compared to the average factor of sealing
/lj(v)*, interpreted and derived on an empirical basis for
clayey-marly protective layers with throttling effect in the
Dorog coalfield. With the sealing factor the expected volume of
simultaneously inflowed water is from strata with intercalated

protective layer without throttling:

Q(V) = qop (V) . (30)

The upper limit of the confidence interval of the expected
value is Qq. If protective layers with throttling effect are
intercalated then the reduction of the water yield is also the
same, provided that the surface of reservoir is tapped through
holes located underground. Water volumes inflowed through inter-
calated protective layer without throttling, or through holes
traversing the protective layer, as well as the characteristics
of the function of distribution are estimated in knowledge of

the parameters of reservoir on the basis of Eq. (4).

B) Water yield reduction by protective layer is partly by
sealing, partly by throttling mechanisms. This double action
can be jointly effective only in a case if water from the reser-
voir is flowing into underground openings through protective

layers and along the paths of movement therein. This condition
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Fig. 7. Theoretical value of average sealing factor for a Dorog type clayey-
-marly protective layer (a) and variations in its average throttling
factor in function of the average water supplying capacity for fault
zones in the reservoir

can be fulfilled if tapping is made from the surface and the
equilibrium between the water reservoir and the system of pro-
tective layers is established either by self-regulation or as
the consequence of drainage using the "instantaneous" method
(Schmieder 1982a).

Equation of regression for the average yield of water in-
rushes through protective layer with throttling effect (Schmie-

der 1976, 1982b) is:
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S IQm = aQq(V) + bQq(v)2 + a~qCv) + t"mcjCv)2 , (31)
where aQ and bQ are factors depending on the water reservoir,
while a™m and b™m, respectively, depend on the protective
layer.

The equation of regression, derived from data on more than
700 water inrushes is the essential point for the operation of
a water barring protective layer on the one hand, and it il-
lustrates the rheological importance of protective layer on the
other hand. If a protective layer with throttling effect are
intercalated, the free formation energy is consumed partly by
the water reservoir, partly by the protective layer. It follows
from this equation that similarly to protective layer without
throttling effect, the protection of underground openings
against water inrushes is only active if the free formation
energy, which induces the migration of water, ceases in every
point of the surface opened up by mining. This condition, and
the related equilibrium are described by the following equation

of equilibrium:

sO - Eo = AQ(V) + BQ(V)2 + A{mQ(V) + B"QCv)2 . (32)

By expressing Q(V) from Eq. (32), and dividing the water
yields wusing Eq. (12), the average relative reduction is in the
yield of surface waters traversing a water barring, intercalat-

ed protective layer with throttling:

(34)

respectively.

Comparing the water yield reduction factor for a protec-
tive layer with throttling effect to that without throttling
effect Egs (28), (29), it can be seen that water yield reducing

effect of throttling protective layer is

(35)



62 A SCHMIEOER

i.e., more intensive than that of a protective layer without
throttling. It depends on the hydraulic resistance B*n of the
protective layer, i.e. on their throttling characteristics,

that is on the average throttling factor of the system reser-

voir-protective layer

v (36)

For a certain system of reservoir-protective layer the
throttling factor expresses the relative reduction in water
yield, due to the surplus flow resistance of the protective
layer.

Substituting the values of B and into the Eq. (36), the
average throttling factor (Schmieder 1975, 1982b) is:

f (V) (37)

and

£ (V) (38)

it + /3(km)n v
0OVvVo -V

respectively, where & is a characteristic factor of the pro-
tective layer and n is an exponent 1< n < 1.5.

For protective layers of the same type the variations in
the throttling factor are primarily influenced by the changes
in the characteristics of water reservoir and of the protective
layer. Figure 7b shows the variations in the average throttling
factor (Fig. 5b) of a Dorog type protective layer vs. the local
water supplying factor km. For a given type the closest corre-
lation existed between measured and calculated values if n = 1.

With the throttling factor the expected total yield of

water inflowed through the protective layer with throttling
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effect (Schnieder 1972, 1982a) is:

Q(V) = QO/j (V) £ (n>) . (39)

The upper limit of the confidence interval of the expected
value is: Qo/j(v).

The ratio of the value from Eq. (39), expected for the
yield of surface water inflowed through an intercalated pro-
tective layer, and to the expected value of Q(kM)Q gives a
relationship which completely expresses the joint effect of
water yield reduction in marginal draining conditions. The
factor of water yield reduction expressing the joint action of

marginal draining conditions is:

Q)Y = (my f (v) (40)
Q(kM)
where » is the factor of water yield reduction (16), due to

differences in geometric marginal conditions.

CONCLUSIONS

- Starting from the dynamic laws governing the migration of
water within a reservoir and the mechanical ones pertaining
to the function of water barring protective layers, a system
of relationships in closed form can be derived which in ac-
cordance with experiences enable the hydraulical description
of dynamic conditions of equilibrium developing spontaneously
or artificially.

- For the system of reservoir-protective layer, irrespective of
the character of the protective layer, the unique condition
of equilibrium is that the formation energy inducing water
migration should be in every point of the opened surface
equal to or lower than zero.

- The relative reduction in formation energy, necessary to
establish equilibrium is expressed by the average throttling
factor of the system reservoir-protective layer, and its mode
of dissipation by the average throttling factor.

- The greatest amount of elevated water to protect workings
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underground, is due to lateral draining of the reservoir, while
the lowest water yield is in connection with the spontaneous
equalization due to intercalation of throttling protective
layers. The relationship between these two values is ex-
pressed by the product of the yield reduction factors - more
exactly of the average sealing factors - of the average
throttling and of the average water yield reduction factor
derived from the differences in geometric marginal condi-
tions .

- Depending on marginal draining conditions the total amount of
simultaneously inflowed water varies in very broad limits, in
an extreme case even within the range O Q(t) £ Q(kM)Q what
stresses the importance of selecting, exploiting and influ-
encing reasonably the marginal conditions of drainage under
the aspects of both mining and environment protection. For
the area of the Transdanubian Midmountains the importance of

this 1is particularly emphasized.
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FUNCTION OF WATER-BARRING PROTECTIVE LAYERS

A Schmieder

Central Institute for the Development of Mining, H-1037 Budapest,
Mikoviny u. 2-4, Hungary

The problem of the function of protective layers built-up of clayey,
marly rocks has existed for more than 30 years. Starting the differential
equation for the process of hydraulic rupture of strata, problems of spon-
taneous splitting processes of water-barring protective layers are solved;
these problems include the character of spontaneous processes developing
among different initial and peripherical conditions, the conditions of
equilibrium limits, the stability of equilibrium conditions, in entirety
the function of water-barring protective layers, from the beginning of
spontaneous splitting up to the development of water- and water- and rock-
-inrushes.

Keywords: hydrofracturing; mining safety; splitting of rock; water-
-barring layers; water inrush

1. INTRODUCTION

As the costs of pumping increase with depth and owing to
more and more rigorous environmental limitations, the mining
significance of water-barring protective layers increases, too.
In consequence efforts are made to collect knowledge about the
function of water-barring protective layers, processes of rock-
and water movement developing within and breaking through them,
further about conditions of equilibrium Ilimits of developing
processes.

In spite of all these efforts differring conceptions about
protecting layers exist in Hungarian mining which are contra-
dictory to each other and are a source of discussions (KesserO
1984, 1986a b, Schmieder 1986 a b, Juhéasz 1987). They also
cause smaller-larger uncertainties in the dayly practice of
estimation of protective layers in dimensioning of water-

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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-barring pillars, further in mechanical interpretation of wa-
ter- and rock-movements during mining operations.

The present conceptions existing in Hungarian mining about
protective layers - the traditional one by Vigh and Szentes
(1952), the micro-infiltration one by Schmieder (1970), the
instantaneous one by Kapolyi (1975), the energodynamical one by
Schmieder (1982, 1983) and the stress-theory by Kesserld (1984,
1986) - were developed with the increase of knowledge mostly
due to the fact that experiences based on direct observations
allow diverse interpretations lacking a concordant theoretical
principle. This is the reason why different concepts explain
the function of water-barring protective layers in different
ways. The development of water- and rock-movement processes
piercing protective layers, and limit conditions of impermeable
protective layers are defined by equilibrium Ilimit equations.

This study reports on results which allow an interpreta-
tion and description of the functional mechanism of water-bar-
ring protective layers in a more complete and valuable form
than before. Its method is built up on mathematical deduction,
the results are checked by experiences based on direct measure-
ments and observations.

This study follows the logic of research. An interpreta-
tion of water-barring protective layers and the presentation of
protective layer concepts is followed by the mathematical model
based on conservation of energy. Last, some general conclusions

are reached in mirror of experiences.

2. INTERPRETATION OF WATER-BARRING PROTECTIVE LAVERS

Rocks which are bad aquifers and have some internal
resistance Eq against water movement are called water-barring
rocks, or water-barring protective layers if insulating layers
are meant between water bearing layers and mine opening.

Sedimental formations have a prominent role among water-
-barring rocks (Fig. 1). Water-barring sedimental rocks can be
ranked in two large groups.

Rocks of the first group are easily eroding, fragmented,

of smaller cohesion, they are generally water-saturated and
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Fig. 1. Interpretation of water-barring sedimented rocks

have an interparticle threshold-gradient | (Juhéasz 1976) shown
in the field oC of Fig. 1. In these rocks water moves if the
actual hydraulic gradient reaches or exceeds the threshold of
infiltration, or if due to infiltration, the pressure transfer-
red to the rock as a mass force, rock fracture occurs (Kézdi
1972). This study does not deal with sedimental rocks of group
one.

The second group, as shown by field R in Fig. 1 is con-
stituted by clayey, marly unsaturated sediments of more or less
plastic behaviour. Rocks of this group are of high practical
significance. They can be devided based on their behaviour
against water to the subgroups:

- easily eroding soft materials (8,) and

- hardly eroding clayey-marly sediments () =

In these rocks fractures and splits developed in geological
processes are in the natural stress condition generally closed
against hydrostatic water pressure (Schmieder et al. 1975). A
water movement between two water bearing layers or between a
water bearing layer and a tapping opening starts through the

zones traversed by joints only if joints formerly closed open
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up due to

- a decrease of the rock-stress, or

- an increase of the water pressure

and conditions for water movement saturated with water develop.
Laboratory tests of clayey-marly rocks traversed by joints
(Kesserl 1976) indicate (in accordance with experiences of
hydraulic rupture of strata (Lanyi et al. 1983)) that joints in
these rocks remain closed or the clayey-marly protective layer
operates as water-barring structures as long as the rupturing
pressure p~ affecting the surface of the rock traversed by
joints is less than the minimum normal rock-stress Gm closing
the fissures. According to Kesserli (1976) a splitting of closed
joints occurs at the Ilimit if the condition of equilibrium is
valid :

pr =G m (¢

One of the most disputed questions of clayey-marly protec-
tive layers is: why, at which pressure and to which extent do
the closed joints of the rock split within the range pr > ,
if the limit condition of equilibrium is reached? What does
govern the process of splitting and what does mining experience
reflect?

Lacking adequate theoretical principles, the answers to
these questions are naturally different. They are concisely
expressed in diverse concepts of protective layers based on

differring interpretation of experiences.

3. MINING EXPERIENCES

Most of the Hungarian experiences about water inrushes
piercing clayey-marly protective layers were gathered in mines
under carstic water hazard conditions in the Transdanubian
Central Mountains. During the last 100 years nearly 2000 water
inrushes were recorded which welled from carstic water reser-
voirs covered by water-barring protective layers located below

the mining operations and connected to tectonically broken
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zones of water-barring rocks (Ajtay 1962, Vigh and Szentes
1952).

70 to 80 percents of the water inrushes occurred directly
along fault planes. 16 to 20 percents were in the fractured
zone of faults and only in cases of a few percents it was im-
possible to find any connection between faults intersecting the
protective layer and water inrush (Ajtay 1962). According to
sporadic observations, the initial period of inrushes was indi-
cated by swellings of smaller extent, in some cases by weak in-
filtrations. This situation lasted sometimes a few days, nay
more weeks long. After a certain time the process accelerated.
The water yield and its settlings content increased and a water
inrush developed. During this period sound phenomena of vari-
able intensity, cracking of support structures, intensive swel-
ling, in some cases rapid destruction of adjacent mine openings
could be observed, later water settled gradually and the dynam-
ic equilibrium between rock and water phases set in. Large
scale water inrushes prove beyond doubt that they developed
there where the specific value of the so-called effective
protective layer-thickness (the thickness reduced by the throw
of the fault) referred to unit water-pressure difference, i.e.
the specific protective layer-thickness was less than a certain
limit value (Vigh and Szentes 1952). With increasing specific
protective layer-thickness the areal frequency of water in-
rushes decreases (Fig. 2) and above a certain Vg limit the
danger of water inrushes ceases (Ajtay 1962, Vigh and Szentes
1952). This limit varies in case of soft materials between 0.5
and 1.0 m/bar, with harder clayey-marly rocks it reaches 3.0 to
4.0 m/bar (Schmieder et al. 1975, Schmieder 1983, Vigh and
Szentes 1952).

The traditional concept of protective layers has been
formulated based on these experiences: water inrushes penetrat-
ing floor-sided water-barring protective layers should not be

expected if

4 = > V. (2)
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Fig. 2. Changes in relative frequency of water inrushes in function of the
specific protective layer thickness

i.e. the specific protective layer-thickness is equal or higher
than the limit \) characteristic for a given protective layer
(Vigh and Szentes 1952). In empirical formula (2) /py is the
hydrostatic pressure difference related to the floor level of
the mining operations.

Water protecting pillar dimensioning was traditionally
based in Hungary on these experiences, they were also used in
the estimation of water inrush hazard and in official prescrip-
tions. This practice is loaded with uncertainty because the
physical interpretation of "V and that of the equilibrium
limit, Eq. (2) remain unexplained.

This problem has not been solved since more than 30 years
(Vigh et al. 1961).

4. INTERPRETATION OF THE EXPERIENCES
The first interpretation of the equilibrium Ilimit equation

supported by physical facts was formulated on the basis of

regularities of the micro-infiltration.
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a) According to the microinfiltration concept of protec-

tive layers (Schmieder 1970) vo is the inverse of the average
threshold gradient |I* belonging to the start of water movement
and the equation of the related condition

ARv o m (3)
expresses the limit-equilibrium at the development of infiltra -

tion.

b) The concept of instantaneous protective layer (Kapolyi

1976) leaves open the characteristic conditions and the problem
of related limit equilibrium. It investigates the function of
the protective layer in the conditions preceding the develop-
ment of water inrush. Departing from the traditional conception
this concept supposes that in the initial phase of water inrush
penetrating the protective layer, rock and water phases move
simultaneously and permeate each other. These movements are
described based on the macroscopic impulse-balance.

The differential equation which describes the common
movement of both phases is:

I dj-1 . grad (g.gz) + Div F + k'V (4)
k dt2
where 8K is the mass-density of the rock,
u the field of movement of rock,
F the stress-tensor caused by the rock deformation,
k* a factor depending on water-permeability of the in-
filtration field, and
\Y the current vector of water relative to rock.
Although the instantaneous concept of the protective layer
leaves experimental problems unanswered, its up-to-date concept

has contributed to the development of research.

c) The energodynamic concept of the protective layer
(Schmieder 1982, 1983) interprétes a protective layer as a
natural pressure equalizing valve which restores due to its
self-regulating operation the equilibrium upset by mine cavi-

ties in accordance with the actual minimum energy level. It
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starts to operate when the water-pressure difference between
the aquifer and tapping cavities gets higher than the internal
resistance Eq against movements in the protective strata. Eq is
a function of the nature of the movement.

According to this idea in the case of argillaceous pro-
tective layers the necessary precondition of a water inrush
penetrating the said protective layer is a fracture developing
in that layer which might be caused by a hydraulic rockburst
or the hydraulic rupture of rock.

As soon as the limit condition Eq. (1) has been reached,
a smallest pressure difference starts the hydraulic rock-rup-
ture. During this process microsized splitting of closed joints
appears in the protective layer. Their development is control-
led by the relief of rocks, its current equilibrium is de-

scribed by the function

Eo = » +7To0o m (5)

and its limit condition by Eq. (3) where 67 is the principal
stress perpendicular to the joints. In this state the effective
stress is in all points of the splitted and water-saturated
rock-zone equal to zero. At the limit condition of water-in*-
rushes a bifurcation may occur, one of the branches is the
hydraulic rock-rupture, the other one is the infiltering water

movement.

d) According to the stress-theoretical concept (Kesseru

1984, 1986a) - which is based on the experiences with hydraulic
rupture of the hydrocarbon mining (Alliguander et al. 1975) of
laboratory investigations (Kesser(i 1976) and of operating ex-
periments - both the traditional and the energodynamic methods
are involving contradictions. Namely in these models the hydro-
rupturing pressure on the one hand is a linear function of the
thickness m of the protective layer, on the other hand in Eg.
(5), as in a hybrid model, both the stress and the infiltration
resistance are included. According to the stress-theoretical
concept of protective layers, in the protective layers of low

strength which are in their original condition practically
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water-barring, the process of water inrush starts by hydraulic
rupturing. This occurs when in layers near the surface the

hydraulic rupturing pressure
P, = 1.1 - 1.5¢C m (6)

reaches or exceeds 1.1 to 1.5-times the value of the least

normal principal stress.

In compliance with this concept:

- the splitting of the protective layer is analogous with the
hydraulic rupturing; the process is controlled by the rock-
-stress zone being changed around the mine cavity and during
the splitting macrosized splits of nm and cm widths resp.,
appearing ;

- the so-called threshold-gradient |I* of the protective layer
reflects the conditions of hydrorupturing in the environment
of the mine cavity;

- the defined quantity of the specific protective layer-thick-
ness may be only applied in the altered rock-stress zone
around the mine cavity, both in lateral direction and in the
footwall, but as a maximum only up to 40 to 50 m; beyond this
distance it is no more valid;

- is the thickness of the protective layer less than 25 to 50
m, i.e. less than the rock zone of altered stress condition,
there is no practical contradiction between the different
evaluation methods of protective layers, the physical sense
of this phenomenon is however, complying with that of the
hydraulic rupturing.

In principle the energodynamical and stress-theoretical
protective layer concepts are in contradiction with each other.
Since any objective basis of evaluation is missing, their real
respective merits cannot be specified.

This fact has justified theoretical investigation of the
functional mechanism of water-barring protective layers in
order to find answers to the following essential questions:

- Are the similarity conditions realized with regard of pro-

cesses during hydraulic rupturing by external energy input
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and spontaneous splitting of the protective layer?

- What does determine the size of the gap developing during
spontaneous splitting of the protective layer and which is
its range of size?

- What does determine the experimental limit of the specific
protective layer thickness v , what does it express and
how far can it be considered stable?

The answers to these questions are built on similarity
rules according to which the necessary, and satisfactory con-
dition of the similarity of two systems is that the differen-
tial equations and conditions of agreement could be mutually
and unambiguously converted into each other (Sziics 1972). In
simpler terms, the similarity of two phenomena supposes that
mathematical models describing the phenomena and all their con-

stituting factors be respectively corresponding each other.

5. THE MATHEMATICAL MODEL DESCRIBING HYDRAULIC RUPTURING

The essential characteristics of the hydraulic rupturing
are shown in Fig. 3. As a geotechnical procedure it acomplishes
artificial quick rupturing of rocks (2) either from the
surface, or through closed drilling holes (1) sunk from under-
ground openings. The operation is successful when the splitting
pressure pr operated from an external energy source exeeds the
lowest total normal principal stress of the rock (Kézdi 1972,
Lanyi et al. 1983), i.e.

At > bT + PV Y naA

where 6m is the lowest effective normal principal stress of
the rock, and
Pv is the water pressure filling pores and splits of
the rock.
During hydraulic rupturing, the stress-condition of the
rock F(u,t) and its mechanical characteristics are constant in
time. The developing split is perpendicular to the plane of the

lowest normal principal stress. Breaking, splitting, propagation
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Fig. 3. Fundamental model of hydraulic rupturing
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of splitting and split dilatation of the rock contacting the
borehole are successively following each other in the process
of hydraulic rupturing.

Breaking and splitting of the plane of rock bordering
the borehole occur when a tensile stress appears in the rock.
For example this is realized in the case of a borehole with
vertical axis, due to the altered rock-stress-zone around the
borehole functioning as a "potential barrier", if at a spot
where r =ro (in Fig. 3, u = 0) the acting initial rupturing

pressure is

(8)

where 6'mo = 25 f and 67 is the tensile strength of the
rock. The tensile strength of the rock is interpreted in ac-
cordance with the deteriorating-condition by Griffith estab-
lished for brittle materials (Brady and Brown 1985, Denby et
al. 1982). It is zero or positive (depending on structure of
the rock) during splitting of the rock and it can be taken as
approximately constant both in time and space. With splitting of
the bordering surface of the rock surrounding, the borehole
rupturing pressure decreases (Fig. 3) and further process of
rupturing will follow on a lower pressure level depending on

the external energy led into the system

t V2
(9)
where q - is the volume rate of flow of rupturing fluid,
V. - the volume of the gap, and
t - the time.
After rupturing of the rock, a gap may develop only if the
gauge pressure acting along the split (Fig. 3b) is
Ap(u) = p(u) - GC* (10)

in all points higher than zero, where (J* =&h + 6fm .
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The overpressure necessary to the development and support

of the gap is, supposing elastic deformation

Ap(n) = cd , (11)
where d - is the width of the gap, and
c - a factor depending on elasticity of the rock and

water.
The rupturing pressure applied in the closed borehole
space is used during hydraulic rupturing for rupturing, for the
development of the gap, to overcome the pressure drop of flow

and to replace losses due to changes in mass forces and kinetic

energy .
The sum of all the pressure losses during energy-
-balance equation of the process for time t = t* yields
Pr = 6" +c¢d + j aP{#4- du+ gv | — du+ gvy- + gv gz. (12)

u=0 du u=0 3t

The first derivate of the rupturing pressure gives the
mathematical model describing the mechanical processes during

hydraulic rupturing:

S 3p(”)(Q<a+v§V+g%ZA\ (13)

_w M M v Y 1)

where 'a' is the conductive part of acceleration, and
z the vertical height above the datum level.
For easier handling of the differential equation denoting

the last terms on the right hand side of the equation as E:

oPr _ (35 , ¢ 3d op(u) + (1 A)
3t I 3m o oM
During hydraulic rupturing, the rupturing pressure is
generally changing in time, it is characteristically increas-
ing. Operating a rupturing pressure in time increasing, the

process will go on as long as conditions for pressure increase
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exist. Naturally the process of hydraulic rupturing goes on
also in the case of a rupturing pressure artificially main-

tained constant i.e.

3PT
o , (15)
9t
and the initial conditions of the development of the gap (Eq. 8)
are realized.

In the case of a simultaneous realization of all these
conditions, the process starts and will go on as long as the
conditions are all fulfilled. In this case the rate v(u,t) of
the process is inevitably higher than zero, therefore the
mathematical model of the process within constant rupturing

pressure is:

Sp(u) _ 36* + j)d (1)
9VE
Su Su Su

In accordance with Eq. (lé) the process gets stopped in

rocks in natural stress conditions, where the rupturing

gradient in direction of splitting is zero, i.e.
6% _
au 0 (17)

in the case of a constant rupturing pressure, because sooner or

later the full pressure difference (pr - 6*) of rupturing is
consumed by the presssure drops of flow. The full energy con-
sumed during hydraulic rupturing, i.e.
wWo-wr P(u) dv (18)
v2=0

is partly dissipated as heat, partly it is accumulated in the
rock as elastic energy. Energy function (18) shows that during
hydraulic rupturing the internal energy of the ruptured rock

system increases and the process varying around minimum gap
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size is going on at the minimum potential. The gap size - due to
p(u) > 5* - is in the macroscopic range. Having ceased the
external energy input, the elastically stored energy performs
further work, a stable condition of the system is achieved at

equilibrium p(u) =6

6. MATHEMATICAL MODEL DESCRIBING SPONTANEOUS SPLITTING OF A
WATER-BARRING PROTECTIVE LAYER

The spontaneous splitting of a water-barring protective
layer - it differs from the process of hydraulic rupturing -
takes place without external energy input (Fig. 4), with a
pressure practically constant in time. In consequence of the
constant nature of the water reservoir, an essential charac-

teristic of spontaneous splitting is:

3p
e = 0. (19)
at

During these processes the stress condition of the rock
is both in space and in time changing. Due to this another
essential characteristic of spontaneous processes is that the

rupturing gradient u

36+
t 0 (20)

9u

is in its whole range differring from zero. The spatial range
of the process is constituted by the broken, water-barring zone
(Fig. 4a) between aquifer and tapping cavities. In initial
state fractures starting at the contact surface between the
water bearing and water-barring rocks and ending at the border-
ing surface of the tapping cavity are between the full range
of the two limiting surfaces closed.

The normal rock stress which closes the cross fractures
parallel to the axis u (e.g. 6 ) is monotonously decreasing

towards the discharging cavity and reaches the minimum at its



a) b)

\=0

0

p(u)
1 2 3
6h >0 /I
ff* Gh*6m
p(u)
Ptt)v

Fig. 4. Fundamental model of spontaneous splitting of argillaceous protective

t=ti
U=y,
>Pv
Clu)m

°8

Y3A3AINHOS VvV



WATER-BARRING PROTECTIVE LAYER 81

limiting surface (Fig. 4b).

On the contact surface of the water bearing and water-bar-
ring rocks - in contrast to the bordering surface of rupturing
borehole - no potential dam is acting and no tensile force ap-
pears from the water pressure. Therefore it can be only stated
with certainty that the rock splits there where the initial

rupturing pressure creating rupturing is a minimum, i.e.
(21)

and if, due to rock pressure decrease the pv pressure of the
aquifer reaches or exceeds the former.

Depending on the initial conditions of splitting, sponta-
neous splitting may start
- as a process analogous to hydraulic rupturing, and
- as one differring from hydraulic rupturing.

Should the rupturing pressure belonging to the process be
higher than 6 *Q, and the process starts, i.e. v > o, then the
mathematical model of the process is necessarily the same as
that of the process of hydraulic rupturing (see differential
equation (16)). Should pv > 6 , then the spontaneous split-
ting of the water-barring protective layer can be described by

the following mathematical model:

dp(u) _ _sef , ¢ 9d (22)

M e an

According to this formula, spontaneous splitting of water-
-barring rock takes place as a process of hydraulic rupturing
as far as the hydraulic pressure gradient is higher than the
rupturing gradient. The limit equilibrium of this process is
defined together with the limit of the similarity conditions of

the process by

op(n) . 35*
an M

(23)

that is by equality of gradients and by p(u) = 6"*.
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Fig. 5. Curves characterizing changes along the route of spontaneous sp lit-
ting of protective layers
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The characteristics of the process are shown in Fig. 5.
During this process the speed of water flowing in the split and
the rate of split-development decrease with increasing length

of the split, and having reached the Ilimit Eq. (23) the move-

ment stops. The width of the gap is also decreasing with the
distance of the aquifer, and at a distance, where u = ur it
assumes a constant value. Within this distance, i.e. within the

zone «c. , the basic features of the process assume the charac-

teristics of the stress-theoretical concept of the protecting

layer. In this range:

- the process starts at a pressure p > 6 *Q,

- the process takes place similarly to hydraulic rupture,

- during the process macrosized joint develops due to overpressure
acting in the split [p(u) > 6*(u)].

In contrast to the stress-theoretical concept of protect-
ing layers, rupturing is controlled by the water pressure and
not by the altered rock-stress zone.

The hydraulic threshold-gradient, the Ilimit V Q of the
specific protective layer thickness and the stress-theoretical
criterion of the depth Ilimit of the process cannot be inter-
preted based on the process of hydraulic rupturing discussed
above.

The splitting depth is a function of the initial pressure
difference (p - 6* ). Should the pressure difference be high
then a split of considerable depth may occur. Should the pres-
sure difference be zero then no hydraulic rupturing will
develop.

Ouring the process, if the thickness m of the water-bar-
ring rock is less than the splitting depth or they are equal,
the rock gets relatively quickly ruptured and water inrush
develops, all at once thus confirming the stress-theoretical
concept of protective layers.

Is ur less than the thickness of the protective layer
(Fig. 5), and get during the process water pressure p(u) and
rupturing pressure 6* equal, then the splitting developed
analogously to hydraulic rupturing gets stopped and the process

continues following other laws.
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Should the equilibrium be attained, the rate v(ur) of
split development tends to zero. This causes that in a distance
ur from the aquifer, the water pressure p(u) increases in the
split filled with water. Due to its effect
- the elastic energy of rock-zone in contact with the split and
- at the place, where u = uf,the local value of the hydraulic

pressure gradient
increase.

By a relative increase of the local hydraulic pressure
gradient at u = ur, the condition of splitting gets restored
again and rock-splitting continues on a length of Awn, till the
new equilibrium situation is attained. Within this phase of the
movement, i.e. in the range =& in Fig. 5, no change in elastic
energy occurs during successively continuing pulsations. The
change of the split is along the route in average zero. Sup-
posing the validity of Darcy's infiltration-law, the sum of
average pressure losses occurring during the process yields the

energy-balance equation of the process:

p(u)r = 6*(u) — du £du (24)

The derivative of Eq. (24) after wn gives the mathematic

model of the pulsation process:

0 . (25)

During the pulsation, the energy required for rupturing
is covered by the elastic energy-change accumulated in the
field &€ , while the flow pressure drops are covered by stress
potential. The process will be stopped before full splitting
of the rock if microforces appearing in the split of constant

width, i.e. the impulse-change

2T
(26)
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originating from the shear resistance TQ of resting water

brings the water pressure

uk
P(u)r = 6*(u)k + | Ip du + (zu'zr) 3v9 (27)
u=ur
and the counteracting resistances into balance. In the above
formulas
k* - is the infiltration factor - expressed in bar/s - of the

split of width d, being constant along the route,
zu - the height of point uf above datum,
zk - the height of point uk above datum, and
| - the hydraulic threshold-gradient.
Substituting the threshold-gradient in Eq. (27) with the
average value 1*, the state-function expressing the current

equilibrium of the process is

Ap(u)r = 6*(u)k + I* (uk-ur) . (28)

Equilibrium-equation (28) corresponds to the formula (5)
of the energodynamic concept of protective layer. If uk = m,
i.e. 6*(u), = 0 and u_ = 0, the limit-equilibrium interpreted
on the basis of experiences of water inrushes is expressed by

the following formula:

Apv = I* m . (29)

Equilibrium conditions (27-29) depending on the hydraulic
threshold-gradient are - in contrast to the Ilimit condition of
hydraulic rupturing (23) - stable. In these conditions the
dynamic balance is maintained by the shearing resistance of the
rock between rock- and water-phases against the infiltration
pressure transferred to the rock as a mass-force. This condi-
tion exists as far as no notable change takes place in the
stress-condition or in the shearing resistance of the rock.

This condition shows directly that the experimental limit of
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the specific protective layer thickness VQ interpreted as
the reciprocal value of the average hydraulic threshold gradi-
ent in the limit-equilibrium, Eq. (29) expresses stable balance
against water inrush, and as a material constant is a factor
depending on the shearing resistance of water in rest and on
the width of the gap. Multiplying the experimental limit

of the specific protective layer thickness by the shearing
resistance T of the water in rest a value of a few microns
is obtained for the width d of the gap (Schmieder 1983). The
physical meaning of this characteristic also explains in some
extent the experimental fact that \% is in softer rocks lower,
in rigid rocks higher.

This characteristic value and the stability against water
inrush of the condition corresponding to this characteristic
value do not change, if in the split and water-filled gap due
to e.g. a decrease of the rock-pressure, infiltration develops.
With its development, the dynamic balance of the water phase is
maintained in this case by the infiltration loss arising from

movement

P(u)r du (30)

(zm'zr) 9 4

the value of which is expressed for the full protective layer
thickness in function of the hydraulic pressure-gradient by the
relation

Pv =1 m . (31)

This condition, similarly to the rest one Eq. (29) exists
as long as the rock is able to take the load due to infiltra -
tion pressure or as the flow resistance is considerably reduced
by erosion.

In all cases if spontaneous splitting of the protective
layer starts with the initial condition p = 6* |, or if during

hydraulic rupturing the water pressure p(u) and rupturing
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pressure s *(u) get equal in course of splitting, the entire
or further process resp. takes place confirming the energo-
dynamic concept of protective layers.

The mathematical model describing the spontaneous split-
ting of water-barring rocks in the pulsation period of the
splitting fits - with exception of the term referring to the
control of the process - directly the energodynamic concept of
protective layers. The process starts and ends corresponding
to this concept at the condition of equilibrium p(u) = & *(u)
and the gaps will be microsized ones. In the case of an ade-
quate protective layer thickness, the process is stopped, the
limit-balance condition belonging to rest is defined by the
specific protective layer thickness "V and by its reciprocal
value and by the hydraulic threshold-gradient, resp. For a
definition of the safe protective layer thickness this condi-
tion characterizing value can be only applied, if the spontan-
eous splitting is a determinative pulsation process.

Since the spontaneous splitting of water-barring rocks may
take place equally either by hydraulic rupturing, or by pulsa-
tion successively, or independently, the question inevitably
arises: does one or other of the processes predominate or not?
An answer to this question is given by the determinative ini-

tial condition belonging to splitting.

7. EFFECT OF INITIAL AND CIRCUMFERENTIAL CONDITIONS ON THE
DEVELOPMENT OF THE PROCESSES

The initial conditions have an essential influence on the
nature of the process, while circumferential conditions have
the same on the intensity.

As discussed in the previous section the process regularly
starts with hydraulic rupturing if the initial value of ruptur-
ing pressure is less than the water pressure what is charac-
teristic for the process, otherwise it is of a pulsation na-
ture, when defining the determinative role, no considerable
omission should be made supposing that splitting starts at the

contacting boundary surface of aquifer and water-barring rocks.
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This means that on a surface, on which no potential dam exists

principally no tensile stress may arise due to water pressure.

That means that in opening of closed joints , a factor or some

factors being independent from water pressure may have a role.

Such a role can be played by

- the different elastic behaviour of water bearing and water-
-barring rocks,

- the water intake of water-barring rocks,

- the existence of splits starting from the aquifer and ending
at the boundary,

- the predominance of interfacial forces,

- the deformation-labour during relieving the rock.

All these factors are acting against the initial over-
pressure. Without a listing of factors it is worth mentioning
that a shearing force appears due to the different elasticity
of the water bearing and water-barring rocks, at the contacting
boundary in consequence of a difference between the deforma-
tions. The maximum shearing force generally reaches the maximum
either on one, or on the other side of the fault-zone, depend-
ing on the fact at which side of the fault-zone the relieving
of rock is higher. This may explain the experience that most of
water inrushes appeared along fault planes (Ajtay 1962).

The joints opened in such a way and the expansion of
joints resp., also change - as reflected in the mathematical
models - in function of labour necessary to expand opened
joints. According to Denby et al. (1982) adsorption of water is
notably reducing the surface energy needed to expand the joint,
- i.e. e~ in the mathematical models - which may considerably
contribute in interaction with the deformation labour to the
splitting of relieved joints.

Since no potential dam brakes, the spontaneous splitting
of the protective layer and all other factors are acting
against the development of overpressure, the determinative con-
dition of splitting is identically with the energodynamic
concept

-az: (32)
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In a limit case, if s h = 0, py = s mo.

The reality of the determinative limit conditions (32) is
strengthened by mining experience which confirms that a stable
equilibrium of the final condition of the processes belongs to
the value V Q of the specific protective layer-thickness.

The simplest circumferential condition of the process is
shown in Fig. A, as the spatial distribution of rock-stress.
The lowest normal principal stress is perpendicular to the
cross-breaks in u direction connecting the aquifer with the
draining cavity. The principal stress decreases towards the
draining cavity. Around mine cavities a real replica of this
model occurs never or very seldom. A typical example is an
aquifer with overpressure (Juhasz 1976, Szalai 1983).

With such circumferential conditions closed breaks per-
pendicular or inclining to the plane of the principal stress
are passive ones. During the process one or several breaks may
have the opportunity to form microsized splits, therefore the
volume-increase of the water-barring rock can be neglected.

A more considerable change of volume may appear when
cross-directional splitting of the rock is not bound to the
plane of the least, but e.g. to the highest rockstress (Fig. ).
According to this model cross-directional splitting of the rock
occurs then and only then, when the water pressure is equal or
higher than the rupturing pressure at the bordering surface,

i.e.

pv > 6h +6 0l =6 *lo- 03

The character of the process is also in this case defined
by the initial conditions which is as discussed in the plane
of maximum principal stress determinatively of a pulsation
character.

All closed breaks which are in contact with the splitted
cross-directional break or breaks filled up with water of a
pressure p(u) become active with the development of the pro-
cess and an intensive cross-directional process starts.

Since s 1 and esm are essentially different, the
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Fig. . Fundamental model of spontaneous splitting in the plane of the

maximum principal stress

cross-directional splitting starts as a regular hydrorupturing

process and macrosized joints are dominating.

If the rock is not hindered in deviation, a considerable

change of volume may appear due to this cross-effect the later-

al effect of which may reach larger distances in case of ad-

vantageous conditions.

In case of the circumferential conditions shown in Fig. s

- pulsation as a primary process, and
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- hydraulic rupturing, as a secondary process are taking place
simultaneously.

The process - in contrast to the stress-theoretical con-
cept of the protective layer - does not develop at the least,
but depending on the given limit conditions at the maximum
rock-stress; its course follows the laws discussed.

A real equivalent of the model shown in Fig. s is re-
presented by a protective layer below the draining cavity.

At real bedding the boundary conditions are various.
Therefore the general validity of the principle of least prin-
cipal stress as splitting criterion cannot be accepted. But its
application for splitting of the protective layers excludes on
the entire mass of the boundary conditions. But as a dimension-
ing principle (Kesserld 1984, 1986a) it results in absolute
safety. The principle of equal safety is satisfied in the case
if the dimensioning is based on an up-to-date stress analysis
and on measurements of rock-stresses (Kesserli 1986a).

Dimensioning using the Ilimit "V of the protective layer
thickness provides lower safety. As a traditional method, it
results in identical safety for the entire mass of boundary
conditions in contrast to the development of water movement. |t
is reliable, if Vg is known at the place of application from
identical or nearby identical petrographical and bedding situa-
tions.

A water protecting pillar based on these dimensioning
principles is sensible to changes or rock-stress conditions in
the case of applying the least principal stress, and in the
case of applying VQ to the shearing resistance of the rock.

Changes of the parameters which cause in one case split-
ing of the rock, in another case the start of infiltration does
not mean that the pillar is deteriorating. The splitted pro-
tective layer broken by water-filled joints still takes the
full water pressure in this state. Local deterioration occurs
only if the dynamic equilibrium between the rock- and the water-
-phase is upset and erosion or hydraulic rock-breaking pene-
trating the protecting layer results by means of mass transport

in the equalization of the entire free energies related to a
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given point of the aquifer (Schmieder 1982, 1983).

CONCLUSIONS

- The general mathematical model of spontaneous splitting pro-
cess in water-barring argillaceous protective layers can be
deduced and interpreted starting from the process of hydrau-
lic rupturing and based on energy conservation. This allows
us a more complete interpretation and description of the
functioning of the protective layer.

- It can be proven based on the mathematical model describing
the process and in conformity with experiences that both the
energodynamic and the stress-theoretical concepts of protec-
tive layers are based partially or entirely on real processes.

- The character of the processes is defined by the relation be-
tween rupturing pressure and reservoir pressure during spon-
taneous splitting of the protective layer and changes in
volume during the process are determined by the spatial dis-
tribution of rock-pressure and by the structure of the split-
ting rock.

- 1t could not be shown that the water pressure could be higher
than the rupturing pressure at the boundary surface in con-
tact with the aquifer and the water-barring protective layer,
therefore processes corresponding to the energodynamic con-
cept of the protecting layers play a defining role in the
development of cross-breaks connecting aquifer and draining
cavity.

- Microsized splitting operating with pulsation gets stupped
during the development of cross-breaks, if the protecting
layers are of adequate thicknesses, the limit condition of
which is defined by the Ilimit value VQ of the specific pro-
tecting layer thickness depending on the hydraulic threshold-
-gradient. This as a material-constant expresses uniformly
the limit-equilibrium before the development of infiltration
with any boundary condition.

- By processes according to the stress-theoretical concept of

protective layers the value of V could not be interpreted
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and this could not be used for the indication of the limit
equilibrium of the process.

- Spontaneous splitting of the water-barring rock develops in
function of the prevailing circumferential conditions there,
where the rupturing pressure belonging to the splitting is
the lowest. Since this is not necessarily belonging to the
plane of the least principal stress, the general validity of
the least principal stress principle cannot be accepted as a
splitting criterion.

- The splitting of the protective layers is for the entire set
of boundary conditions excluded by the application of the
principle of least principal stress. This method satisfies
the requirement of equal safety, if it is based on stress-
-analysis and measurement of the rock-pressure.

- Dimensioning of the specific protective layer thickness with
respect to the limit-value \I is affording equal safety as
a traditional method against the development of water pres-
sure for the entire set of boundary conditions, without any

limitation of the thickness.

REFERENCES

Ajtay Z ed. 1962: Protection against mine water. M(iszaki Konyv-
kiad6, Budapest

Alliquander O, Gyulai Z, Szepesi J 1975: Rock rupturing by

liguids. 1. NIMDOK, Budapest

Asszonyi Cs, Kapolyi L 1976: Definition of mechanical charac-
teristics of rocks. MTA VEAB Monograph, Volume 11, No. 4,
Veszprém

Brady B H G, Brown E T 1985: Rock Mechanics. London, George
Allen Co., Unwin

Denby B, Hassani F P, Scoble M J 1982: Influence of water on
shearing strength of coal strata and stratification faults
in open pits. Transactions of the 1st Congress of IMWA,
Volume A, Budapest

Juhdsz J 1976: Hydrogeology. Akadémiai Kiad6, Budapest

Juhasz J 1987: Opponent's opinion on the study of dr. Schmieder
A: Some remarks on novel valuation of initial processes of
water inrushes penetrating a soft protecting layer. Manu-
script, Miskolc

Kapolyi L 1975: BKL Béanyéaszat, 109, 811-818.



94 A SCHMIEDER

Kesserl Zs 1976: MTA X. Oszt. Kozi., 9, 189-199.
Kesser(i Zs 1984: Int. Journ. of Mino Water, 3, 1-12.
Kesserli Zs 1986a: BKL Béanyaszat, 119, 9-16.

Kesser(i Zs 1986b: Answers to the questions of dr. Schmieder A
regarding the article: "Novel valuation of initial process
of water inrush penetrating a soft water-barring protec-
tive layer". Manuscript, Budapest

Kesserli Zs, Bagdy |, Szlcs | 1980: Experiments on standpipe
fastening in 1980. Research report. KBFI, Budapest

Kézdi A 1972: Soil mechanics |. Tankényvkiadé, Budapest

Kipko E Ya 1978: Vremennaya instruktsiya po tamponazhu treshi-
novatikh gornikh porod kompleksom metodom pri soaruzheniy
stbolov shakht. M.U.P. SSSR, Voroshilovskaya pravda

Lanyi T, Mucséanyi J, Szabé M 1983: BKL Kdéolaj és Foldgaz, s,
372-373.

Schmieder A 1972: BKL Béanyaszat, 105, 107-1009.

Schmieder A 1982: The effect and utilization of protection

layers in mine water control. IMWA Congress, Budapest,
Proceedings ABCD, 175-195 (BKL Banyaszat, 117, 1984,
157-165)

Schmieder A 1983: Investigation of movement processes of soft
protective layers penetrating split and carstic water in-
rushes in footwall side of mining operations. Candidate's
dissertation, Budapest

Schmieder A 1986a: Some remarks on novel valuation of initial
processes of water inrush penetrating a soft protecting
layer. Manuscript, Budapest

Schmieder A 1986b: Answers to the questions of dr. Kesserd
regarding the article: "Novel valuation of initial proces-
ses of water inrush penetrating a soft protecting layer".
Manuscript, Budapest

Schmieder A, Kesser( Zs, Juhasz J, Willems T, Martos F (ed.)
1975: Water hazard and water management in mining. Mdszaki
Kényvkiad6é, Budapest

Szalai A 1983: BKL K&olaj és Féldgaz, 116, 363-371.

Szlics E 1972: Similarity and model. Mlszaki Koényvkiadé,
Budapest

Vigh F, Szentes F 1952: Banyaszati Lapok, 85, No. 11, 588-600;
No. 12, 645-665.

Vigh F, Schmieder A, Daranyi F 1961: Theoretical and methodolog-
ical investigations to more exact definition of specific
protective layer thickness. Research report. BKI, Budapest



Acta Geod. Geoph. Mont. Hung., Vol. 25 (1-2), pp. 95-105 (1990)

A MODELLING OF INTERRELATIONS BETWEEN SUBSURFACE WATER AND ITS
STORING ROCK

R Oeney-Jambrik and L Balia

University for Heavy Industry, H-3515 Miskolc, Egyetemvaros, Hungary

Accepting the systems approach as a basic principle in the control of
the processes of exploration,exploitation, preparation, marketing, distri-
bution and utilization of mineral resources further in the coordination of
economic processes, the authors present the structure, the parameters of
the systems model of mineral raw materials and water management, the physi-
cal laws describing natural processes as well as the possibilities of their
mathematical approximation; the flow-related, hydrogeological, mathematical
models are also studied describing the relation of water movement to mining
activities.

Keywords: environmental effects of mining; hydrogeology; seeping
water; subsurface; system model; water

1. INTRODUCTION

The higher demand on natural resources, the reduction of
mineral reserves and the necessity to exploit mineral deposits
in increasingly unfavourable natural conditions require the
management of mineral raw materials in a system approximation
(Kapolyi 1980).

The system approximation-type economic management of natu-
ral resources is based on a simultaneous evaluation of explora-
tion, exploitation, distribution and utilization. Its system
model is built up from subsystems; the most important ones of
them are: the system of the geological survey of mineral raw
materials, the system of exploitation, the system of processing
of the mineral raw materials including, as auxiliary activi-
ties, transportation and storage as well; the system of the

mineral utilization (Kapolyi 1981).

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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The subsystems contain further partial systems being in
close connection with one another.

The aim of the paper is to review the general characteris-
tics of the system model of environmental processes as well as
principles and methods describing the simultaneous movement of
the water seeping laminarly in the porous reservoir and of the

rock being flexibly deformated (Exploration Report 1987).

2. CHARACTERISTICS GF THE SYSTEM MODEL

2.1 Parameters of the system model

The characterization of a zone of the Earth's crust is
given - arranged according to the field of parameters being
typical of the given range - as follows:

I. Geometric field: the geometry of the raw material deposit,
the data typical of its micro- and macrostructure, the
geometric data of the secondary rocks (depth, thickness
and extension in space) and their structural properties,
in case of typical hazard sources the geometric properties
of the permeable and impermeable layers, the geometric
data of the connection with the natural environment, i.e.
of the boundary conditions in the nature, etc.

Il. Density field: Material- and mass-parameters of the half-
-space, as porosity, permeability, transmissibility, body
density, etc.

I1'1. Property field: Different physical and technical parame-
ters of the material of the half-space, as physical condi-
tion, physico-chemical properties, state-related proper-

ties, mineralogical-petrological properties, etc.

2.2 Physical laws describing the system model

The geometric field and the material system defined on it
are in constant movement. If the geometric, property-related
and density parameters of the system model are known, the time
process of the effect of human intervention on the natural

environment can be described by means of physical laws, as mass
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balance equation, momentum balance equation, energy balance

equation.

2.3 Mathematical approximation of the environmental processes

If the field parameters, the initial- and boundary-condi-
tions are known, the general balance equations of the trans-
port- and transformation-processes, i.e. the processes of the
natural environment can be described by a mathematical model.

Depending on the dimensions and fullness of details of the
field parameters discovered by mineral raw material exploration
one-, two- or three-dimensional models can be formed, by means
of which the effect of human intervention - in function of the
reliability of the field parameters, given as random variables
- can be determined and used at the preparation of decisions.

In the field of modelling the hazards for water inrush,
for gasburst, fire and rock movements as well as in the model-
ling of environmental effects caused by mining activity, sever-
al scientific results have been achieved both in Hungary and
abroad in the recent decades. In the present paper a possible
mathematical model of the interaction between water and rock is
outlined connected to the example of open-pit coal mining,
whereby the rocks are regarded as elastic, i.e. as following

Hooke's law.

3. MODEL OF RELATION BETWEEN WATER AND ROCK MOVEMENT

3.1 Description of the general flow model

The subsurface waters, being the subjects of the hazard-
-protection in open-pit coal mines, are simple formation waters
stored in the coal-seam formation and in its porous secondary
rocks (bearing rock) being under pressure and having fresh sup-
ply; they can be drained in a gravitational field. Their fresh
supply comes through the ground water from the local precipita-
tion, and by lateral water movement from the precipitation in
the mountain edge area; their natural drainage takes place

through évapotranspiration and lateral leakage.
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The subsurface water-flow is in general case a time-depen-
dent three-dimensional process taking place in a porous medium.

For the description of isothermal underground water-flow
different mathematical models are known, since different
authors consider different factors - in dependence of a given
case - as negligible from the general model.

The steps of the forming of the general model are:

- to define the general model of the complex hydrogeological
system composed from subsystems, which are in an internal
boundary condition-type interrelation;

- to form the mathematical model describing the flow processes
in the different subsystems;

- to determine the external boundary conditions concerning the
different subsystems, the internal boundary conditions be-
tween the different subsystems, the initial conditions and
the physical parameters; and finally

- to choose the numerical solution method of the mathematical

model.

3.2 Description of the hydrogeological model

The subsystems of a hydrogeological system are in a gener-
al case: porous subsurface aquifers (permeable layers), sepa-
rating or impermeable layers of lower or higher water perme-
ability between the aquifers, water-production or water-injec-
tion wells of the aquifers, rivers and lakes on the surface,
natural atmospheric effects, the artificial water-management-
interventions on the surface, and mining technologies.

The subsystems are very complicated in themselves, thus it
is necessary to simplify the system on the basis of different
assumptions.

The processes of the subsystems are three-dimensional,
time-dependent processes, thus the handling of the relations
between the subsystems is complicated, the computer capacity
necessary for the numerical solution and the computer technol-
ogy time increase exponentially with the number of dimensions.
Thus it is advisable to reduce the number of dimensions, if

allowed by the character of the task.
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The horizontal dimension of regional aquifers under the
surface is generally by several orders of magnitude greater
than their thickness, therefore in the aquiferous layers the
vertical component of water flow can be in most cases neglected
with respect to the horizontal component. Thus the practical
requirements can be fulfilled by the study of the water-bearing
subsystems in a two-dimensional field.

In the separating layers of lower or higher permeability
the water is not modelled in itself, but the process taking
place in them is considered as the internal boundary condition
of the hydrogeological system as a one-dimensional vertical
flow determined by the potential difference between the sub-
systems and the hydrodynamical parameters of the separating
layer.

W ater-production and water-injection wells can be taken
into consideration in regional analyses as surface sources or
surface sinks, respectively. The water level or water
yield of the wells depend on the regional potential and the
boundary conditions concerning the wells, what means the re-
cording either of the yield or of the potential of the well.

The subsystems of the processes resulting from surface
rivers, lakes, natural atmospherical effects, precipitation,
evaporation, underground capillary zones, interferences of
artificial surface water management, and mining technology are
not modelled. Temporal and spatial changes of the parameters of
the subsystems are taken as known, thus, with regard to the
total hydrogeological system, they are treated as the external
boundary conditions of the system.

The geological model of the hydrogeological system will be
modified by opencast mining activity, which should be taken in
the mathematical model as a boundary condition changing in time.
In practice the mining technology can be divided into phases in
which the hydrogeological model can be considered as constant
with regard to the modelling of water flow.

The general hydrogeological model is presented in Fig. 1,
the connection graph of the corresponding hydrogeological model

in Fig. 2.
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Vo' aquifer impermeable layer

------ water level refilled material

Fig. 1. Scheme of the hydrogeological model

The elements of the hydrogeological system are, according
to Székely (1973) and Kovéacs (1984), the following: aquifer
(porous rock of relatively high permeability with respect to
its surroundings and having either a free water surface (SR) or
a tense water surface (FR)) ; impermeable layer (rock with
relatively low permeability with respect to its surrounding
(ZR)); surface water reservoirs (rivers (F), lakes (T)); wells
(drilled from the surface (K) which can be in connection with
permeable or impermeable layers as well as with surface water
reservoirs separately or simultaneously; depending on the flow-
ing direction of the water they are either production wells
(TK), or injection wells (BK)).

The boundary conditions of the system are: yield or poten-
tial of the wells; potential of surface water reservoirs; in-
tensity of atmospheric phenomena (infiltration or evaporation
of precipitation on the surface); intensity and technical char-

acteristics of technologies on the surface (irrigation,
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ID - one dimensional model
3D - three dimensional model

Fig. 2. Connection graph of the hydrogeological model

opencast mining activity); characteristics of water flow in the

layers or of water yield; characteristics of rock displacement.

3.3 Description of the mathematical model

In the macroscopic elementary part of the hydrogeological
model shown in Fig. 1, the isothermal water flow is described
for a general case by the law of conservation of mass (Bear
1982, Aziz and Settari 1979):

dn A + div (5 v) +q =0 (1)
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where g = water density; d¢= porosity; t = time; v = seeping
velocity; q = intensity of volumetric water mass of
source/swallower.
Assuming that the porous system is completely filled up
with water and that Darcy's flow conditions are fulfilled, the
velocity v is:

\"

= £ grad (p + ggh)

(2)

where k = rock permeability; 4y = dynamic viscosity of water;

p = water pressure of pore; g = gravitational accelera-

tion; h = height potential.

Water density and porosity are in an isothermal case func-
tions of water pressure and effective rock stress, respectively,
hence the first term of relation (1) can be expressed as fol-
lows :

3(39) ae2 3)
Connection g (p) is known or can be determined for the given
water quality.

It is assumed that the vertical stress distribution ¢ °
is unidirectional and that under the effective rock stress Qz
the following conditions are fulfilled:

6 ° (x,y,2) =ez + p(Xx,y,z,t)
z (A)
6z = f9S (x.y.z) » g mdz
0
where Qs rock density (density of the water-saturated rock);
z = depth measured from the surface.

Assumed that gs and s ° are constant in a given place,
one gets:

(5)
9®z of
at “at
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by means of which connection (3) can be written in the form:

(* 3 (6)

The compressibility of the water is:

1 d9

9 dp =/S (7)

the vertical compressibility of the porous rock is:

al "*m <»>

Using these expressions relation (s) can be written in the form:
— =9 (fR +0C) (9)

where oc and & can be determined in case of a given sample
system by measurement or calculation, and the results can be
rendered probable with higher or lower accuracy for real re-
gional systems, too.

Relation (5) does not hold in cases where s ° cannot be
assumed to be constant due to larger rearrangements of stresses
caused by rock movements, which occur at different mining oper-
ations in a more or less negligible degree. In such cases it is
necessary to calculate the spatial porous rock displacements by
means of Kapolyi's equation (1981) for small, quasi-statical

deformation :
div ¢° + f = o, (10)

where f is the volumetric force density.

In the most cases of the practice the total stress tensor

o

s ° can be determined by assuming the validity of Hooke's law:

§° = 2-GmE + 3K « EO (11 )

where G = tangential modulus of elasticity; K = modulus of
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compressibility; E, EQ = deformation tensors.

The average deformation e is:
e =y div u (12)

where u = j ux, u”, uz } is the displacement vector. The con-

nection between the average deformation and the porosity is:
®- ®Q = 3e (13)

where the initial porosity of the system is ¢Q. By using the
relations (12) and (13) one gets:

=5(*e|| . Miyi). <H)

The solution of the equation set consisting of Eqs (1),
(2), (10) (11-14) provides in case of small, quasi-static de-
formations, the distribution of water pressure and rock dis-
placement of the individual layers, which represents in case of
the uppermost layer the surface rock movements (surface sub-
sidences) .

The analytical solution of the equation set is not known
for the general case, but approximating solutions of required
accuracy can be obtained by means of different methods of
finite elements or finite differences.

In the most cases of practice there is anyway no real
demand on the solution of the general model, since in case of a
given problem approximations and simplifications can be made,
the accuracy of which meets the demands of practice.

It was not the aim of this paper to analyze the numerical
solution possibilities of the mathematical model which describes
the water and rock movement phenomena taking place in the

hydrogeological model.
REFERENCES

Aziz K, Settari A 1979: Petroleum Reservoir Simulation. Applied
Science Publishers LTD, London



R JENEY-JAMBRIK and L BALLA 105

Bear J 1972: Dynamics of Fluids in Porous Media. American
Elsevier Publ. Co., New York

Exploration Report 1987: Environmental effects of 'Thorez'
opencast mine; Il. Mine Working Department of the
Technical University of Miskolc

Kapolyi L 1980: Journ. of Mining and Metallurgy - Mining, 113,
658-664 .

Kapolyi L 1981: Systems- and functional approach of natural
resources of mineral origin. Publication of the Academy,
Budapest

Kovacs Gy 1984: Importance and principle characteristics of
groundwater systems. VITUKI (The Research Center for Water
Resources Development), Manuscript, Budapest

Székely F 1973: Hydrological Review, No. 5, 229-234.






Acta Geod. Geoph. Mont. Hung., Vol. 25 (1-2), pp. 107-126 (1990)
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In order to find new ways of process control in mine water engineering,
a finite difference seepage model of two fluids in the reservoir rocks used
in the oil industry was modified to match the underground mining conditions.

One of the versions was tailored to simulate the dewatering of under-
ground reservoirs aided by gas injection.

The simulation model of dewatering aided by gas injection was applied
first to determine the possible ways/fields of applicating this method to
accelerate the dewatering process in low permeability reservoirs.

As a result of investigation the most characteristic situations ap-
peared and proved that the dewatering aided by compressed air is able to
accelerate the process under special conditions or by applying this method
in special new ways.

The simulation model of grouting was applied first for determining the
role of the density of the grouting fluids. This model also shows new ways
for process control.

Keywords: air injection; dewatering; finite difference model; mine
water; seepage; simulation

1. PRESENTATION OF THE MODEL

A short description of the special and unique solutions of
the applied model is given below.

The governing equations of the model are the Oarcy-law,
the principle of the mass continuity and the equation of state
for fluid systems. The applied differential equations are suit-
able to solve any kind of isotherm problems in reservoir engi-
neering. The number of phases, the dimensions of nodes and the

boundary conditions can be specified arbitrarily.

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest



108 ZS KESSERU et al.

1.1 Governing equations

The equation of a fluid system can be written as

m_o+ U0 Q c 03|t3 1)
where Ux - intrinsic velocity of phase x (vol/time)
Q - intensity ofsource and/or sink (vol/time)
C -compressibility(vol/pressure)
P - pressure
t - time.

The phase state at the end of the time-step is calculated
by wusing the pressure distribution obtained from Eqg. (1) (Coats
1967).

For each (i) liquid phase

U. S.
. Q - (2)
40 + n 5T
for the gas phase
sw S
plafl + i} (3)
are valid, where
Bi( Bg - formation volume factor
Rsw - gas volume dissolved in fluid (water)
Nptong " degree of saturation for water and gas
Qin> Qgn - fluid and gas flow rate for nodes under normal

conditions
[s9] - porosity.

For modeling the process of dewatering aided by compressed
air (by gas injection) the pressure of water phase is calculat-
ed implicitly and the terms depending on the degree of satura-
tion (as relative permeability, capillary pressure, etc.) are
determined explicitly (IMPES method). Significant stability and
time-step increment are reached by the implicit calculation of
the production from wells.

When discretising equation (1), the mass transport, the
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source and sink terms and the right-hand side can be handled
separately from each other throughout the simulation procedure.
The flow filtrating through the interface of nodes within

time-step At is calculated as

= A (Prswz Prswl * BX) (4)
T - specific absolute transmissibility
K - relative hydraulic conductivity
0. - viscosity
Bx = f(Pc, o ) formation volume factor
P~ - initial capillary pressure of time-step
g - mean initial density of time-step (depth-dependent).

The flow rate in sink nodes (production wells) is computed
by using the formation volume factor and the rate of dissolved
gas content of the adjacent nodes. The source term (injection)
depends on the PVP behaviour of the injected medium.

The volume change within the time-step is:

AV = V C AP (5)

where the compressibility C is phase- and pressure dependent,
therefore it can be calculated in an explicit way. The exponen-
tial functions of the fluid parameters and the changes of
phases are also considered in the calculations.

The difference equation of the mass equibalance of nodes

is written as:

Prswz © "2 7 rswz iAx - VtC =Q ve rswi ZA mB (6)
where x is the phase of water and gas.

The dependent variables of the differential equations
referring to the nodes which cover the area to be modelled, are
the final pressures Prsw of the time-step. Then the mass equi-
balance equations are written for each phase and the degree of

saturation is calculated by means of parameters PVT determined
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from pressure values.
For modelling the grouting process two liquids of differ-
ent /U and g should be applied. In this case pc = 0 and the

viscosities of the two fluids are regarded as constants.

1.2 The simulation programs

The modified version of the numerical model presented
above was used for the simulation of dewatering by gas injec-
tion. The program code called EASY matches the requirements
arising in the design and management of oil production for
everyday. An error of less than 1 percent in the calculation
of the mass equibalance is reached by means of modified IMPES
method. Full scale projects can be solved by computer IBM-PC.
As a result of extensions the components of yield (implicitly)
and the timestep At (automatically) are determined.

The evaluation of the results is simplified by the addi-
tion of postprocessor codes.

The following modifications of the program used in the oil
industry were applied to match the conditions of the given
tasks :

- The water production at maximum depression is advantageous
from the very beginning of dewatering. The calculation is
fairly sensibile in determining the time-step.

- The non-linearity induced by the relatively low water head is
to be considered. The limits of saturation and pressure
changes were restricted to 1 percent.

The initial input parameters required for running are as
follow :

- geometric structure of the network

- pore volume, porosity

- relative depth

- specific, absolute hydraulic conductivity

- degree of gas saturation (only for dewatering with compressed
air)

- hydraulic pressure

- capillary pressure (only for dewatering with compressed air)

- viscosity



SEEPAGE IN HARD RESERVOIR ROCKS 111

- density

formation volume factor.
The output list consists of data in tabulated form at the

desired simulation time. These are:

- separated and total yields of the production and injection
wells, the gas-water proportions,

- maps and profiles of isobars (water head) and degree of gas
saturation,

- collected data of the reservoir,

- lists of pressure and saturation data for arbitrary slices

and profiles of the network.

2. THE FIRST APPLICATIONS OF THE MODEL OF DEWATERING AIDED BY
COMPRESSED AIR

2.1 Reasons of using numerical simulations

New short-term dewatering technologies should be applied
to protect mining openings endangered by aquifers of low perme-
ability. In many aquifers a considerable volume of pore water
cannot be discharged in the roof of extractions by using either
some of the effective methods or the gravitational one because
of the energy level decrease induced by dewatering.

Dewatering by compressed air is a technique applied in the
civil engineering practice for a long time where underground
workplaces are open in aquifers with special conditions. Hope-
ful attempts and semi-pilot operations were carried on in
underground mining to extend the application of this method
over a larger field (Pera 1982).

Considering the widespread method of simulation for model-
ling physical phenomena, the preparation of a feasibility study
seemed to be useful by applying mathematical methods.

The question was whether the well-known technology could
be used economically under the circumstances of Hungarian deep
mining endangered by water inflows from roof-side aquifers. The
oil production by gas or water injection which method is wide-
spread and applied usefully, is prepared for a given reservoir

on the basis of mathematical modelling. These experiences
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provided the possibility of applying this program to the condi-
tions characterised by underground mining.

The question to be answered was: under what conditions is
the dewatering method combined with gas injection applicable

and economic.

2.2 Task to be simulated

A simplified model of dewatering the porous aquifer in the
roof of a longwall face was developed to illustrate the main
features of the dewatering method based on compressed air in-
jection. The filters are installed in the productive develop-
ments and the injection is carried on in the longitudinal axis
of the strip.

The aquifer situated horizontally was covered by simula-
tion grid of nodes of different size. A quarter of the network
is illustrated in Fig. 1. The aquifer with thickness of 15 m
consists of three slices. The total area (400x140 m) is de-
watered by means of 24 production wells. The initial water
yield of the production well is assumed as 300 m~/day which

decreases in a linear way in function of the depression incre-

ment .
22 = 500 m
23 =1250 m
24 =2500m
56 1213 17IE 19 20 21 column 25» 5000m
Sy mmet ry axis
(closed boundary)
0
D
[}
%
10.
row &)
1=250 m
12=500 m .
13=1250 m Open boundary « Production well
14*2500m a Gas injection well
15=50001 0 30 60 901207

Fig. 1. Scheme of network for simulation
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The parameters of the basic variant are listed in Table |I.

Several variants with some altered parameters and boundary con-
ditions different from the basic variant were investigated and
their results were compared with each other.

Table 1. Initial parameters for variant No. 1 of modelling the

drainage accelerated by compressed air

Simulated area: 10x10 km
Size of network (due of symmetry): 25 X25 X3 = L25 nodes
Thickness of aquifer: 15 m
Closed boundary at symmetry axes
Parameters of reservoir

porosity 0.1
permeability horizontal 100 nD
permeability-vertical 50 nmD
compressibility of rock 6.8 *10'5 (1/bar)
initial water head 17 bar
Parameters of phases water gas
normal density (kg/m?*) 1012.0. 1.0155
viscosity under pressure (cP) 0.95 0.0132
formation volume factor (BW) 1.022-3.15 « 10 * P 0.9693 « P
degree of gas saturation 0.0468 « P

2.3 Discussion and comparison of variants
The main features of the different variants are listed

below :
Variant No. 1:
in Table 1.)

total

(Parameters
wells with yield and -

supposed over

Basic version.

Horizontal

the simulated area (it is

Inhomogeneous sandy aquifer.

position. 5 production
with half of the production are
a quarter of the total
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area to be dewatered) (see Fig. 1). Water discharge without
compressed air. Degree of gas saturation is 100 percents.

Variant No. 2: Gas injection through four wells with a
yield of 100 m'Vday each. The injection is started on the 50th
day of the dewatering operation. Fully saturated water.

Variant No. 3: Inhomogeneous 3-layered stratum (horizontal
permeability values downwards from above are: 1, 10, 100 mbD).
The ratio between the vertical permeability values is the same.
Fully saturated water.

Variant No. 4: Same as variant No. 3 but the initial gas
saturation of the water is specified as zero.

Variant No. 5: Inclined aquifer with an angle of 20°.
Closed boundary along three sides. Single layer with permeabil-

ity of 100 nD (Fig. 2). Production wells without gas injection.

Variant No.5

Open boundary

Variant No.6
4=
>
2|
y» B
- 4— 'g
c
-L-
Open boundary T

* Production well
a Gas injection well

Fig. 2. Water head maps of inclined variants at a simulation time of
220 days in bars
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Variant No. s: Same as variant No. 5 but compressed air
injection through . wells at the upper symmetry axis.

The displayed and printed maps of the results of the dif-
ferent variants show the trends of the simulated processes. The
simulation of the aquifer with water saturated fully by gas
(Variants 1 and 2) hides the differences between the method of
dewatering by gravity and that of the production completed by
gas injection. The version with zero degree of saturation is
more suitable for comparison.

Comparing the variants the following conclusions can be
drawn :

- Some increment of water production occurs when gas injection
is applied. The rate of increment compared to the gravita-
tional method is less by 5 percents. (Comparable variants:
1-2 and 5-6, see Fig. 3.)

- The areal distribution maps of gas saturation curves prove
that the injected gas "escapes" at the upper part of the
horizontal layer and the compressed air is exhausted in the
water production wells.

Although a gas-front can be recognised in the lower
slice of the inhomogeneous multi-layered system, a permanent
water yield increase cannot be reached (Variant No. 3, see
Fig. 4).

- The vertical distribution of gas saturation is better in case
of Variant 4, where the gas front spreads towards the produc-
tion wells more slowly.

- The comparison of the pressure-time diagrams of Variants 3
and 4 illustrates the differences of the reaction of the
system to gas-injection. The pressure stabilizing effect of
the gas released by pressure increase is higher than the
pressure increment induced by gas injection. Therefore no
significant change can be seen on the pressure curve of the
regular node 1.1 from the 50th day of production. The pres-
sure change curve of the sink node (production well) shows
gas exhaust phenomena. The water not saturated with gas is
less compressible at the given low pressures and the start of

injection occurs significantly in the nodes near the gas
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Fig. 3. Change of water yield in different variants

Fig. 4. Degree of gas saturation of the upper slice after 200 days of gas
injection
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injection well (Fig. 5).

Variant No 3.

10 50 100 150 200 250
t, day

Variant No U

—— - Production well

——— Regular node between iniec-
tion and production wells
— ¢— Regular node 11

Fig. 5. Pressure in different nodes

As a result of simulation of Variants 1-4, one can con-
clude that dewatering by gas injection has not been proved to
be an effective technology in case of special stratification of
horizontal layers either. The injected gas is exhausted towards
the production well in the upper part of the aquifer to be de-
watered. The phenomenon takes place because under low pressure
conditions the parameters for the water and gas components are
different in order of magnitude. This phenomenon is proved by
the experience according to which the compressed air outburst

in the water production well is not caused by the improper
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realization of the technology, but it can be derived from basic
physical principles.

On the basis of the mentioned consideration an inclined
part of the aquifer without water recharge was investigated
(Variant No. 5). Gas injection at the top of the layer in-
creased the velocity of dewatering, however, a characteristic
yield increment did not occur. These boundary conditions are
most similar to the problems of hydrocarbon reservoirs. In the
Hungarian coal mining practice, however, special geological
conditions like this exist very rarely. Moreover, the detection
of the tectonic blocks without recharge requires more expensive
exploration to make decision on the proper dewatering technolo-

gy (i.e. with or without gas injection).

2.4 Conclusions on the applicability of dewatering aided

by compressed air injection

On the basis of the results of simulation modelling and on
that of the experiences we can conclude that the numerical
model applied is suitable for the simulation of dewatering by
gas injection. The phenomena observed in the practice could be
matched qualitatively by simulation. However, the model verifi-
cation of the actual data measured on the site has not been
carried out. A model calibrated to the data observed is a suit-
able tool for the practical design tasks with acceptable ac-
curacy .

The application of the conventional way of dewatering by
gas injection seems to be realistic even under advantageous
hydrogeological conditions. This is the possible utilization of
the spontaneous and local liquefraction of the sandy reservoir
due to air intrusions through the water drainage wells, because
these spontaneous air intrusions may form channels which serve
as extended drainage tools in the low permeability reservoir
(Pera et al. 1986). This spontaneous process should be regu-
lated and utilized to accelerate the dewatering process. This
will be the next step of our research in order to find new ways
of the process control by utilizing the regulated interactions

between the gas phase and the liquid one.
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3. FIRST APPLICATIONS OF THE GROUTING MODEL

3.1 Tasks to be solved and the model

The applicability of the model was checked qualitatively
first by modelling well-known conventional situations of grout-
ing by injection wells. The next task was to analyse the influ-
ence of the density of the grouting slurries/fluids and that of
the extension of the grouted zones under different reservoir
rock conditions.

Taking into consideration the tasks outlined above the
model and the proper node-network were created as presented in

Fig. s .

The 3D network of 1800 nodes allows us to match even
quasirealistic situations.

The following situations were modelled:
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Fig.
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Injection into a homogeneous reservoir through all of the
wells by using conventional cement slurry of constant viscos-
ity. lhis fits real situations when the solidification of the
grouting slurry is retarded by using proper additives. Ihis
well known process can be compared with the experience and

with additional solutions ( Fig. 7).

P=const.

Section: Closed boundary

Fig. 7. The propagation of the grouting slurry (Variant 1.)

The next group of situations were related to the possibilities

of process control by the regulation of grouting slurry
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densities.
Light slurry ( Q= 800 kg/m5) injections into the lowest

layer (for four days) were modelled and after stopping the
injection the slurry was let to filtrate freely (by gravity)

under different reservoir properties, namely:

- homogeneous reservoir of medium conductivity (Fig. s)

P=const.

Fig. 8. The extension of the grouting slurry (Variant 2.)
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homogeneous reservoir of high conductivity (Fig. 9)
extra-high conductivity zone (faulted zone) in a medium

conductive homogeneous reservoir (Fig. 10).

P=const.

Section :
Closed roof

Fig. 9. The extension of the grouting slurry (Variant 3.)
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Cross section through the extraconductive fault

Fig. 10. The extension of the grouting slurry (Variant 4.)

3.2 Discussion and comparison of the grouting variants

Only one of the output parameters, the propagation of the
grouting slurry is presented in Figs 7, s, 9 and 10. The iso-
lines represent those stages where 80 percents of the whole
pore volume is filled with grouting slurry.

The most important comments are only listed below:

- In cases of medium permeable (and quasi-homogeneous) reser-
voirs the role of the grouting slurry densities may be con-
sidered negligible (Figs 7 and s).

Consequently, the well-known analytical solutions can
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also be utilized for the simplest boundary conditions.

- The role of the density of the grouting slurries is not
negligible in case of reservoirs of high permeability.

- The self-movement of the slurry governed by the density dif-
ference can be utilized practically for process control in
karstified reservoirs where extra high conductive zones
exist.

- Based on the results of some modelled situations the model
seems to be applicable even in a wider area, namely
- for back analyses of the recorded parameters of grouting

operations to determine the qualitative features of the
reservoir in the grouted zone,
- for the. selection of the proper grouting strategy under
different situations.
As the first practical result of the model studies some
new ways of grouting were found which should be patented.
The model is planned to be developed for the simulation of

grouting under changed viscosity of the grouting slurry.

4. SOME FINAL CONCLUSIONS

By adopting the numerical simulation technigue EASY for
modelling the seepage of two different fluids in hard reservoir
rocks some useful tools have been realized matching two kinds
of processes, namely

preventive drainage of the reservoir rocks aided by compres-
sed air and

grouting the pores/fissures of the reservoir rocks by injec-
tion of slurries.

The first versions of the models were applied for "para-
metric studies". As a result of these studies some important
practical conclusions were obtained. The most important ones
are :

- The applicability of compressed air to accelerate the drain-
age of a water reservoir is limited to the inclined reser-
voirs of closed upper boundaries.

- The governing forces of the grouting process strongly depend
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on the rock permeability parameters; namely

- in the reservoirs of low or medium permeability the main
force is the injection pressure,

- in the reservoirs of high permeability two governing forces
should be taken into consideration, namely the injection
pressure and the density difference between the grouting
slurry and the water.

By utilizing these two governing parameters new patent-

able ways of groutings were developed.
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From the point of view of mechanical behaviour limit con-
ditions of rock-plasticity and -deterioration are of special
importance, since without exception with regard of all stabili-
ty problems (stability of slopes, cavities, pillars, etc.) the
primary question is at which safety factor the condition of
rock environment will near plasticity or deterioration Ilimit
conditions.

In the case of a quasistatic load, the plastic limit con-
dition represents at a general stress condition the initial
stage of plastic flow and the end of elastic response, respec-
tively. The limit condition of deterioration means the initial
stage of deterioration and the end of plastic flow. The
mechanism of evolution of both limit conditions is similar,
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therefore it is practical to treat them jointly. In the case of
loose, grained rocks, the limit conditions of deterioration and

plasticity cannot be separated, because they coincide.

1. LABORATORY INVESTIGATIONS

The different triaxial tests allow a comprehensive cogni-
tion of rock-characteristics. Those laboratory tests are called
triaxial compression tests in which rock specimens are exposed
to principal stress loads with h o >CE NN sy N N
During laboratory tests stress conditions can be approximately
adjusted which have loaded the rock in the earth's crust in its
in-situ condition which allows us to study the characteristics
of the rock nearly in the same conditions as the natural state.
This emphasizes the special importance of these tests.

The first triaxial tests were carried out by T Karman in
the year 1911 on cylindrical marble specimens of Carrara with
axial-symmetrical principal stresses where i 0 > g2 = 63 > 0.
These tests carried out under axial-symmetrical load have got
the name: "triaxial test"; they are called today traditional
(conventional) triaxial tests. Tests carried out with principal
stresses, where ¢ i o > t o >63 ™ o, i.e. the most uni-
versal tests are called polyaxial tests, with principal stresses
and those with principal stresses 6™ / o ss2 A~ N 5 @3 = AN
are called biaxial ones (Bieniawski 1969, Cook 1967, Crough
1971, Denkhaus and Bieniawski 1968a, b, 1970, Vutukuri et al.
1974) .

Triaxial tests of proper sense have developed also is
several methods; these are tests
- with axial and mantle compression (s”, s = 6s3) loads

(conventional tests);
- with axial and mantle compression plus pore-pressure

( , 652 = , p) loads, and
- with axial tension and mantle compression loads (s > o0;62=
=6h > o).

Tests carried out under pore-pressure have contributed in
a high degree to a more profound knowledge of internal resis-

tances of the rocks. Tests carried out with mantle compression
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and axial tension, called triaxial tension tests, have contrib-
uted as well in a high degree to the more accurate determina-
tion of limit conditions (Somosvari 1986, 1987, Somosvari et al.
1984, 1985).

A conventional triaxial test characterized by the stress
condition 6. = can be more accurately specified as a
triaxial compression test, because after adjustment of a smal-
ler mantle compression = 6" = const, the test will be
continued with increasing axial compression stress s 4 up to
the fracture, while the specimen is continuously exposed to
compression.

A triaxial test can be carried out also in such a way that

after adjustment of a high mantle compression 2 =1 =
the axial compression stress s is reduced, till deterioration
ensues. While reducing the axial compression stress, the spec-

imen is exposed to extension, therefore this type of test is
called triaxial extension test (Jaeger and Cokk 1969, Somos-
vari 1986, Vutukuri et al. 1974).

Thus four different kinds of triaxial tests of proper
sense can be defined. But all of them have one common charac-
teristics namely the axial symmetry of the stress condition.

A test with extension (s” = fjj) means a triaxial tensile
test when 63 < o.

Results of conventional triaxial compression tests
(e>2 = 6j) yield only one section of the deterioration stress
surface in the plane where 2 = ~3 ¢ More generally situated
points of surface are still unknown. The cognition of these
unknown factors is assisted by biaxial and poliaxial compres-
sion tests.

In polyaxial and biaxial compression tests cubiform, or
prismatic specimens are exposed to loads where 6, / o2 ~nr3 >N
and &i t «2 >0 = 0O respectively. Polyaxial and biaxial
compression tests are carried out mostly to determine rela-
tions of principal stresses causing deterioration.

A triaxial tension test can be made by a triaxial cell
where there is a possibility to axial tensioning of the speci-

men. In the case of a test with mantle compression
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e1 = e2 = const, the axial tensile stress (s3 > o) is in-
creased up to the fracture of the specimen. Results of these
tests show that in the case where the mantle compression is not
high ~ P~tl ' 3 sPeci-men mac)e of solid rock fracture
at the tensile stress 63 = -s” obtained in a uniaxial tensile
test (Jaeger and Cokk 1969, Schwartz 1964, Vutukuri et al.
1974).

Using results of triaxial extension tests in the system

6) > 63> "the relation of the principal stresses at the time of

deterioration is described by the curve shown in Fig. la. Here
s ™ means the biaxial compression strength belonging to the
stress condition of ¢ =0, 50 = 6~ m The same compression

strength appears in extension-compression tests and in biaxial

tests too.
Characteristic curves and lines resp., of triaxial tensile,

triaxial compression and extension, and biaxial tests for sake

triax. stretch

Fig. 1. Characteristic stress conditions of rocks causing deterioration,
obtained by triaxial and biaxial tests
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of comparison are shown together in Fig. 1. In this figure 6

represents the tensile strength, &c the wuniaxial compression
strength and s~ the biaxial compression strength. Important
facts are > sc and for the directional tangents of ex-

tension and compression lines tan B >]1.

Polyaxial, triaxial and biaxial load-tests prove unambig-
uously that the compression strength of rocks is essentially
determined by " and 67, i.e. by the maximum and minimum
principal stresses, but at the same time the middle principal
test 62 has also a not negligible role in the evolution nf the

actual strength and deterioration, respectively.

2. PLASTICITY AND DETERIORATION LIMIT CONDITIONS NOT APPLICABLE
TO ROCKS

In this section generally accepted limit conditions shall
be dealt with which are in use nowadays in mechanics.

In the case of bodies of an elastic-plastic nature it is
very important to determine at which threshold value plastic
yield begins in general stress conditions. This is described
by the plasticity or yield condition. In a uniaxial stress con-

dition this is
V=6 -Sy =0

If f < 0, the material is in elastic condition.

In the marginal case at the moment when plastic yield
begins, the Hooke-rule is still valid, thus deformations can be
unambiguously expressed by the stresses. It follows that the
yield-condition may be also expressed by means of the six
stress components characterizing the stress condition. These

components are the elements of the stress tensor

(6 y Gy’ 62,,1 Xy’ Zyz’

The yield condition must be independent (invariant) of the

situation of the coordinate system, thus the function f must
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be a function of the invariants of the stress-tensor.

In the case of uniaxial compression and tension of struc-
tural metals, yield points are to be taken as equal &y =6yt
But tests prove that no plastic deformation occurs in hydro-
static stress condition ( = 6_ = ") howsoever high the
stresses may be. This means that the spherical stress tensor
expressing the hydrostatic stress condition has a negligible
role, i.e. the yield condition is pending on the invariants of
the deviator-tensor.

According to Huber-Mises, the plasticity condition can be

expressed with the second deviator invariant as below

where Ty is the yield point in the case of pure shear load.
In a system of coordinates with its axes coinciding with

the principal stress directions

m, =1 1(8 - 62)2 + (62 - 63)2 + - ea3)2! -Ty =0

In accordance with Hubert-Mises the plastic state occurs
at a point being in a general stress condition when the second
invariant of the deviator-tensor of the stress-tensor attains
certain limit value.

Hencky has shown (Jaeger and Cokk 1969, Kaliszky 1975)
that in a point being in a general stress condition the specif

ic value of labour expended for deformation is equal to

h
2G

where G is the modulus of rigidity. Therefore the plasticity
condition mentioned above may be also interpreted so that the
plasticity condition arise, when the specific deformation
labour attains a certain limit value. This is the reason why
the above plasticity condition is called also as Huber-Mises-
-Hencky (HMH) plasticity condition.

The HMH-plasticity condition is determined in Fig. 2 by a
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Fig. 2. HMH-deterioration-condition on the plane s -X

band in the plane 6 , X the width of which is 0.13 Ty.

Material is in plastic condition when the standard Mohr-circle

(65 - 5-j) characterizing the stress condition is tangential to
the straight line parallel to the axis e in the band men-
tioned. The straight line is defined by .

Thus the HMH-plasticity condition is to be applied with
materials (e.g. with steel) for which the yield point is the
same at uniaxial compression and tension.

In accordance with Tresca's plasticity condition the
plastic condition of material occurs when the maximum shearing
stress attains a value where pure shear load yield takes place
(Fig. 3). Tresca's plasticity condition is (Jaeger and Cokk
1969, Kaliszky 1975)

V = (sy - 63) - 2tF =X0

Fig. 3. Tresca's deterioration condition on the plane 6 -X
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In the cases of uniaxial compression and tension plasticity
conditions are the same what means that the Tresca's plasticity
condition can be only applied with materials, for which the
yield point is the same at uniaxial compression and tension.
Tresca's condition does not take into account the effect of the
middle principal stress (s2)- Oue to the fact that the middle
principal stress has in the HMH-condition no significant effect
(13 percent), therefore the HMH-condition does frequently sub-

stitute Tresca's one. In the case of

62 = 0.5 (s1 + 5 3)

HMH and Tresca's conditions are the same.

With materials where the yield stress of compression and
tension are essentially different, neither HWH nor Tresca's
condition can be applied.

Naturally, the HMH and Tresca's conditions show not only
in the plane 6, T essential differences against measured
results of rocks, but also in conditions of triaxial compres-
sion, triaxial extension and in biaxial state, too.

The HWH limit condition results both at compression

(s2, b2 =s3) and at extension (s = , 63) in

61 =63 +VTSXY

In a biaxial stress condition (s-j, s2? 63 = 0) the result

(61 - 62)2 +6162 = 3Xy

which formula is the equation of an ellipse having its centrum
in the origin, the axes of which encompass angles of 45° with
the axes s ", s2 and its half-axes have a size of Ve Xy and
\i2 Ty) resp.

Significant differences of the HMH condition against mea-
sured results of rocks are shown in Fig. 4.

Tresca's limit condition leads both at compression



theoretical

== = measurement
result

Fig. 4. Comparison of measured results obtained in deterioration-stress condition of rocks and
HMH-plasticity condition

NOILYHOIH313a AW ALIDILSY1d MO0d
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(s, 6, = 6-,) and at extension (6 6j) to the result
6, =6, . 2Ty
In a biaxial stress condition (64, >s3 = 0) the result
is
6, = 2 TY

Essential differences of Tresca's condition against mea-
sured results of rocks are shown in Fig. 5.

Measured values prove that limit conditions according to
HMH and Tresca are even approximately not applicable to
describe limit conditions of rocks.

In the case of the HMH-condition misunderstanding may
arise as it can be formulated that the plastic limit condition
occurs when the specific deformation labour cumulated in the
body attains the value Ty/2G. In this formulation it seems
entirely clear that the plasticity condition dealt with would
be valid for all elastic-plastic materials alike. This is the
reason why researchers standing on the basis of an energetic
view recommend to apply this plasticity condition in the case
of rocks, too. But exactly the above comparative investigations

show that this point of view is incorrect.

3. APPLICABILITY OF CRITERIA BY MOHR AND BY MOHR-COULOMB TO
ROCKS

Granular materials, as loose, grained rocks can transfer
only compression and friction forces to each other on contact-
ing points of the grains. Grains may glide as compared to each
other when the friction force attains a certain limit value.
The friction force is in relation - in accordance with the
Coulomb-law - with the compressive force perpendicular to the
surface. Therefore the connection between the shear-stress and
the normal stress in the grained heap is in the plastic yield

condition as below

W |=s"tan ¢



--theoretical

== == measurement

result

Fig. 5. Comparison of measured results obtained in deterioration-stress condition of rocks and
Tresca's plasticity condition
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where ¢ is the internal friction angle of the granular heap.

Plasticity and deterioration conditions are as follows
(Kaliszky 1975, Kézdi 1972):

¥ = gl 1 i i ?ilnmd):el - 63 tan (45U + ,

In accordance with the plasticity condition by Mohr-
-Coulomb, the grained heap is in plastic condition when the
maximum shear-stress attains a definite fraction of the average
of maximum and minimum principal stresses. According to Mohr's
theory the middle principal stress (62) has no influence on the
plasticity threshold.

In the case of granular materials, where small cohesive
forces are also acting at contact points of the grains, i.e.
with loose, cohesive rocks, the connection between shear
stresses and normal stresses in the yield condition is approxi-

mately
IT|= Cy + 5tan 6=0

where Cy is the yielding cohesion. The above condition can be
represented in the coordinate system 6 ,T with two straight
lines inclining at an angle of ¢ , which cross the axis T at
a distance -Cy and the axis f at a distance Cy cot ¢ . But the
above equation is only valid, when 6=0.

At loose, granular rocks plastic and deteriorated condi-
tions coincide as neither cohesion nor a yield point exists,
and the relation X - 6 is described by the limiting straight
line V =6 tan ¢ . This limiting straight line is derived by
deduction, has a concrete physical content, thus it is a physi-
cal law. But the plasticity limit straight line

T= Cp + 6tan

which is valid for loose cohesive rocks is no law, but a good
approximation to it.
Mohr's deterioration theory states that if on the plane

6, T stress-circles of maximum and minimum principal stresses
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are plotted which belong to different stress conditions caus-
ing fractures, then these circles have a common enveloping
curve, the form of which depends on the material. But a com-
mon envelop is possible only in the case when the middle
principal stress ( 82) has no influence on the two extremal
principal stresses causing fracture ( 649, 63). Thus an es-
sential supposition of Mohr's limit condition is that the
value of the middle principal stress has no influence on the
fracture.

However on the contrary results of triaxial compression,
triaxial extension and of biaxial and triaxial compression tests
prove unambiguously that in many cases the middle principal
stress has an essential role in deterioration, although deteri-
oration is basically determined by the two extremal principal
stresses. Therefore it is obvious that Mohr's deterioration
hypothesis may be used for rocks only in a rather rough approx-
imation.

The approximation can be essentially improved when Mohr's
deterioration condition is modified as follows. If the middle
principal stress 62 = 6" - a(6 - 63) is located at the same
place (i.e. a = const.) within the interval s5{ - 63, with
0 = a = 1, the stress circles determined by the maximum and
minimum principal stresses of the stress condition causing de-
terioration have a common envelop. This envelop is varying with
changes of 62-

In compliance with the statements above, the Mohr-Coulomb
deterioration hypothesis may also correctly determine only in a
modified form the deterioration condition of rocks. Notably at

s N o

Y= - 63 tan2 (45° +|) - 6C (62) = 0

If 62 =63, i.e. a =1, then 6C (62) = 6C

Y= 6, - 63 tan2 (45° +]) - 5C =20 |,

if 62=6,, i-e. a = 0, then 6c (62) =6cb > 6C
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y- 6] - 63 tan™ (45° + T|) - gjgp - O -

The above relations are supported by results of measure-
ments of triaxial compression and triaxial extension tests.

Thus if a linear deterioration or plasticity limit curve
is used, then it is not for the reason which is found frequent-
ly in the literature - that this is the most simple limit
curve, but in the range of compression loads results of tri-
axial (compression and extension) measurements yield frequently
such a character.

The minimum strength is obviously determined by conven-
tional triaxial compression tests and it is a neglection on the
side of safety if the condition (which is only valid when

62 =6j)

y =61 - 63 tan2 (45° +f) - 6C =0

is used also in cases when C2 ” 63-

4 . SPATIAL DEPICTION OF LIMIT CONDITIONS OF PLASTICITY AND
DETERIORATION; CONCLUSIONS

From the point of view of computer-technics it is more ex-
pedient to formulate limit conditions in the spatial system of
6-|, &' 63+ Tresca's limit condition is depicted in space by a
cylindrical surface of symmetrical hexagonal meridian with axes

= 62 = ‘ The condition by Huber-Mises-Hencky is
depicted by a circular cylinder surface with axes 6" =62 = 63
The limit condition by Mohr-Coulomb is depicted as a conic sur-
face with hexagonal meridian. All the three surfaces are shown
in Fig. 6 (Jaeger and Cokk 1969, Kaliszky 1975).

In the following some general limit condition are dealt
with which may be brought up in case of certain rocks.

Griffith's deterioration critérium has been improved by
Murrel extending the two-dimension investigations to three
dimensions (Jaeger and Cokk 1969). In the space system of ,

©, "3 ‘the deterioration is depicted by a paraboloid having a
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Fig. 6. Spatial representation of plasticity and deterioration conditions

straight axis of (s = 6" ~63) and it is enveloped by a pyra-
mid developed of respectively perpendicular planes with

6l =-6t, 62 =" 6t, 63 = - 6t -
Edges of the pyramid 6" ~ 63 = _6t are tangential to the
paraboloid. The equation of this paraboloid, i.e. Murrel's de-

terioration condition or let us say Griffith's improved one is

as follows (Jaeger and Cokk 1969):
(6, -63)3+(62-63)2+ (6, -62)2-245t (6)+62+63) =0
It is worth studying this deterioration condition in re-
markable stress conditions. In traditional triaxial tests by
substituting 62 = 63 the deterioration condition is:

(61 - 63)2 - 12 6t (61 + 263) = 0

i.e. a parabola, the tangent of which has a directional tangent
at 63 =0
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dr/dOj = 4, 61 = 6c = 12 6t o

In triaxial extension tests with substituting 6| =62 the

deterioration condition is

(6, - 63)2 - 12 st (261 + 63) = o

i.e. a parabola, its tangent has a directional tangent at
63 = 0

ds,/d 6 3 = 2.5; 61 = 24 6t

In a biaxial stress condition after substitution 6- - o,

the deterioration condition is
(62 - 5, 62 +62) - 12 et (s, *+62) = o
i.e. an ellipse, the tangent of which has a directional tangent

at 62 =o, d 6j/d62
61 = 62 in the point 61 =62 = 24 6t, if 62 =0, 61 =6C =

2. The ellipse crosses the straight line

= 12 Sf
Finally, if 62 = 0.5 (ei + 63), the deterioration condi-

tion is
(C1 - 6r3)2 - 24 6t (61 + 63) = o

i.e. a parabola, which gives a value of 61 = 24 6t at 63 = o,
i.e. in biaxial stress condition.

Curves complying with Murrel's deterioration criterion are
shown in Fig. 7. Murrel's criterion approaches the discussed
measured results at notable stress conditions

62 ~N3’ AL # -~ 025 63; 63 = bj 64i 62

and by this the conditions of deterioration in the spatial
system of 57, 82> 631 but its applicability is very limited
due to the quotient of compression strength to tensile strength
fixed by the value 12.
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In Fig. 7 are presented also the three remarkable plane
positions enumerated above which are sectioning the three re-
markable curves.

Murrel's condition in the spatial system of 6, > 63 is
depicted in Fig. 8.

Fig. 7. Characteristic curves of Murrel's deterioration condition

Fig. s . Spatial representation of deterioration conditions by Murrel and
by Drucker-Prager
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A generalized form of the limit condition by Mohr-Coulomb
in the spatial system of 6%, 62> 63 is the condition by
Drucker-Prager which is depicted as a circular cone in the
system , 62, 63 (Fig- 8) (Desai and Abel 1975).

lhe limit condition by Drucker-Prager is (Desai and Abel

1975):
0
where |- - is the first invariant of the stress tensor,
Ip2 - is the second invariant of the stress-deviator
tensor

oG] >d2 - are constants.
It is to be noted that in the case of = o, the
Drucker-Prager condition is corresponding to the HVH one.
lhe Drucker-Prager condition expanded in the system of
principal stresses is

V =oCl (61 + 62 + 63) +

lhe parameters o and o2 can be determined using mea-
surement results of triaxial compression and extension tests.

In the case &2 =63, i.e. in triaxial compression tests:

Further at &3 =0, 5, =6

, thus

lhus the Drucker-Prager condition is

Expanding after reduction
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the above result is obtained. The directional tangent of the

straight line is:

V3 - & o,
. - = B*
V3 + 3 A
From where
V? (B - 1) - 1)
! - 2) Vs (B + 2)

With this substitution the Drucker-Prager condition is
Y= - Bdp - 1) I, +\ft Bp + 2) \102 - 3 6¢c =0 ,
or after expansion

Yy = -(Bdp - 1) (61 + c2 + 63) +

N

+ Bp+2)" K6, -d2)2+ (62-63)2+ (63-6,)2;2-36C=o0
if 62 =64>i.e. in a triaxial stress condition of extension
V= -(Btp - 1) (261 + 6j) + (Bp + 2) (6] - 6j) - 36¢Cc = o0

3 2B + 1
where
Bdp

The above equation could be interpreted theoretically in
case of 1 = Bip <4. Practically the area of interpretation is

narrow or because

at Bdp= 1( p=0°) 6l=6¢c +63 =6¢Cb ‘63
at Bp= 2 (g= 19.5°)61= 1.56Cc +2.5 63 =6¢cb +2.56J
at Bop= 3 (b = 30°)61 36¢Cc + 763 =6¢cb + 763

At Bd = 3, the Drucker-Prager condition can be never applied,
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because on the one hand the biaxial compression strength is

6

36¢c, on the other hand the 7 directional tangents are

too high and their values are not confirmed by results of mea-

surements .

applied

is in

Thus the deterioration condition by Drucker-Prager can be

in the interval where 1 = Bp = 2 (0° =¢ = 20°), that

the case of loose rocks and soils.

The narrow area of applicability is supported by the

arrangement belonging to the Grucker-Prager condition on the

plane
shown
ellipse

6, & in biaxial test condition of 67, 67, 6 =0
in Fig. 9. The plane section of the circular cone is an

at Bp = 1; 2 or 3, a parabola at Bdp =4 or 5, and a

hyperbola at Bd= 6. Gnly at Bh & 2 (= 20°) the Orucker-

-Prager

ments,

Fig.

9.

condition yields a result complying with the measure-

therefore its applicability is very restricted.

Characteristic curves of deterioration condition by Grucker-Prager
in biaxial stress condition
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5. PROPOSAL FOR A PLASTICITY AND DETERIORATION CRITERIUM OF
ROCKS SUITED FOR EXTENDED USE

Based on measurement results and theoretical investiga-
tions demonstrated above the following facts can be stated:

- criteria perfectly describing plasticity and deterioration
limit conditions of rocks for wide ranging use are not
available in the literature,

- however with adequate modification of the Mohr-criterium, a
critérium closely approximating measured results can be de-
veloped .

It is useful to introduce besides the hitherto current quotient

B =6c/6_t (Brinke-number) an another quotient = 0b> B

too, since these quotients can be easily determined by measure-

ments .

The results of measurement and theoretical investigations
show that in the range of tensile load (6 < 0) the limit curve
is a parabola on the plane 6,T , therefore the Richter's
parabola (Mészaros 1986) is generalized as follows. In the case
of 62 =6j, the deterioration limit curve can be described as

T2 =6t (\/m - o2 (6t +B)
In the case of ~ the deterioration limit curve is
t2 =6t (MBb + 1 - )2 (6t + 6)

The limit condition of deterioration based on the above
develop on the plane as below:

at 6, 63, 63 = -6t if 6, < 63 [1+0.5 (VB + 1 - 1)2

In the case of B = 8, the deterioration condition by Griffith
is the result .

At 62 =6, . 63 = -6t if 61 < 63 1 +0.5 (\/Bb+1-1)2.

Consequently, this description is based on the fact that

the tensile strength (6".) does not depend on the middle princi-
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pal stress (€>,), since in the case of a tensile load, the in-
ternal friction mechanism which might cause a deviation, does
not work.

In the range of compression stresses (6> o), the limit
curve is by the evidence of measurements in most cases nearly
linear. On the a , K- plane for the limit line of deterioration
it is dictated, to tangent the fitting circle of the apex of
the parabolic limit curve and the Mohr-circle of biaxial com-
pression strength.

In the case of 67 =63 fitting circles at the apex of the
parabolic limit curve is the Mohr-circle determined by princi-
pal stresses

&3 = -6t and 6 0.5 6t (yB +1 - 1)2

With the Mohr-circle of the uniaxial compression strength

®3 = = GCc. A tangent straight line to both circles has
the form

This straight line is tangent to the two Mohr-circles if

2

By tan B - 0.5 (Vb + 1 - 1)2
Thus the condition of deterioration is, if
?1
61 > 63 [I + °5 (VB + 1 - 1)
then
B-05 (VB +1-1)2 5,-6_ =0
In the case of = 5" on analogy of the above
r .
1)2'
then

61 - LBb - °-5("Bb + ' - ~ 2J 63 - scCb

1]
o
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If the diagrams indicating the results of biaxial tests,
or those of Murrel's deterioration conditions regarding biaxial
stress condition are observed, it is experienced that the
strength in a biaxial stress condition (63 = 0) changes
approximately according to Fig. 10. When 6" = 0> & = ®c’
then the strength is linearly increasing up to 6cb, which is
reached at the value o.5 (6 + 6,). In the interval
0.5 (61 + 5-)) =62 = the strength 6cb remains constant.
Thus the deterioration condition being valid at 6" = 6" may be
extended also for this interval.

Fig. 10. Deterioration stresses characterizing rocks in biaxial stress
condition

Further the deterioration limit condition valid in the

interval of

63 =62 = 0.5 (61 + 63)

if &3 = - et 6, > 6, I1+ 0.5(VK + 1 - 1)2J , then

(scb - 6c) (50 -5

V=6i -— 1.5 Tby-nhy Bb - 0.5 (vBb +1-1)1 & - 6, =0

where, following from the proportionality

r (Bh - 1) (67 - 63)1
B=Bl1% r.rre, - 63 |j
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at 62 =ftJ = B and at &2 = o0-5 (64 + 63) = Bb-

In accordance with that on the 6 , T plane the zone
shown in Fig. 11 describes the limit curves of rocks. Within
this zone, the limit curve is determined by the middle princi-
pal stress 6 2- To this corresponds the limit curve on the
plane 6J - 63.

Fig. 11. Deterioration limit curves according to Mohr's modified
deterioration condition
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ROADWAY STABILITY INVESTIGATIONS BY PHYSICAL AND MATHEMATICAL
MODELING

Gy Gajari

Veszprém Coal Mines, H-8201 Veszprém, Budapesti u. 2, Hungary

The possibility of supporting roadways by dowels driven in low-strength,
plastic rock (bauxite) was investigated. Notwithstanding that the investiga-
tions served practical purposes, the theoretical problems of stability came
more and more into prominence. This paper presents the results of physical
model experiments and sums up the aspects which are important regarding a
numerical model to be developed.

Keywords: Bakony Bauxite Mines; dowel support; mathematical modeling;
physical modeling; steel arch support

1. THE SUBJECT OF INVESTIGATIONS

The stopes of bauxite are located at the depth of about
300 m in the mines of Bakony Bauxite Mining Company (Bakonyi
Bauxitbanya Vallalat, Tapolca). A typical roadway is supported
by steel arches (TH-arches) as shown in Fig. la. The mechanical

contact between the rock and a Swellex type dowel is provided

Fig. 1.

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiadé, Budapest
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by friction along its entire length. The length of dowels is 3 m
The wuniaxial compressive strength (C ) of the bauxite is be-
tween 3 and 5 MPa, the angle of internal friction (f) is 20°.
The costs of floor dinting and reparation are high, because the
roadways are located mostly in the zone of shifted pressure
caused by stopes. The magnitude of vertical and horizontal
convergence varies between 1 and 2 m. Preliminary investiga-
tions by Everling-type digital modeling showed that the pres-
sure (around the roadways located close enough to stopes) is
three or four times higher than the pressure prior to mining.
The Mining Company wants to apply dowels as main supports and
partly as additional ones, thus the study of the following
problems was decided as investigation target:

1. Comparing the dowel support with the steel arch support ap-
plied previously in order to clarify which support is more
advantageous in respect of roadway stability.

How the two types of support operate?

3. Do the low strength and the plasticity of bauxite limit the
applicability of dowels for supporting independently the
roadways?

4. What are the most important aspects for developing a

numerical model for sizing a system of dowels?

2. THE IMPORTANCE OF PHYSICAL MODELING WITH RESPECT TO THE
GIVEN PROBLEMS

The method of physical modeling seemed the best for start-
ing the investigations in every respect. The success of solving
the problems depends on the cognizability of the nature of
mechanical processes around the strongly loaded roadway. The
best for this purpose is the physical modeling, because the
constitutive laws of a physical model with the same physical
nature as the real object are automatically valid, and so it
can be considered equivalent to the studied real object, at
least qualitatively, from the viewpoint of observation. At the
same time the laboratory conditions enable the reproduction of

tests and give an easy way of observation as well. Neither in
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situ measurements and observations nor other models (e.g.
photoelastic or numerical models) can give possibilities of

these kinds.

3. PRINCIPAL PARAMETERS OF THE PHYSICAL MODEL

Figure 2 shows the scheme of modeling in the plane perpen-
dicular to the longitudinal axis of the roadway. Pressures, of
magnitude determined as boundary conditions, act normal to the
boundaries in directions Y and Z. Displacements and strains are
limited in X direction. Thus a planar state of strain and a 3D
state of stress can be obtained. The scale of the model related
to geometry and strength is 1:20. The requested conformity

referring to several physical properties provides the scales:

Fig. 2.
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Length 1:20
Strain 1:1
Pressure, strength, Young'smodulus 1:20
Force 1:8000
Bending moment of steel arches 1:160000
Coefficient of friction 1:1

The basic data of the built model are the following:

Front face area of the model 1.2 mx 1.2 m
Thickness of the model block 0.2 m

Height of roadway modeled 0.19 m

Width of roadway floor 0.26 m
Length of dowels modeled 0.15 m
Diameter of dowels 2.0 mm

Angle of dowel friction 5-1 1
Uniaxial compressive strength of rock modeled 0.15 MPa
Angle of internal frictionof the rock 2cr®

Young's modulus of the rock 15-20MPa
Resistance against yielding of arches modeled 30-50 N
Resistance against bending of arches 0.19-0.23 Nm

Maximum boundary pressures in directions Y and Z 1.3 MPa
Ratio of boundary pressures in directions Y and Z:

sH: 1.0

Figure 3 shows the photo of the modeling equipment. The
boundary pressures are provided by 12 hydraulic cylinders. The
hydraulic pressure of the cylinders is provided by an automati-
cally controled hydraulic unit. During the tests the conver-
gence of the roadway is recorded by an X-Y writer in function
of the boundary pressure.

Figure 4 shows the sticks of the convergence indicator
inserted in the roadway modeled, the displacement of which is
converted to electric signals by strain gauges. The construc-
tion of the loading equipment allowed to cover the front side
of the model by plexiglass in spite of the relatively large
pressures (1.3 MPa) acting inside the model. The plexiglass is

supported by solid steel ribs with a cross-section of



ROADWAY STABILITY

Fig. 3.
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100 mm X 50 mm. Thus, the roadway modeled can be observed
visually during the whole loading process. The quantitative
evaluation of the strain of the rock modeled is possible by
measuring the relative displacements of a square net with a
scale of 100 MM X 100 nm and fixed on the plexiglass and an-
other one with the same scale painted on the front side of the
modeled rock. Figure 5 shows the front side of the model in the

immediate surrounding of the roadway modeled.

Fig. 5.

4. DISCUSSION OF T™O TEST RESULTS

Two test results are presented as follows. The two tests
differred from each other only by the type of the roadway sup-
port. AIll the other circumstances were the same. In the first
case the roadway was supported by steel arches, and in the
second case by dowels. The comparison of the results of the two
tests serves the clarification of problems No. 1, 2 and 3

described in Section 1.
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4.1 Steel arch support

The distance between two built-in arches is 40 mm which is
equal to 0.8 min a real case. From the viewpoint of equilibri-
um the roadway worked in two different ways during the test.
The two stages can be described by a convergence vs. boundary
pressure curve (Fig. s). The sections of the curve with posi-

tive slope represent states of stable equilibrium, while the

MPa Boundary pressure
AH -

Fig. s .

sections with negative slope indicate the state of unstable
equilibrium. The curve related to the steel arch support is not
monotonie. It has a relative maximum at the boundary pressure
of 2.8 HT and a relative minimum at 1.3 HT. Every point of the
curve between these two extreme values has a negative slope,
and therefore this section is unstable in respect of the equi-
librium. The instability during the test can be observed in
such a way that the convergence is increasing continuously at
constant boundary pressure, whereas in stable state a certain

value of convergence is attached to a given boundary pressure.
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In an unstable state not only the walls of the roadway are
moving, but the surrounding rock masses as well. In this test
the unstable displacement spreads up to the boundaries. Ihis
involves that instability means the unstable equilibrium of the
surrounding rock mass. This observation is very important in-
dicating that in the state of unstable equilibrium a consider-
able, precipituous extension of discrete faults can be seen in
the immediate vicinity of the roadway.

In the stable stage with positive slope before reaching
the relative maximum of the convergence curve, when the
boundary pressure was 2.2 HT, the roadway was widened and the
folded arches were replaced by new ones. This state, just be-
fore the reparation is shown in Figs 5, 7, s. The convergence
curve shows that during reparation the value of the boundary
pressure was zero (0). It can be stated that the roadway and
the surrounding rock mass is strain-hardening in stable state

and the magnitude of elastic deformations in negligible.

Fig. 7.
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Fig. s.

Figure 9 shows the state corresponding to the relative
minimum point of the convergence curve. During the final period
of the test (after the relative minimum point), the model had a
stable behaviour again until reaching the maximum of the bound-
ary pressure (3.6 HT). The increase of the convergence was not
significant. Figures 10, 11 and 12 show the final state. The
differences between the final state and the state of reparation
occurred in the intermediate unstable stage. Thus the unstable
equilibrium is the result of the failure of the immediate sur-
roundings (mostly the unsupported floor) along the discrete

faults.

4.2 Support by dowels

The dowel-supported roadway showed unexpectedly advanta-
geous results in respect of both convergence and stability.
The scheme of dowel support is shown in Fig. Ib. The

distance between two sets of dowels was 50 mm which is equal to
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1 min a mal case. The dowels were not pasted, thus only the
friction kept them in the holes bored previously. A small
spring was located between the face plate of a dowel and the
wall of the roadway. Therefore the yield of dowels increased.

The convergence vs. boundary pressure curve is shown in
Fig. s. The slope of the curve was positive from beginning to
end and it was larger than in case of steel arch support, thus
the total convergence was significantly less than in the
previous test. Widening of the roadway was not neccessary.

Figures 13 to 15 show the final state. Though discrete
faults occurred in the surrounding rock mass, the deformation
field seems to be more homogeneous than in the previous case.
It is remarkable that the loosening of the wundoubtedly mostly
broken floor is less extensive than in case of steel arch sup-
port.

Two of the problems described in Section 1 can be answered
directly comparing the two tests:

- the dowel support is more advantageous than the steel arch

Fig. 13
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Fig. 14.

Fig. 15.
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support with respect both to convergence and stability
- the low strength and the plasticity do not limit the applica-

bility of dowels for supporting roadways.

5. CALCULATION OF ROCK MASS STRAINS IN ROADWAY SURROUNDING

By means of the square net mentioned previously and shown
by the photos, the displacement components u”, uz of the dis-
crete points - corresponding to the nodes of the net - parallel
to axes Y and Z can be measured. Replacing the partial déri-
vates by the proper finite -differences the volumetric strain

(dilatation) can be calculated.

3u 9u_
0- + -1+
Eyy fzz 5 97
and the shear strain is:
n M
T = — + - £
yZ 9z 3y

Tha maximum shear strain T (y,z) can be obtained by the proper
transformation :

1/2

T = £zz>"

Figure 16 shows the isolines of the dilatation (volumetric
strain) corresponding to the stable state of roadway supported
by steel arches. The negative sign shows the places of expan-
sion and the positive sign shows the places of compression.
Above the roof and under the floor two, independent zones of
rock are loosened. The maximum dilatation is 10 percents. The
side walls of the roadway are compressed, the maximum value of
compression is 35 percents. Farther from the roadway compres-
sion is typical with the mean value of 5 percents.

Figure 17 shows the volumetric strain at the final state
after instability. Even the side walls compressed originally

are loosened. The roadway is surrounded by a continuous,
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Fig. 16.

Fig. 17.
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loosened zone of rock, with an external contour around the
region, inside of which discrete fractures can be seen. The
maximum of the dilatation is at the lower right corner with the
value over 60 percents. Gn the right side of the roadway the
peak of compression moved away farther from the side wall than
on the left side. The maximum value of compression is 20 per-
cents on the right side, and 25 percents on the left side. It
is interesting that the loosened region above the roadway does
not extend upward, quite the contrary, its upper boundary comes
somewhat closer to the roadway.

Figures 18 and 19 show the isolines of the maximum angular
distortion Cy) in the state before instability and after that
in the final state. The maximum distortion of the immediate
surroundings of the roadway is 20° (T= 0.35), and located at
the place of the maximum peak of compression close to the right
side wall. The distortion of the roof is 9° (X = 0.15) and that
of the floor is ¢° (T= 0-1)- The values of the distortion in
the final state (Fig. 19) are considerably bigger than before
instability. The rock zones with the same distortion are simi-

lar to concentric rings around the centre of the roadway floor,

Fig. 18.
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Fig. 19.

the angular distortion of which is 45° (X = 1.0). The minimum
distortion of the roadway wall is at the upper right area with
a value of 26° (f = 0.5).

Figure 20 shows the isolines of the volumetric strain re-
ferring to the final state of the dowel-supported roadway. The
maximum dilatation is at the floor with a value of 45 percents.
The minimum dilatation is at the roof (15 percents) and on the
left side (10 percents). On the right side the dilatation is
20 percents. The outer contour of the loosened zone reaches the
end of the dowels in the roof only (two dowels) while all the
other dowels overlap this zone. The peak values of volumetric
dilatation listed above cover very small rock regions only. In
this case the outer contour of the loosened zone is signifi-
cantly closer to the roadway wall than in the final state of
the arch support.

Figure 21, shows the distortion of the surroundings of a
dowel supported roadway. Comparing it with the final state of
steel arch support test one can find that the distortions of
the immediate surroundings are less (17° i.e. T = 0.3) and the

maximum distortions of the side walls (30°, i.e. T = 0.6) are
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valid for very small regions only.

Fig. 20.

Fig. 21.
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It is to be remarked that the strong disturbance which can
be seen on the upper part of Figs 20 and 21 is caused by a
layer which was not compressed satisfactorily before the test.

It has no importance from the viewpoint of evaluation.

s . CONCLUSIONS FROM THE TEST RESULTS

Further investigations aim at coming closer to the solu-
tion of problems No. 2 and 4 described in Section 1. It is to
be mentioned in advance that the results obtained up to now are
insufficient to clear these problems completely.

On the basis of two experiments, the instability of the
roadway is related to the propagation of discrete cracks and
this kind of crack propagation is related to the dilatation of
the surrounding rock masses. The close relationship between the
unstable state of a roadway and the discrete cracks can be
regarded from a theoretical viewpoint as the most important
result of the experiments. The discrete fractures can be ob-
served as opening cracks or as a discontinuous displacement
field. According to St. Venant's strain compatibility principle
- which declares that the strains of a body can be calculated
from a continuous displacement field - blocks bounded by dis-
crete cracks cannot be jointed with each other continuously
after the decrease of the stresses. The discontinuous displace-
ment field indicating the discrete fractures involves the dila-
tation of the surrounding rock mass if the dilatation is calcu-
lated such a way as given in the previous section. This is il-
lustrated in Fig. 22 which shows the isolines of the dilatation
caused by the discrete fractures producing instability. Compar-
ing the outer contour of the asymmetrical zone of rock sur-
rounding the roadway with Fig. 10 and 11 there is a good coin-
cidence with the boundary of the zone of discrete fractures.
The magnitude of loosening is proportional to the widening of
cracks among the individual blocks and to the frequency of dis-
crete fractures.

The great angular distortion does not indicate a discrete

fracture by all means. This is illustrated in Fig. 21 which
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Fig. 22.

shows the dowel supported roadway and in Fig. 19 as well, which
shows that the closed concentric curves corresponding to a

X = constant value come out of the zone of discrete fractures
and go through the area of compression (mostly in the upper and
left part of the roadway) where the displacement field is con-
tinuous. The state of strain can be described by a co-ordinate
system the horizontal axis of which means the dilatation (o)
and the vertical axis means the maximum distortion (T)- Then an

angle o can be determined:

o€ = atan ® (see Fig. 23).
The special cases for value are
Q - 90° - pure compression,
6 ~ o° - pure distortion,
o- -90° - pure dilatation.

It is known that the failure criterion can be satisfied by
small shearing load, if the principal stresses decrease at the
same time. This type of load is indicated by a range of Be-

tween -90° and o00. This disadvantageous load is characteristic
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of steel arch support which leads to instability (see Fig. 24).
Failure is the state when the shear resistance of rock is
maximum. The failure is indicated by the maximum point of thdi
curve T vs. i determined experimentally. The section of this
curve preceding the failure is usually strain-hardening and t<fte
section following the failure is strain-softening. The resis-
tance corresponding to a significant strain (i.e. ideal plastic
behaviour) is termed residual strength. This is proportional to

the normal stress similarly to the peak strength:
Tr=1tg fves

where A is the residual angle of internal friction. (The re-
sidual cohesion is usually zero.)

In case of discrete fractures the strength decreases con-
siderably, because s = o at the boundaries of incompatible

rock blocks. The decrease of the principal stresses i.e. the
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Fig. 24.

dilatation has a disadvantageous effect on the mechanical re-
sistance of the surrounding rock mass both before failure and
after failure states. The advantageous effect of dowels is
above all that they impede rock loosening i.e. the decrease of
the principal stresses. This effect, however, is slighter in
case of small internal friction.

The several types of failures observed in physical model
tests and the close connection between instability and discrete

fractures indicates that beyond the well-known effect based on

internal friction - as described above - the dowel support has
a more essential effect - in contrast to the steel arch sup-
port - which tends to increase .the stability of the surrounding

rock mass. The effect described above does not explain satis-
factorily from a mechanical viewpoint, why an unstable state
occurs in case of steel arches providing a surface support, and
why does not occur in case of dowel support. The author has
made an attempt in forming a theoretical mechanical model which
is in accordance with the results of the model tests. In the
subsequent part of the study this conception is presented

briefly.
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7. BRIEF DESCRIPTION OF THE THEORETICAL MODEL

In case of planar deformation of an elastic body owing to
the equilibrium and compatibility condition the displacement
field (u (y,z), uz(y,z)) has to satisfy the following differen-
tial equations:

A AUy =0
A Auz =0
where
Furthermore the boundary conditions have to be satisfied. In

the model tests the surroundings of the roadway is not a simply
connected domain. Let us disregard this fact now. Let us cut
the model by its vertical symmetry axis in thought and consider
the surface of cutting as a boundary. Thus one half of the
model becomes a simply connected domain. The boundary condi-

tions are the following:

9uz
- along the symmetry axis: u = o, Z = o
Y 3
y
el
- along the lower boundary: u = o, - = o0
9z
- along the upper boundary: 672 = 1 ~zy’ l-zy’ A
- alon the lateral boundary: -
g yl 6yy = P> 6yZ TyZ

- along the roadway countour;
- stress proportional to the displacement in case of steel
arch support
- no stress or load acting on the contour in case of dowel
support.
An approximate solution of the problem can be obtained by
the finite element method which leads to a system of inhomoge-

neous linear equations (Zienkiewicz 1983):
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Ktu = r - f

where = the coefficient matrix of the system of equations
u = the unknown displacement vector
r = the vector of the loads acting on the boundaries
f = the vector of external loads or of loads equivalent
to the initial stresses.
The stiffness matrix has to satisfy certain requirements
e.g. the compatibility condition. Stable resolution can be

obtained if the stiffness matrix

oux uj

is positive definite, where 1L is the total potential. Then

the eigenvalues of the problem:

N> 12> .m > An

are positive real numbers (Frank and Mises 1966).

The tangential stiffness matrix changes if the re-
strictive compatibility condition is neglected between certain
jointed elements, and infinitely large strain (i.e. discontinu-
ous displacement field or discrete fault in previous terms) is
allowed. Obviously, the stiffness of the system decreases. Ac-
cording to the results of the variational analysis the eigen-
values changes continuously with the propagation of faults and
the minimum eigenvalue decreases (Frank and Mises 1966). If it
is equal to zero, the system of equations cannot be solved.

This involves that the total potential has no minimum i.e.:
cu bt °
However large are the supporting reactions of the steel arch
support the roadway and the surroundings will not be stable
anyway.
However, the Griffith type crack propagation theory ac-

cording to Rice is just satisfied:
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r AN oM
G~ ~3X

where G is the energy which is neccessary to move the peak of

the fault in direction X by a unit distance (Zienkiewicz 1983).
According to Rice (1968) the energy available from the

surroundings for the propagation of a fault can be calculated

by a line integral:

C ST
j Wdy - T -3° ds)

where [ = is an arbitrary curve surrounding the peak of the

fault, beginning and ending at the fracture walls,

= 'n ei3 =
i 6 13 N
n = outward normal to an elementary range (ds) of the
curve T

X = direction of crack propagation
= direction perpendicular to x.
In case of shear failure - according to Rice - G is equal to
the integral of the shear resistance, raised between the peak
strength and the residual strength, with respect to the dis-
placement. In case of dowel support the following effects can
be considered that improve the stability:
- Every constraint relating to the displacements increases the
eigenvalues (Frank and Mises 1966), however the dowels obvi-
ously decrease the degree of freedom of the system, thus the

solution of the boundary value problem is always stable.

- The value of the Rice integral - i.e. the force available to
drive the crack peak - will be reduced.

- The magnitude of G - i.e. the force necessary to drive the
crack peak - will be enlarged by the compression of the
cracks.

From the foregoing it follows that in certain insecure
situation the stability cannot be assured even theoretically by
a steel arch support acting as a boundary condition, however,
it can be by a dowel support. lhe dowel support cannot be com-

pared with the steel arch support in respect of pull-out
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resistance and support reaction.
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MODELLING OF AIR LEAKAGES IN MINES

Z Bubécz and J Janositz

University for Heavy Industry, Mining Department, H-3515 Miskolc,
Egyetemvaros, Hungary

Based on functions relating to underground water leakages the authors
are presenting an air current (leakages) model in the goaf of mine workings.
The program (software) run on IBM PC-s is modelling direction and magnitude
based on parameters of the goaf and neighbouring headings. The method
provides assistance for protection against endogenous mine fires both in
the phase of prevention and elimination.
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1. INTRODUCTION

One of the main coal mining hazards is endogenous mine
fire. This source of hazard is equal in age with coal mining
and except for firedamp explosions, it caused the largest mine
catastrophes. These depressing statistics present a still more
frightening picture when taking into account that among the
causes of ignition initiating firedamp explosions there are
more than 20 percent due to mine fires.

In Hungary the collieries belonging to the Mecsek Coal
Mines are qualified as seriously exposed to fire hazards and
except of few collieries all of our coal mines are endangered
by fire hazard. It is a specific feature of the Hungarian geo-
logical conditions that our bauxite mines are partly qualified
as fire hazardous ones due to coal strips and coaly, bitumi-
nous shale layers above the bauxite.

In the last two to three decades considerable material
and mental power has been used to prevent endogenous fires and

for quick elimination of fires occurred, resp. These efforts
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resulted in a considerable decrease of fire cases, but 4 to 1o
endogenous fires of greater significance, as well as a much
higher number of warming-up cases call the attention to the
necessity of further research work to be carried out.

The importance of this research work is increased by the
fact that endogenous fires generate considerable material
damage in faces, since it is very often impossible to save the
equipment from the area under fire. In other cases the exis-
tence of mine fields becomes uncertain and a considerable

amount of developed coal reserve becomes unexploitable.

2. CONDITIONS ORIGINATING ENDOGENOOS FIRES

Self-ignition is an oxidization process which is slow at
low temperatures and accelerates around 80°C. From the point of
view of our investigations the characteristics and amount of
oxygen flow and air flow resp. necessary to the self-ignition
are of essential importance as preconditions of self-ignition.

Formulating in a simple way, one of the conditions of
self-ignition is the presence of a weak air flow with no cool-
ing effect. The weak air flow contacting the coal mass is
ensuring the oxygen necessary to oxidization, but it removes
only a part of the oxidization heat as a result of which the
temperature get raised.

Due to the weak air flow described as condition, the self-
-ignition of coal occurs in the goaf of faces, in the environ-
ment of road ways, and in coal pillars resp.

In the rock environment of roadways and in coal pillars
self-ignition takes place if the coal is fractured, loosened
and air can penetrate into it. In case of faces the precondi-
tion of self-ignition is in the goaf a coal loss which must
exceed 10 to 15 percent (Kovacs 19712}, Another precondition
is in this case the relatively weak compression of the goaf
which allows air flow to pass through.

The resistance against air flow in goafs and loosened pil-
lars is generally high therefore the development of flow

requires higher pressure differences.
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The object of our investigations is to develop an air flow
model applicable for modelling air leakages through goafs and
loosened pillars. The model allows the detection of air escapes,
air leakages in the goaf of faces of different types and this
way it reveals protection possibilities in a wider scale as
well as the possibility of reducing air leakages to the minimum

when developing faces and designing ventiHation.
3. MODELLING AIR FLOWS IN ABANDONED AREAS OF FACES

The definition of resistance against air flow in goafs can
be deduced from the functions of water seepage.
The most frequently used function of fluid seepage or

leakage is in the case of gases the Darcy-law:

vi = F =k ‘| 0)

where -, - is the leakage speed (m/s), i.e. the ratio of the
flowing volume Q(m3/s) and the cross section F(mz)

K - leakage ratio factor (m/s)

| - hydraulic jump (without dimension).

According to Darcy's investigations, the leakage factor «
does not depend on speed or on hydraulic jump. Its value is
influenced only by the space of flow filled up with particles
and by the characteristics of the fluid material.

The relation between leakage factor and material charac-
teristics of the flowing medium and the space of flow resp. is

as follows (Kovéacs 1972):

LR (2)
where Kk - leakage factor (m/s),
9 - density of flowing medium (kg/m?),
71 - dynamic viscosity factor of the flowing medium (Pas),
3 - gravitational acceleration,
n - the ratio of void section f (m ) and the total sec-

2
tion F (m ) in a given cross section dimensionless
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quantity,
- active diameter of particles according to Kozeny (m).
Consequently the leakage factor can be related with three
groups of variables:
- characteristic parameter of the flowing medium -~S, or s/v ,

where the kinematic viscosity is

V="/9 (3)

- characteristic parameter of solidity of the layer
n3/(I—n)z y

- characteristic parameter of particle size and particle shape
Dh/oC
The characteristic parameter of the flowing medium depends
on the temperature, thus in the case of warming up, the flowing
characteristics of the air will be improved in the abandoned
space.
The variable to characterize solidity was first applied by

Kozeny in the following form:

(4)
(1-n)’ Lre
where - characteristic value of layer solidity in function
of voids volume (without dimension),
e - void factor (without dimension)
V.
ih
ey (5)
t
- voids volume (m3)
- volume of solid particles (m3).
Based on Eq. (4),
n
e LN (6)

To characterize solidity N, another function based on
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measurement results has also been defined which is slightly

different from Eq. (4):

N (7)

The measurement results show that 2 < a <3.

The magnitude of friction of the flowing medium is charac-
terized by the ratio Dh/cC of the particle size and particle
shape. Among the forces braking the air flow the most signifi-
cant one is friction. The influence of adhering force and
inertia is of less importance. Two of these three forces - the
friction and the adhering force - may be in connection with the
size of contact surface between the flowing medium and the
solid phase, while the accelerating force is related to the
mass of the flowing medium. The latter is proportional to the
difference of the total volume and the volume of the particles,
and thus it can also be characterized by the volume of the
particles. Therefore, the shape factor which is best corre-
sponding to the physical character, can be calculated for the
purpose of leakage investigations as the ratio of surface
(F) and volume (V) of the particles. This ratio has the dimen-
sion of 1/m what means that it is the ratio of the dimension-

less factor and of a characteristic diameter:

(8)

The shape factor < depends as shown by function (8) on
the diameter selected to characterize the particles. According
to Kovacs (1972) the shape factor depends in a high
degree on the mineralogical character of the particle what is
related in its turn to the diameter of the particle. In the case
of gravel - where the primary material is quartz - the par-
ticles are generally stubby, i.e. their principal axes are not
too much different from each other in their sizes. Thus their
shape factor oC is varying between 7 and 11. Particles of
laminar rocks (as sandstones, shales) are of different nature,

their shape factor may grow up to oC = 20.
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The active diameter (D”) of particles, according to Kozeny
can be determined from the grain-size distribution curves.

Since in the goaf of faces rock pieces of considerable
volume may also be found in great number in addition to small
grain sizes, the active diameter belonging to the 10 percent
value of the grain-size distribution curve (D-|g) must be cor-
rected. Based onDénvestigations by Kovéacs (1972), if the degree
of irregularity w-~- exceeds 10, the active diameter is 2.5 to
3 times higher than D"g.

The Oarcy law is valid only in the case of laminar flow.
But the air flow in the goaf is not always laminar. Therefore
the characteristics of turbulent and transient air flows should
also be investigated.

The transient range between laminar and turbulent flow is
divided into two parts in the technical literature. The divi-
sion is made in accordance with the Reynolds-number used for
the hydraulic investigation of pipes. This can be calculated

from the characteristics of the bulk material as follows:

Re .
pipe N oC
Using this formula, the following limit values are valid:
Repipe < 10 laminar range (Darcy),
10 < Répipe < 100 first transient range (Lindquist),
100 R%pipe < 1000 second transient range,
1000 < R%pipe turbulent range (Froude).

Flows of different ranges are described by the flowing

functions (Kovacs 1972):

Vi blvl (10)
where

0.4 1-n
(11)

(1-n)' (12)
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In the second transient range
?
I = a2 vx + b2 vx , (13)
where
0.16 o 1-n
a , 0.4 a] (14)
2 3 D n3
b, (1-n) 2.5 b, (15)
In the turbulent range
| vi (16)
where
0.2 cl I*~n n % n M 7\
a3 = ~ I —3 = 0. 3, (17)
a n
In the functions of water leakage |
flow

is the ratio
inducing water

of the
length L. In

leakage route

pressure is:

level difference

AZ to the
the case of water

head AZ the water

Ap = AZ g g9 (18)
Thus the depression h used in ventillation can be cal-
culated in function of | as follows:
h = Ap =1 g+g 1 (19)
Consequently, functions of the air flow in the goaf are:
In the case of laminar streams, based on Eqgs (1) and (19)
h = = 0 (20)
where Kk is the leakage factor.

In the first transient range
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g.gib

where
h=R'"Q+R"Q2 (22)

In the second transient range

g.g-1-b2
F
h = R2Q+ R2 Q2 . (24)
In the turbulent range
h 9.10.2]. 1-n Q-j:RQZ‘ (25)
n F
For the purpose of calculation, the value of Re . de-

fines the formula valid in a definite case.

Soviet authors (Ushakov 1977) deal with leakage in goafs
on a similar basis but dividing the flow ranges into three
parts only. Based on several empirical observations, resistance
functions have been determined for goafs.

The basic relationship between the pressure difference and

the flowing quantity is:

h = R-Q+ R". Q2 (26)
where h - depression arising in streaming (Pa)
R' - linear aerodynamical resistance (Ns/m'),
R" - quadratic aerodynamical resistance (kg/m")
Q - mass flow of air leakage (m/s).

Resistance values can be calculated by applying formulae as

below :

(27)
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(28)

Here v. - dynamic viscosity of aér (Pa-s)
K - permeability factor (m ),
1 - length of leakage route (m),
F - cross section of filtration flow (m ),
g - density of air (kg/m?*),
s - macro-roughness coefficient (m).
The nature of air movement is defined by a Reynolds number

differring from Eg. (9):
(29)

where
vV =71/9

is the kinematic viscosity factor (mzls).
In the case of Re values calculated as above, leakage is
laminar, if Re £ 0.25;
if 0.25 < Re < 2.5 it is of transient nature and
if Re >2.5 it belongs to the turbulent range.
The value of the air friction factor in the three ranges is

as follows

To determine values R' and R", first the values of the
specific resistances r' and r" are to be defined based on Egs
(27) and (28):

(30)
and
r (31)

In the case of medium seam inclinations, these values can

be calculated in function of the distance x measured from the
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face:
r = axc |, r" = bxc/2 (32)

where a and b are empirical coefficients which depend on the

characteristics of the caved rock.

X - is the distance measured from the working (m),
c - is a coefficient depending on the compression in the caved
rock.

Coefficient ¢ is a function of the rate of face progress

c = exp (0.5 - 0.10 vf) . (33)

Values of coefficient a and b

Type of caved rock a b

Dunn bass, loose 0.6 -1 100 - 200
Dunn bass of medium strength 0.2 - 0.5 71 - 100
Hard clayey and sandy slate 0.06 - 0.1 51 - 70
Sandstone and limestone 0.03 -1.15 35 - 50

4. MODELLING OF LEAKAGE ROUTES

In most cases the exploited areas, caved zones of workings
are of rectangular shape. The solidity characteristic for the
goaf is changing most markedly in the directions embordering
the caving. Behind the face of the working, the solidity of the
goaf is increasing with the distance as expressed by Eq. (32).
The goaf characteristics are changing parallel to the working
face as well, since along the intact coal wall and in one part
of the cases in the line of the abandoned face headings resp.
the resistance of the goaf is less than in the environment of
face middle line.

Based on the direction of the change of goaf characteris-
tics, as well as on the shape of abandoned areas leakage routes

are modelled by a square net, the lines of which are parallel
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to the border lines of the abandoned face area (Fig. 1). The
distances of net lines are u and v resp., thusthe air flow is
always moving through a prism with a base area of uxw and with
the same height as the height of the goaf. The mesh of the
square net depends on the required accuracy of modelling, on
the dimensions of caving and partly on the capacity of the

computer applied. Dimensions may vary between 2 and 20 m.

face development gate

Fig. 1.

In knowledge of the dimensions of caving and of mesh of
net, the computer program generates the connection model of air
routes, in which each prism represents one section of air route
parallel and perpendicular to the face.

The bordering drifts of cavings are divided into sections
corresponding to the mesh and are applied to the net model in
this form.

The quantity of air leakage is determined by the software
using the Newton-Raphson method. In the calculation the leakage
ranges are followed up successively and resistances are modi-
fied consequently. The software has been developed in FORTRAN
for IBM PC/XT-AT compatible computers.

The resistances evolved among faces, cavings and bordering
drifts are modified in accordance with the prevailing condi-

tions, as essential deviations are possible in the case of
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shield supports, single props, bordering barriers and perhaps
in the case of establishing pillars.

The model has been applied successfully for modelling a
face with Z-type ventillation and to simulate air resistance of
an endogenous fire occurred in an abandoned face of a more
complicated ventillation system resp., and to take measures

necessary to its elimination.
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The authors describe a seismic method which is suitable for the deter-
mination of weathering, fractures around the drift. Weathering changes the
properties of rock, the field stress around the drift and thus the support
requirements, too.

A practical example is given to compare the rock stabilities and sup-
port demands in the cases of carelessly designed vs. rock protecting
blastings.
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The stability, support requirement of mine headings (tun-
nels) are basically affected in addition to the known rock-
-mechanical conditions (depth, rock density, section and shape),
by the method of breaking out the heading. Other important
rock parameters (strength and flexibility) may also consider-
ably change depending upon the method of heading. Regarding the
conditions of drift-driving, a lot of investigations have al-
ready dealt with the function of the time factor but there is
still relatively little information on the harmful effects of
the destruction of rock surroundings during cutting. The aim of
the present paper is to deal with this problem.

The adjectives "collapsible” or "non-collapsible" are
often used for stand-up formations as well. In fact the rock
becomes, in the majority of the cases, easily collapsible when
improper breaking methods are applied. The descriptions on rock
engineering generally disregard the technical conditions of
drift driving (tunnelling) and the uneven surface area of the

drift; although even in case of a shield type heading,
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ruptures of at least 30 cm depth are formed in the remnant rock
environment which can be as deep as 60 cm in case of cutting-
-headed shearers. The uneven surface results, on the other hand,
in an uneven distribution of stress according to the law of
physics, resulting finally in the formation of additional rup-
tures.

This is all the more true for drift driving made with the
blasting method. Although by accurate drilling and by using
rock-saving blasting technology, a contour well approximating
the one that can be achieved by mechanical heading (sometimes
even exceeding it) and fractures shorter than 60 cm are formed;
in most of the cases, the blastings are performed without par-
ticular caution and planning. In such cases, an extensive de-

struction zone will be formed around the heading.

THE PRINCIPLE OF ROCK-PROTECTING BLASTING

Effects of blasting are intended to concentrate into a
given volume of the rock to be broken, thus increasing working
efficiency and reducing the non-desirable effects on the envi-
ronment. When smaller rock parts are separated, the charges
located inside the rock will effect, in the first approxima-
tion, the rock-parts to be cut off, although, on the basis of
the well-known law of effect - counter effect, they produce
fractures on the remnant rock wall that are exactly as deep as
those in the displaced block. The only difference is that,
proceeding backwards, the external destruction zone cannot be
formed and that there is no space for loosening of the rock.
Thus the ruptures resulting from blasting will be closed.

As a result of the backward effect of blasting, the
stability of the newly formed rock surface will be reduced and
this will result in rock spin, unexpected collapse and a
shorter service life of the support structures located under-
ground .

The simplest way of reducing the degree of backward ef-
fect, that is, reducing the length of the ruptures is to reduce

the diameter of the charge. Decreasing the charge diameter does
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not necessarily mean that the diameter of the blasting hole will
be smaller. The peak pressure of the shock-wave resulting from
blasting will be considerably lower if an empty annular space
remains around the blast hole and the charge (Fig. 1). After
the blasting thus performed, half of the hole mantle will
remain undamaged, the new surface area of the rock will become
even and relatively smooth. For the borehole location, the
ratio between the front-piece (W) and the borehole interval (A)

is :

0.8 .

Fig. 1. Practice of rock-protective blasting

The small-diameter charges applied for blasting are de-
signed to be expandable fitted with centralizing plastic
holders (Fig. 2). An important preliminary condition of obtain-
ing a surface of the technically necessary smoothness is an ac-
curate drilling. With the up-to-date drilling machines it is

possible to perform drilling in any direction with a
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Fig. 2. Special charge for rock-protecting blasting

directional deviation less than 1°. The nearer the moments of
time when the charges explode are, the easier the shearing of
the rock-parts between the charges will be.

The ratio between the borehole interval and the front-part
is also important since, if AW < 1, the front-piece of the
rock will be displaced without larger deformation generating
only lower stresses inside (except, of course, for the environ-
ment of the plane passing the charges). What happens then is
that the rock-part between the two adjacent charges is very
quickly broken through, the energy accumulated in the rock on
the shearing surfaces of the separated rock blocks converts
into heat and the explosion will only affect the rock parts by

the expansion of the blast products remaining in the plane of

fracture. In the increasingly expanding plane of fracture, the
blasting gases will quickly loose power and thus their backward
effect will also be lower (Bohus et al. 1983).

THE ENVIRONMENT OF A HEADING DESTRUCTED BY BLASTING

By way of an example; the water drift of 'Lencsehegy I1°'
Mine Plant of the Dorog Coal Mines was driven with blasting
technology; Swellex type anchors were used as primary support,
shotcrete as final support. After the blasting, the drift sec-
tion remained highly uneven, a lot of deep fractures were
formed visibly in the dacite rock. To detect these fractures, a
seismic method was applied.

The velocity of the elastic wave propagating in the rock
depends on the type, density, porosity, texture and on the

degree of weathering of the rock. In a given rock, with a given
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depth of location and structure, the velocity of elasting waves
depends only on how weathered the rock is and on the properties
of the materials filling up the fractures. Consequently, the
degree of loosening of the drift mantle can be determined on
the basis of the velocity of elastic waves.

The ruptures can be of two types: original ruptures re-
sulting from the geological effects and those formed during
mining activities (mostly during cutting work). When opening
cavities, fractures can, of course, be formed as a result of
the increasing stresses or the fracture system can be changed.
While moving away from the drift surface, the ruptures result-
ing from both cutting and cavity opening will become incresing-
ly rare and at certain intervals, the original fracture system
will be found.

The rock fractures prevent the propagation of elastic
waves. The effect of this obstacle can be observed in the
absorption and reflection of waves, as a joint result of which,
the average linear velocity of propagation will be lower. To
detect this, a Vibroguard 1207 type instrument by the Swiss
firm Geotest was used by means of two borehole-contained,
3-component type geophones with a measuring accuracy of + 5
percent. The results are recorded, together with the calibra-
tion signals, on paper sensitive to ultraviolet light.

Boreholes of 56 mm diameter, 4.0 + 0.2 mlengths were
drilled into the heading side to locate the geophones and holes
of 40 mm diameter and 2.0 + 0.3 m length, to locate the explo-
sive serving to generate vibrations (Fig. 3). For generating
vibration, small charge was used (0.05 kg Paxite) in order that
the same hole could be used several times.

The propagation velocity of the elastic waves can be

determined by the relation

1
C
1 At
where
1 - distance between the two geophones, m;

At - time difference between the arrival of the two signals, s.
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Fig. 3. Scheme of seismic measurement performed in the water heading of
'Lencsehegy 11", Dorog Coal Mines. 1 - 1st measuring section,
2 - 2nd measuring section, 3 - 3rd measuring section, 4 - mea-
suring holes, 5 - blasting hole for the 1st and 3rd measuring
sections, 6 - blasting hole for the 2nd measuring section

The temporal difference between the arrivals of the

seismic waves was determined as shown in Fig. 4.

Fig. 4. Determination of time differences At

The geophones were located in 0.5 mintervals moving away
from the drift wall to perform measurements, the result of
which have been summarized in Table |. As the values of
obtained do not show a difference greater than + 10 percent in
the same depth calculated from the surface of the drift which
can result in an error of + 5 percent in the record, the same
when At is determined, + 2 percent in the actual 1 interval
between the geophones due to the inclination of the holes,

therefore an arithmetical averaging of the data can be made.
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Table 1. Measuring results for the determination of the

propagation velocity of sound

No. of 1 Distance of
mea- At Ci geophones from
srement drift surface
m S m/s m
0
1.1 0.0020 2980 0.5
1.2 0.0017 3510 1.0
1.3 0.0015 3980 1.5
5.97
1.4 0.0012 4970 2.0
1.5 0.0012 4970 3.0
1.6 0.0012 4970 4.0
2.1 0.0020 2960 0.5
2.2 0.0019 3110 1.0
2.3 0.0017 3480 1.5
5.91
2.4 0.0013 4550 2.0
2.5 0.0013 4550 3.0
2.6 0.0013 4550 4.0
3.1 0.0060 2990 0.5
3.2 0.0056 3210 1.0
3.3 0.0042 4280 1.5
3.4 17.96 0.0040 4490 2.0
3.5 0.0040 4490 3.0
3.6 0.0040 4490 4.0

These data are found in Table II.

Both the measuring data and Fig. 5 clearly show that, as a
result of blasting and cavity opening the rock mantle will be
fractured in a thickness above 1.5 m but not exceeding 2.0 m,
and the original ruptures will also open up and expand. The

most probable value is:
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Table I1l. The average sound velocities and the factor of

rupturing

Distance of
geophones from

drift surface C-p mis R
m
0.5 2980 2.46
1.0 3230 2.09
3910 1.43
4670 1.00
4670 1.00
4670 1.00
G m's
erertl
5000 -
averageof 1+2*3 necaurare
nmessjravent 3
4000 hil

(j'IT Basuremert 2

0.5 10 15 2.0 3.0

distance between -the measuri gaqm
ad weter drift side, Im &

Fig. 5. Propagation velocity of the elastic wave vs. distance calculated
from the drift surface

For the explosion, charges of 30 mm diameter are used
(rQ = 0.013 m)y and thus

, 1.75
/Irep 0.015 " 117 ro

New ruptures cannot expand to cover such a distance, the
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expansion of the existing ones is only possible.

EFFECTS OF A RIPPED ROCK MANTLE

A change of the original fractures of the rock has a
direct effect on the selection of support structures. In the
present case, it is only reasonable to build in rock bolts of
an active length of above 1.75 m

The rock parameters affecting dimensioning of the support
will also change as a result of rupturing. Let us study some of
them.

The modulus of elasticity of the rock (E) will change ac-

cording to the following formula:

where index o is valid for the rock range of the original rup-

tures, index 1 for that ripped with blasting. The expression

can be regarded as the factor typical of the ruptures, the
values of which can also be found in Table Il (Rzhevsky et al.
1970) .

Figure 6 shows the change of the values of C* and R extra-
polating the curves up to the rock surface, where

cn 2850 m/s and

R

2.70

The value of G~ was also determined under laboratory con-

ditions and it was found to be

A1, labor 4040 m/s
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Fig. 6. Change of the propagation velocity of sound (C") and the rup-
turing factor of the rock (R) as moving away from the drift
surface

This velocity of propagation indicates that the sample taken
from the blasted reserve was more destructed than the original
rock material (where GC" = 4670 m/s). The rupturing factor

typical of the rock sample is:

14670\ 2
Nabor \4040/

It is somewhat more complicated to determine the propaga-
tion velocity of the transversal (shearing) waves but it can be
taken from a sufficiently characteristic seismogramme. The pro-
pagation velocity of transversal waves is in an elastic, iso-

tropic medium:

Adin mdin
29(mdin+1)

the dynamic Poisson's number:

2(C2 - C2)

mdin = "72 TZT
L1 * ZLt
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and "the dynamic modulus of elasticity:

? 3CM - 4C
din = 8§ " Ct c¢2 _ c5

By determining the value of C. from the seismogramme,
knowing the rock density (g) from laboratory measurements, the
dynamic parameters have been included in Table Ill (Research
Report 1987).

Table 11l1. The transversal wave velocity with dynamic rock

parameters

Distance of

geophones from Ct Mdin gdm

drift smurface m/s MPa
0.5 1800 4.7 32 665
1.0 2100 7.2 44 098
1.5 2450 5.7 61 557
g ©° 2980 3.3 88 964
3. 2980 3.3 88 964
4.0 2980 3.3 88 964

Thus in the fractured rock, the modulus of elasticity
will considerably decrease, nearly linearly with the increase
of the rupturing factor R. Poisson's number slightly increases
and changes rhapsodically but the increase at the surface of
the drift is not too high. It follows logically from all the

above that the ruptures in the environment of the drift in the

elastic range have an effect on the rock stresses as well: in
the drift mantle of lower modulus of elasticity, lower stresses
will be generated. The smaller the thickness of the destroyed

mantle and the greater the destruction of the rock mantle of V
thickness is, the greater the above reduction will be.
The aim of the above example is to demonstrate the effect

of the blasting technology applied for heading on the rupturing
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of the drift environment as well as on its other properties and

finally the support requirement.
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PRELIMINARY ESTIMATE OF THE ENVIRONMENTAL EFFECTS OF MINING
BLASTINGS AND TECHNOLOGICAL SOLUTIONS FOR THEIR REDUCTION

G Bohus and 0 Fdldesi

Mine Working Department of the Technical University for Heavy Industry,
H-3515 Miskolc, Egyetemvaros, Hungary

When mining solid rocks by blasting undesirable environmental effects
(seismic and fragmentation effects, air blasts, toxic gas und dust develop-
ment) are to be taken into account. In case of a given blasting technology
efforts should be made to minimize damaging environmental effects or to
keep their values under a given level. All these measures, however neces-
sitate the pre-estimate of damaging effects.

In the present article the results of investigations carried out in
the Mining Department of the University for Heavy Industry are disclosed,
on the basis of which the seismic effect and air blast of surface blastings,
as well as degree of fragmentation effect may be estimated. Attention is
called by the authors to the technological parameters also by the modifica-
tion of which the degree of damaging effects can be reduced.

Keywords: air blast; blasting; length of stemming; seismic effect;
vibrational velocity

1. INTRODUCTION

In Hungary like in any other part of the world, cutting of
high-strength rocks is performed with blasting. Blasting works
often involve adverse environmental effects (seismic-, air-
-blast-, fragmentation effects, toxic gas and dust formation).
The effects of blasting are particularly harmful in the sur-
roundings of surface mines. A human body feels e.g. vibrations
of very low intensity to be of high intensity.

Therefore it is important that in the vicinity of the
faces where blasting technologies are applied, the vibration,
air-blast and fragmentation effects be accurately and realiably
calculated.

The present paper reports on results of blasting research
performed at the Mine Working Department of the Technical

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiadd, Budapest
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University far Heavy Industry which are important for the pro-
tection of the environment of blasting spots.

The expected velocity of vibrations generated by the
blastings, the length and composition of the stemming affecting
the air-blast as well as the conditions of the fragmentation
are studied. Relations are presented which enable a reliable

calculation of the expected non-desirable effects.

2. PRELIMINARY ESTIMATE OF THE SEISMIC EFFECTS RESULTING FROM
BLASTING
»
It can be decided on the basis of the velocity of vibra-
tions generated by blastings whether a blasting may be damaging
for the environment. In the international practice, the veloci-

ty of the vibration is determined from Koch's relation:

vV = a(l/l'lQ) b, mm/s (1)

where :

a - depends on the conditions of blasting and the geological
build of the vicinity of the quarry;

1 - the distance between the blasting and the object to be
protected, m;

Q - mass of the charge exploded (in some countries, it means
the mass exploded in one firing, in Hungary it means that
exploded in 100 ms, in other places, that exploded in one
delay phase), kg;

b - is in the range from 1.0 to 1.4.

In practice, the values of a and b are determined for each

individual mine on the basis of several measurements by regres-

sion analysis.

The values a and b determined in some surface mines of
Hungary are shown in Table | together with quality parameters
of regression. The data have been studied in three versions.
First, the change of the distance dependent vibration velocity
was studied vs. mass of the charge exploded simultaneously

(Q0), in the second step, vs. the mass exploded during 100 ms
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Table 1. Parameters of the regression functions determined by

Koch 's-formula and their quality indices

Plants
. Param- Bélapat- Nagy-
1/v/Qi eters falva harsany Tarcal Beremend Keszeg
a 51 .4 85.57 68.04 26.99 33.92
-1.12 -1.29 -1.16 -1.23 -0.85
WQo r 0.9178 0.8143 0.7513 0.9469 0.6757
Dv 1.30 2.58 1.27 1.51 3.62
ov % 60.28 47.77 42.97 37.35 71 .83
a 78.47 77.18 43.09 45.44 55.90
b -1.20 -1 .14 -0.85 -1.24 -0.84
1/vA OO r 0.8897 0.7935 0.6589 0.9575 0.6457
DV 1.49 2.70 1.45 1.35 3.75
DV % 69.51 50.08 48.98 33.50 74.41
a 70.15 175.37 139.25 45.44 209.92
b -1.12 -1.16 -1.05 -1.24 -1.19
1/Viideg r 0.9121 0.9471 0.9259 0.9575 0.851
Dv 1.34 1.43 0.72 1.35 2.58
DV % 66.23 26.42 24.60 33.50 51 .19

(QjOqg) ar|d in the third step, vs. the mass of charge per one
delay phase (Qqgg)- On the basis of the quality parameters, the
most reliable way of determining the vibration velocity is vs.
the mass of charge per one delay phase, when the correlation
coefficient r is the highest. The preliminary estimate of the
velocity of vibration is the least reliable from Q "qg-

By plotting the results in a coordinate system V —
1/1Q/ with being Qg, Q”"gqg or — it is evident that a
relation better than Koch's formula can be found. For the next
test, the parameters and quality indices of the relation

-b(IIV/Q. )
V =ae 1 mm/s (2)
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have been determined from the data (Table 1I1).

Table 1l. Parameters of regression functions determined by the

exponential function and the quality indices

Plants
Param- Bélapat- Nagy- f
1A A eters falva harsany Tarcai Beremend Keszeg
a 15.07 32.91 n .41 24.15 15.74
b -0.17 -0.20 -0.08 -0.34 -0.10
WQo r 0.9465 0.8518 0.7339 0.9449 0.7272
mY 1.08 2.35 1.29 1.53 3.39
DV % 49.96 43.54 43.85 37.99 67.39
a 19.61 29.68 8.04 25.48 14.39
-0.12 -0.16 -0.04 -0.24 -0.05
IAt1100 r 0.9255 0.8414 0.5571 0.9591 0.6874
Dv 1.26 2.42 1.60 1.32 3.59
DV % 58.62 44.91 54.08 32.87 71.30
a 16.81 28.47 10.09 25.48 25.72
-0.09 -0.08 -0.03 -0.24 -0.07
1/Viideg r 0.9590 0.9568 0.9338 0.9591 0.8757
Dv 0.95 1.30 0.69 1.32 2.39
DV % 43.90 24.16 23.30 32.87 47.41
A comparison of the data in Tables | and Il shows that an expo-

nential function gives a better and more reliable relation. The
value of the correlation index is here the highest vs. the mass
of the charge for one delay phase, too. In a plot of the func-
tions V = fCl/v/Q”) the curves calculated from run on the
top (Fig. 1). That means that for a given value of 1/\/qT the
highest vibration velocity is expected from the relation de-
termined vs. 1/'/Q|_jeg but this gives the expected vibration
velocity with the lowest scatter.

From the point of view of the environmental effect of
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Fig. 1. Velocity of vibrations generated by blastings vs. specific distance

blastings, an important question is how the frequency of the
vibrations modifies the velocity of the expected vibrations.
The effect of the frequency has been examined with a multi-

variable-type regression analysis.

2.1 The multivariable vibrational velocity function and its

partial correlation indices

It is possible by using the partial correlation coeffi-
cients to clarify the effect of all the data recorded with
seismic measurements on the vibration velocity. For the most
important parameter the partial correlation coefficient is
nearest to General Blasting Safety Regulations (1987).

The multivariable function has the form

Vo= at o+ blx| | b2x2 bﬁ( n (3)
where :
- al, bl, b2, ... bR and cl1, c2, ... cn are constants;

X, X Xn are variables.
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Relation 3 is e.g. for the mine of Beremend the following:

41 .68 \Jq'deg

-1.17 0.0031 f* + 0.036 f (4)
where f - is the vibration frequency, Hz
r - 0.9730 (total correlation coefficient)

Dv = 1.13 mm/s
DWo = 28.17
r(/vQ, _) = 0.9702

uy (partial correlation indices)
r(f) = 0.5500 .

Relation (4) shows that with the increase of f, V decreases
i.e. in case of higher frequencies the mass of charge per one
delay phase can be higher or a relatively large charge can be
exploded even at a shorter distance. On the basis of the par-
tial correlation coefficients the vibration velocity is a func-

tion of I/Vo~ ar|[d of the vibration frequency.

2.2 Effect of the distance on the vibration velocity

There are both domestic and foreign observations showing
that moving away from the location of blasting, the seismic
effects got stronger. The relation of the distance on the vib-
ration velocity was studied at Bélapatfalva mine. The form of

the function used was:

V = al2 + bl + ¢ . (5)

The regression function and its quality parameters are

\%

4 m10~6 12 - 1.36 m102 1 + 11.91 mm/s (6)

r = 0.9369; oV = 1.16 mm/s; DV% = 54.13

The measured points and the regression function are shown
in Fig. 2. At the plant examined, the vibration velocity with
1 = 1300 ... 1400 m is the same as at a distance of 2300

2400 m in spite of the fact that the vibration velocity
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1>

Fig. 2. Vibration velocity vs. distance in case of blastings performed in
the Bélapatfalva quarries

generally decreases with increasing distance, due to energy
scattering. Figure 2 also shows that V < 1 mm/s. But after all,
how can it be explained that this low velocity causes sometimes
problems? The explanation is that the frequency of the vibra-
tion is reduced as a result of the frequency-filtering effect
of the soil, into the eigen frequency band of a human body and
thus a resonance is obtained even in case of vibrations of low
intensity. The attenuation time of the low-frequency signals is
longer and the long period vibration reduces the threshold of

the uncomfort feeling.

2.3 Conclusions from the measurement results

The following major consequences can be drawn from these
investigations :

- the expected value of the seismic velocity can be reliably
determined in function of the mass of the charge for one
delay phase;

- at higher frequencies, the expected vibration velocity is
lower, thus, as far as possible, vibrations of high frequency
should be generated (high-frequency vibrations require small

charges and accurate blasting caps of a large number of
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stages and of the millisecond type);

- the expected velocity of the vibration can be estimated with
a simple exponential relation more accurately than with
Koch's formula;

- at a long distance from the location of blasting, the vibra-
tion velocity may increase again in certain conditions but in
the majority of the cases it is of a very low intensity.

- no common seismic relation can be given for all the quarries
operating under different geological conditions. For blasting
spots at unfavourable places, the locally valid seismic rela-
tion should be found on the basis of measurements;

- in case of l/i/O" = 40, the velocity of the vibration s
= 2 mm/s. It means that there is no need for seismic mea-
surements since the vibration velocity of 2 mm/s is harmless
for buildings and other structures as well as for living

organisms.

3. DEPENDENCE OF AIR-BLASTS ACCOMPANYING CUTTING EXPLOSIONS ON
STEMMING PARAMETERS

One of the non-desirable effects resulting from the blast-
ings applied in the mining cutting methods is air-blast. In
order to reduce the effect of air-blast, the blasting holes are
stemmed. In the surface and underground blastings, a great
number of stemming methods are applied (sand, clay, drill flour
and breakstone, sand in foil-hose or water etc.) which seal the
blasting holes to a different degree. Air pressure measurements
are the simplest way of deciding which of the stems of differ-
ent structure and length makes the blasting chambers closed
and to what degree. A practical benefit of these air pressure
measurements is that they allow a qualification of the blasting
technologies, since if the harmful environmental effects of
the blasting are low, a larger portion of the explosive filled
in the blasting holes ruptures the rock. In case of improperly
stemmed charge chambers, almost 20 percent of the energy ap-
plied for useful work generates a shock-wave in the air which

can be observed in the form of sound-blast.
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When heading is performed with the blasting method the
volume of toxic gas content is also higher if improperly
stemmed charges are exploded, in addition to air-blast and to
damaging of the support structures.

The air-blast effect of explosions was studied for indi-
vidual blast holes and for industrially applied technologies.
(Air-blasts were measured with a Vibroguard 1207 D type
instrument manufactured by the Swiss firm Geotest and procured
with the support of the State Office for Technical Development.
A channel of the two-channel device is connected to the micro-
phone of the American firm Sinco which measures static and
dynamic air-pressure in a range of 2 ... 1000 Pa, with an ac-

curacy of 5 percent in the frequency range of 1 ... 360 Hz.)

3.1 Properties of air-blasts accompanying explosions

In case of charges freely exploded in the air, the pro-
pagating shock-wave has a supersonic velocity up to a distance
corresponding to 20 ... 30 charge diameters. If the distance is
more than 20 ... 30 charge diameters the propagation velocity
of the shock-wave is about 330 m/s depending on the humidity
and temperature of the air. This shock-wave is of a very steep-
ly rising front and has a very short decay time (Fig. 3). In
the vicinity of blastings, the shock-wave is observed in the
form of noise. The intensity and the value of overpressure
formed in the air largely depends on the conditions of blast-
ing. In case of cutting-type blastings, the air-pressure value
is largely affected by the closedness of the charge chamber
(Fig. 4). In case of charges exploded without stemming, much
higher values of the air-pressure can be expected than in case

if the charges are fitted with the proper stemming.

3.2 Dependence of air-pressure during blastings on the

specific length of stemming

Figure 3 shows that in case of blastings, blast of a very
steep wave front propagates in the air. This overpressure with

a steep wave-front has a very short decay time.
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Shape of the air-pressure curve in case of blasting 200 g ANDO
at a height of 2 m from ground level (Distance between the loca-
tion of blasting and that of the measurement is 5 m For the
air-pressure measurement, a Kistler 4041 A type instrument was
applied with a measuring range of 0 ... 2 bar). 1 - peak value
of the air-blast; 2 - wave reflected on ground,

Diagram of one of the blastings performed at the Nagykéméazsa
Plant of the Cement and Lime Works. (Charge diameter: 90 nm No.
of hole series: on the roof 3, on the bottom 1, explosive ap-
plied ANDO and Paxite, length of stem: 3.0 ... 3.5 mborings and
breakstone; on the bottom 1.2m foil-contained borings; interval
between the sites of blasting and measurement: 430 m). 3 - 1st
and 2nd hole series; 4 - 3rd hole series; 5 - bottom holes

(MS 1 ... 5 blasting cap, RK-3 blasting cap, RK-4 blasting cap)

The specific peak pressure (p = QAp/l) changes has been

analyzed vs. specific stemming length (If = L”A/d ). ( Op is the

peak value of the air pressure measured in Pa; L - distance
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specific interval, 7/3V(I

Fig. 4. Value of the air-pressure generated by blasting vs. specific inter-
val. 1 - CERCHAR measurement result; 2- measurement results obtained
by the Bureau of Mines; 3 - measurement result obtained by Berger-
-Viard (Tolite); 4 - blasting without stem; 5 - result of air-blast
due to explosion performed on a plant-scale in surface mine, ac-
cording to the measurement by the Bureau of Mines; 6 - stem-provided
blasting

between the locations of blasting and measurement, m; -
length of stemming, m; d - diameter of the blasting hole, m).
It was necessary to use the specific peak pressure and specific
stemming length because the measurements were made at different
distances, in different rocks and using different blasting
technologies.

If the air-blast results from surface mines are plotted in
a coordinate system p - Lj/dr (Fig. 5), then the specific re-

gression function has the form

p = a (Lj/d*.)'3 + ¢ , Pa/m . (7)

The parameters and quality indices of relation (7) are in case

of blastings performed in surface mines in Hungary: a = 6.457;
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Fig. 5. Change of specific air pressure in the function of specific length
of stemming

b = -0.899; ¢ = -0.132; r = 0.9894; DP = 0.077 Pa/m; DP%= 22.17.

The quality parameters of the correlation show that the
specific pressure can be accurately calculated in the function
of the specific stemming length. If Lj/dr = 20, there is no
air-blast of a dangerous intensity.

In surface mines it is of course important to know the
stemming lengths which ensure air-blasts of harmless intensity.
Depending on the explosive, the rock and the density of the
stemming applied no harmful air-blast should be expected if the

length of stemming is

5ra
Lf = 1.12 W' D (8)
a V

where W - the length of the front-piece, m; D = detonation
velocity of the explosive, m/s; C, - the velocity of sound pro-
pagating in the rock, m/s; 5ra - density of explosive, kg/m ;

8 - stemming density, kg/m
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The stemming lengths from the analytical relation (8) and
from the regression relation (7) are almost the same.

In addition to the determination of the stemming length,
the selection of the stemming material is also important. The
laboratory and pilot-plant tests conducted in Hungary and
abroad clearly prove that it is practicable to apply stemming
formed from breakstone of different grain sizes and borings.
The stemming has the greatest internal angle of friction if
60 ... 65 percent breakstone and 35 ... 40 percent borings is
in the stemming. The maximum grain size of the breakstone
should not exceed 20 percent of the borehole diameter. Grain
size of borings should range from 0 to 5 mm.

The investigations pointed out that the water-content of
the stemming reduces the resistivity of stemming. In case of
sand-stemmings filled in plastic foil for bottom holes, the
air-blast expected is twice as strong as in case of stemmings
without foils.

In case of underground blastings, the air-blast can con-
siderably be reduced if sand stemming filled up with compressed
air is applied instead of clay. The effect of the air blast can
be further reduced by the application of parallel-cut holes

instead of key-cut ones.

4. THE FRAGMENTATION EFFECT IN ROCK CUTTING WITH BLASTING
METHOD

With a properly planned and carefully implemented blast-
ing, the mined deposit does not move away too far from the
location of blasting. As the structure of the rock is not
always known, it is inhomogeneous, the front-part changes and
errors are made during the drilling and blasting work, the
distance of throw of the rock pieces may be very large. The
great fragmentation effect is particularly dangerous in the
vicinity of surface mines. We consider now how the conditions
for a non-desirable degree of fragmentation can be obtained in
surface mines.

The most likely Ilocations of fragmentation are the places
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in front of the stemming and in the front-piece reduction zones

(places of collapse).
The conditions for fragmentation can be summarized on the

basis of Fig. 6 as follows:

Fig. 6. Conditions of formation of the fragmentation effect in surface

mines. 1 - Lg small, 2 - small, 3 - air, 4 - loose lump of rock,
5 - open fracture, 6 - large charge diameter, 7 - small front-piece,
8 - rock of low strength, 9 - cavity, dr - large, 10 - small front-
- piece, 11 - small front piece and rock slide-out, 12 - inaccurate
drilling
1. Lfi/Lf <<Ci; d. = d (the stem is too short);
W./W << 1; d. = d (the so-called local front-piece is small)
E/E «1; dl‘ = d (due to inaccurate drilling, the charge is
w, = W concentrated);
4. di/d » 1; w, = W (charge diameter increases);
dx/d » 1; Wy < W (charge diameter increases, the local
front-piece is smaller);
6. XIW «1 ; w, = (loose Ilump of rock in front of an open

rupture in the face);
7. WJW = 1; di/d

where L*, W* E~, 67. - length of stemming at the rupture for-

1; 6 < < & k (strength of rock reduced);

mation, the front-piece, borehole interval, value of charge
diameter and the breaking strength of rock; L”, W, E, D, x,

6" - according to the technology scheduled: stemming,
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front-piece, borehole interval, value of charge diameter, size
of the loose Ilump of rock in the face, breaking strength of the
rock.

Thus the distance of fragmentation is basically determined
by the relation of the front-piece to the charge diameter. |If
the requirements found in practice are met, the quotient W/d
ranges from 25 to 60. The fragmentation becomes dangerous if
w/d < 20.

If the above conditions are not present, the distance of
the fragmentation of blastings performed in Hungarian surface

mines can be calculated with the following relation:

d1.33
R  13.57 5 m (9)
Vv
where d - diameter of the blasting hole, m; W- size of front-
-piece, m; 9ra - density of filling of explosive, kg/m"5; Q -

specific energy content of the explosive 3/kg; m - factor of
proximity.
A dangerous fragmentation can be avoided with the follow -
ing measures:
- before planning the blasting, the face to be blasted should
be measured with instruments in order to gain information on
possible under-collapses and front-piece reduction;

- the blasting holes should be drilled accurately since a

deviation of 1 ... 2° from the drilling direction results in
a change of 1 ... 2 min the front-piece in case of high mine
walls (30 ... 40 m);

- the weak points of the rock should be found (in order to
recognize the cavities, open ruptures before filling, the
drilling record should be kept accurately; the rupture system
of the rock should be measured and the direction of mine
working as well as the slope of the front should be adjusted
acorrdingly);

- the length and composition of stemming should be determined
according to the previous chapter;

- in case of a delayed blasting, millisecond-type blasting caps
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should be applied if possible, in order to avoid great splin-
ter effect of the charges exploded later due to the cut-off

resulting from the previously exploded charges.

5. SUMMARY

From the point of view of environmental effects resulting
from rock cutting with the blasting method, the preliminary
estimation of the intensity of seismic vibrations, of the air-
-blast and of the fragmentation effect is an important task for
environmental protection. The present paper provides relations
suitable for preliminary calculation of these parameters and it

also deals with the way of limiting the non-desirable effects.
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Ferenc Martos

1918-1989

At the time when we celebrated his 70th birthday, and in
the last volume of Acta we published his short curriculum vitae
we did not expect that in a very short time we have to return
to his person again to commemorate his activity as editor-in-
-chief of the journal. He spent a few years in this position,
but did his best to increase the scientific level and to ensure
continuous publication. One of his greatest efforts is just the
present issue in which investigations on mine hazards and envi-
ronmental damages are summarized. He followed with interest the
publication till the very last days, organized future authors,
gave advices for better presentation, could be rough upon too

lengthy texts - so all authors in this issue owe him somewhat
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for the merits of the papers. His activity, however, was not
restricted to this: he looked for support, organized future
issues, made connections with the European Association of Sci-
entific Editors closer, and was open-minded for all ideas which
aimed at an improvement of Acta.

One of his last publications deals with natural sciences
during the French Revolution. In this essay he has shown the
effects of the developments in France on science in Hungary,
but he did not forget to mention that influences were mutual:
the Mining Academy in Selmec-Schemnitz-Banska Stiavnica was
taken as example when the similar French institution was es-
tablished. This is characteristic for his activity: he was a
European humanist, but at the same time he lived in the reality
of a Central European country (as symbolized by the name of the
site of the Academy in three different languages) and spared no
time to emphasize the importance of a better knowledge of its
mineral resources and generally, of the geologic-tectonic con-
struction of the area.

We think that his best monument is on the pages of this

issue for which he worked till his last days.

J Somogyi and J Verd
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F P AGTERBERG and C N RAO eds: Recent Advances in Quantitative Stratigraph-
ic Correlation Techniques. International Symposium Papers. Hindustan Pub-
lishing Corporation, Delhi, 1988, 192 pp.

This is the proceedings of a meeting held at Kharagpur, India as a
formal terminating event of IGCP Project 148 in 1983. The meeting rose the
interest and played an important role in dissemination of quantitative
stratigraphy.

The book consists of four parts.

Part | deals with statistical methods and their application to stra-
tigraphy. Agterberg F P developed a maximum likelihood method for estimat-
ing the age of chronostratigraphic boundaries expressed on the "absolute"
scale. A Jurassic time-scale is given as an example. Watson G S discussed
the methods required to display and analyse two- and three-dimensional unit
vectors. He wanted to show users of statistical methods how they can con-
duct in their computer numerical experiments which will give them real in-
sight into their data and the methods. | am afraid that this elegant in-
troduction will prove to be too high for beginners and few for graduates.
Qirui Zhang reviewed Fischer's and Zhang's segmentation methods. The
methods don't meet traditional phylosophy of stratigraphic classification
and their value in practical geological problem solving has not yet been
proved. Rao SV L et al. after giving a short inventory of some geostatis-
tical terms compiled several tables and figures to portray uni- and two-
-dimensional variability of Landsat imagery.

In the second part Metzger E P and Brower J C employed cluster analy-
sis and lateral tracing to quantify assemblage zones for Lower Cretaceous
microfossils. The isochrones crossing each other are a terrorist's action
against geologists' and even human mind and clearly indicate the measure
these methods can be applied in real problems. However biostratigraphic
fidelity introduced by the authors equalling the percent of occurrences of
a species i within a zone j may be a useful indicator.

Ghose 8 K and Jaiprakash B C analysed twelve DSDP holes from the
Indian Ocean. He transformed the autocovariance function of some Foraminif-
era abundances and detected 4.5 cycles and reconstructed paleoclimatical
(temperature) curve of the area, van Hinte J E and Wise S Win a very in-
formative communication summarized the objectives and main findings of
Leg 93 of DSDP. Rubel M using his quantitative method was able to recon-
struct datum planes in Edwards' hypothetical data set. Westermann G E G
estimated the duration of Jurassic stages based on averaged and scaled sub-
zones and compared the results to previous estimations. In some points
Brower's J C informations on quantitative biostratigraphy need correction.
For example the reader may believe that in one of my 1977 papers | advocate
multidimensional,integer kriegeing (MIK) for sequencing. Being the author,
I am sure MIK is suitable for plotting vertical lithoprofiles.

Part Ill is for quantitative lithostratigraphy. Casshyap S M et al.
gave a detailed statistical analysis of interrelationships of stratigraphic
and lithologic variables in Permian fluviatile coal measures. They detected
differences in net subsidence, fluvial regime and stream channel pattern.
Griffiths C M worked on recognition of hand specimen lithology using
acoustic, gamma and neutron porosity logs measured in North Sea wells. The
numerical lithologies had only rough correspondence to hand specimen
lithology and depositional environment. In a well founded paper, Niichi
Nishiwaki succeded in explaining Pleistocene Osaka Bay sedimentation by a
two factor model of which the first is climate and the second is block tilt-
ing of the area. Rao C N et al. studied hidden periodicities of the energy
index in the middle proterozoic Vempalle Formation, India. A Markov process
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or a second order autoregressive process can be fitted to the data and the
study of the spectrum revealed two periodicities of different wavelength.
Schwarzacher W's paper is on possible causes of complex cycles in carbonate
sequences. lhe 100 k.a. periodicity found was related to Milankovich-Bacsak
cycle and an extraterrestrial cause. Mukherjea A et al. analysed graphic
plots of depth versus percentages of heavy mineral assemblages using con-
cepts of heavy mineral stability order and energy sequence. In a study by
Syed H Akhter et al., carbonate formations from two different and widely
separated basins have been taken for termoluminescence analysis. Each
lithounit was found to have a characteristic TL glow pattern.

Part IV is devoted to traditional biostratigraphy, lapaswi P M made an
attempt to subdivide Upper Cretaceous rocks on the basis of their serpulids
by the traditional assemblage zones. Iripathi A identified some sporogenera
from Indian formations.

The book is heterogenous. In a number of papers quantitative stra-
tigraphic correlation technigues are not involved. Some papers can be con-
sidered as a fruitless effort to solve a problem that has not been defined.
The reviewer believes that quantitativity assumes proof. Validity and cor-
rectness of "solutions" suggested cannot be assessed without having the
problem defined. As a consequence of the rapid development on the area, the
four years passed were obviously too much for the majority of papers. In
1988, this cannot be considered as recent advances, particularly because
meanwhile many ideas (Brower's, Agterberg's, Schwarzacher's) have even been
published elsewhere. The book is well edited but printing is under the
international standards.

| Dienes

M ERDELY!l and J GALFI: Surface and subsurface mapping in hydrogeology.
Akadémiai Kiadé, Budapest, 1988, 384 pp, 251 figs

This very comprehensive, interdisciplinary book is really a hydrogeo-
logical manual which can be recommended to everybody interested in any
aspect of hydrogeology. Its subject is the exploration of the GROUNDWATER,
one of the most important earth material for the mankind and for the whole
life in the earth. The mapping techniques of water resources treated in the
book, are uptodate from the geological ones to their detection by remote
sensing, by different geophysical methods, by borehole logging, etc. The
book is based mainly on the great experience of the authors in Hungary and
outside its borders, too. It is very strong in the description of geophysi-
cal methods (longest chapter) among them geoelectric ones most frequently
used as water bearing formations are electrically well indicable.

Excellent case histories and their figures illustrate the application
of the exploration techniques in very different hydrogeological conditions
such as in sedimentary basins, volcanic rock areas, karstic terrain, etc.
The quality of the water, the engineering aspects got also special chapters.
To show the complexity of the book and its subject we cite at the end of
this short review the titles of 15 chapters.

Introduction

Preparation of hydrogeological field surveys

Hydrogeological maps and cross-sections

Hydrogeological mapping and prospecting

The application of remote sensing in hydrogeological mapping

The application of geophysical prospecting methods in hydrogeological
mapping
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7. Exploratory drilling and borehole geophysics

8. Mapping of the quality of groundwater

'9. Hydrogeological mapping of crystalline and metamorphic rocks

,10. Hydrogeological mapping of volcanic rock areas
j 11. Hydrogeological characteristics and mapping of sedimentary areas
12. Hydrogeological mapping of carbonate rock terrains

13. Hydrogeological mapping of river valleys

14. Hydrogeological mapping of sedimentary lowlands

15. Hydrogeological mapping for engineering purposes

The book is especially recommended to hydrogeologists water autorities,

industrial companies and academic institutions.

A Adam

S J GIBOWICZ ed.: Seismicity in Mines. Basel-Boston-Berlin, Birkh&auser,
1989, 680 pp.

The book is reprint from Pure & Applied Geophysics (PAGEOPH), Volume
129 (1989), No. 3/4. It contains 22 papers from 8 countries where substan-
tial research is conducted in the field of mine-induced seismicity. Out of
22 papers in total, 8 papers have been presented at the Fred Leighton
Memorial Workshop on Mining Induced Seismicity, held in Montreal on August
30, 1987.

The papers in the book are divided into four groups. The first group
contains 10 papers describing seismicity patterns in various mines in
general and seismic source mechanisms in particular. The second group of 4
papers deal with coda waves, source model proposed to interpret mine
tremors, correlation between the deposit extraction and seismic hazard,
microgravimetric anomalies. The four papers in the third group are devoted
to the methods based on travel times and velocities of seismic waves. The
papers deal with location methods of mine tremors for which an accuracy of
the order of a few tens of meters is required. The last group contains
papers which are of informative rather than research character.

L Toth
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PREFACE

The International Lithosphere Program was one of the most
important international ventures in Earth sciences during the
past decade (1981-90). The Hungarian National Committee was
formed to organize the Hungarian contribution to the scientific
activity of the Inter-Union Commission on the Lithosphere. Our
research in the Pannonian basin of Hungary was planned to con-
centrate on four major topics:

i) Recent tectonic movements and deformations

ii) Neogene-Quaternary basin development
iii) Structure of the lithosphere and asthenosphere

iv) History of evolution of the Tethys as reflected by the

geological formations of Hungary.

The results obtained in the Pannonian basin during the first
half of the Program were summarized in Acta Geologica Hungarica
(1984-85, Vol. 27(3-4) and 28(1-2)) with the title "Tectonic
significance of the Hungarian Mountains in the Alpine edifice".
This volume presents the Final Report and contains eleven
review papers.

The paper by Jo6 et al. describes the main features of an
improved map of "Recent vertical movements in the Carpatho-
-Balkan region". It has become clear that there are quite a few
methodological problems associated with the reliable determina-
tion of vertical movement velocities, and the geodynamic inter-
pretation of the results is still in a preliminary stage.

The paper by Horvath illustrates that there has been a re-
markable progress in understanding the Neogene-Quaternary evo-
lution of the Pannonian basin, especially in depicting the ki-
nematic pattern of the region during basin formation. However,
recent geodynamics is poorly known, but stress determination
initiated by Oo6vényi and Horvath will contribute to the solu-
tion of the problem.

Important information about the Alpine evolution of the
Pannonian region is found in the structure of the Ilithosphere.
Posgay et al. review the first results of deep seismic sound-

ings along the Pannonian Geotraverse and attempt to give an
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interpretation of reflecting horizons in the lower lithosphere
and asthenosphere.

The two papers by Adam et al. present a more reliable and
detailed imaging of the shallow asthenosphere below the Panno-
nian basin and show the relationship with the high heat flow of
the area. Another manifestation of the anomalous thermal state
of the basin is the finding in a shallow position of the lower
crustal conducting layer which may be connected to free fluids
released by dehydration process. Adam et al. and Péapa et al.
demonstrate that there are linear conducting structures in the
upper crust associated with major tectonic lineaments (e.g.
Periadriatic and Balaton line). Geoelectric features suggest
that these conductors are most probably graphite schists as-
sociated with zones of major tectonic dislocations.

Further progress in the understanding of the kinematics of
the Pannonian basin can only be achieved by better knowledge of
the pre-Neogene geologic history. Haas et al's and Kubovics et
al's contributions give a comprehensive summary on the recent
results about the evolution of the western Tethyan realm and
the related Mesozoic magmatism. The transition from the Tethys
to Paratethys during the Paleogene is reviewed by Nagymarosy's
paper. These papers show clearly the significant mobility of
units comprising the present lithosphere of this area. MAarton's
paper summarizes the possibilities of paleomagnetism to give
constraints for the description of the complex motion of dif-
ferent crustal units in the Pannonian basin.

At the end of these 10 years of coordinated research we
feel only appropriate to arrive at the conclusions that joint
works should be continued and we see more problems now than

when we started.

A Adam and F Horvath
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ON RECENT CRUSTAL MOVEMENTS IN THE PANNONIAN BASIN
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"College of Surveying (EFE FFFK), H-8000 Székesfehérvar, Pirosalma u. 1-3.,
Hungary

?
Satellite Geodetic Observatory Penc, H-1373 Budapest, Pf. 546, Hungary

During the last fifteen years intensive investigations have been car-
ried out in the Carpatho-Balkan Region for revealing recent crustal move-
ments, by means of repeated geodetic measurements. These investigations
aimed mostly at the detection the vertical components of the movements, but
preparations have been made to carry out investigations of the horizontal
movements at certain areas.

Within this program the levelling network for crustal movements have
been completed in the Pannonian Basin, on the area of Hungary. This net is
suitable for the investigation of the movements' on a long time base.
Recently precise levellings are carried out which help a more detailed in-
vestigation. Moreover regional nets for the investigation of the horizontal
movements, and for the complex investigation of movements, are partly func-
tioning, partly they are being constructed.

The investigation of the movements is promoted on the area of Hungary
by the fact that Hungary co-ordinates these investigations in the Carpathian
Basin and its surroundings. Within the international co-operation the map
of the recent vertical crustal movements in the Carpatho-Balkan Region has
been published twice (1979, 1985).

For the time being a map is compiled on the horizontal gradients of
the vertical movements of the Carpatho-Balkan Region and information is
derived from repeated geodetic measurements.

In the present paper geodetic investigating methods are discussed and
results of investigations on the vertical movements are presented.

Keywords: Carpatho-Balkan region; Hungary; levelling; recent crustal
movements

1. INTRODUCTION

For the geodetic investigation of recent crustal movements,
the results of repeated measurements are utilized practically
in all cases. The vertical and horizontal components of crustal
movements are usually dealt with separately in accordance with

the old practice of geodetic measurements.

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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This fact is important as horizontal and vertical determi-
nations are different regarding both reliability and other con-
ditions of the measurements.

Vertical determinations are carried out easier than hori-
zontal ones. Accordingly, vertical determinations require less
investment and therefore it is easier to repeat them.

The situation is quite the same with the reliability. The
reliability of height difference ( JIH) obtained from precise

height measurement is generally:

< + 1 mm/'‘Vkm'

The reliability in the case of horizontal determinations is
worse by an order of magnitude.

We present here the investigation of the vertical move-
ments and in Hungary respecting the applicability of the

conclusions for the investigation of horizontal movements.

2. GEODETIC INVESTIGATION OF VERTICAL MOVEMENTS

First a general remark is given on these investigations.
Geoscientists are mainly interested in movements of the Earth's
crust.

A geodesist puts his control points on the surface of the
Earth and carries out measurements there. Thus movements of the
Earth's surface are revealed by means of geodetic investigations.
Movements of the surface involve both the impacts of crustal
movements and of compaction and other technogenous activities,
too.

Another problem is if the derived movements are to be
considered as absolute or as relative ones.

Earlier data representing the changes in height of a given
point relative to the sea level were considered as absolute
vertical movements. At the same time (both then and now) a
relative movement is a change in height between two points
relative to each other.

Theoretical investigations consider vertical movements as
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absolute ones, if besides the geometric transfer of masses, the
change of level surfaces is taken into account thus the geoid
changes, too. The latter idea has not been utilized concretely
according to our knowledge.

In this paper the traditional interpretation will be
utilized considering these conditions and the fact that the
change of position of level surfaces is small.

In accordance with the traditional interpretation, the
absolute vertical surface movements are interpreted as related
to a chosen sea level; i.e. "geometrically absolute movements"

w ill be introduced in this article.

2.1 Methods of the geodetic investigation of vertical

movements

It is a quite common geodetic practice that velocities of
the surface movements are deduced for their characterization
(in mm/a). These velocities can be (in a geometric sense)
either absolute velocities Vgbs, or relative ones AV.

Vertical velocities are generally deduced as follows. The
same line is precisely levelled twice (T~ and T2 epochs). The
results of the two levellings are differences of height AH?
and AH2. From these data the velocity of the relative move-

ment is between the end points of the section:

" m «-/m> o

The followings are supposed:

- the points were not affected by any other effects

- during the period between the two measurements the vertical
movements were continuous and smooth.

As geodetic control networks for vertical movements con-
sist normally of systems of closed polygons, AV data deduced
from raw AHMN  and OH2 data can be adjusted. As results
AVg[jj values and a reliability index ( /nay) are obtained for
each levelling section (i.e. line).

When (geometrically) absolute velocities are to be
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obtained a connection to mareographs should be established.
Then absolute velocities and their mean square errors (Vabs:

n ) can be deduced from the known absolute vertical veloci-
tiveasbsdeduced for the mareographs and from the relative velocity
values for all nodal points (or even for all points).

The absolute velocities of mareographs should be consid-
ered as a separate problem which is not discussed here in
detail. We only mention that the absolute velocities of mareo-
graphs placed at the coast of the same sea are to be determined
by precise levelling. A further problem is if the sea level may
be considered unchanged or not (eustatic effect). This question
is very important if mareographs at coasts of various seas are
utilized in the same investigation.

For deducing absolute velocities conditions related to the
temporal stability of the spatial position of mean sea levels
should also be taken into account.

The results of vertical movement studies by means of geo-
detic methods can be presented in various forms. One tradition-

al method is by charts which can be completed by graphs.

For larger areas, it is a more advantageous method to
compile a map of crustal movements. It contains - besides the
usual geographic information - the following: the lines of in-

vestigation, the adjusted absolute velocities, a detailed de-
scription of movements (by means of isolines) and other geo-

logic, tectonic informations.

2.2 The most important vertical movement investigations

In the last decades attempts were made in many countries
to deduce vertical movements by means of the available results
of repeated levellings in certain areas. These attempts were
generally occasional and involved smaller areas (sometimes only
one specified line).

There were some additional insufficiencies as:

- the reliabilities of the utilized levellings were different,
- the motion free character of the geodetic control points was
disputable in many cases,

- the planning of the lines was determined by the practical
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form of the vertical control net
- geologic (tectonic) information was not considered, or it was
considered in a late phase.

This practice was transgressed by an investigation program,
which aimed to find vertical movements of larger areas, utiliz-
ing available geologic, later on seismologic information, too.

Such programmes were organized twice by the Soviet Geo-
detic Service (with co-operation of the Academy of Sciences of
the Soviet Union) for Eastern Europe on the one hand, and on
the other hand by the Hungarian Geodetic Service for the area
of the Carpatho-Balkan Region (CBR).

Experts and institutes of several countries took part in
both investigations. Both the East European and the CBR inves-
tigations were organized twice following each other and the
results were presented on maps. In the second investigation
the experience of the first one were considered. Meantime more
up-to-date levelling networks have been established in the East
European countries (they are connected at the borders). By this
way the reliability of the data of repeated levellings was
improved in the second case.

Some characteristics of the East European and CBR inves-
tigations are:

a) The first contiguous investigation of vertical movements in

Eastern Europe:

- the investigation was carried out between 1966-1971,

- it was co-ordinated by the Soviet Geodetic Service,

- the scale of the map of movements is 1:2.5 million,

- the map was presented in 1971 at Moscow at the plenary
meeting of the International Union of Geodesy and Geo-
physics (IUGG) .

b) The first investigation of vertical movements in the

Carpatho-Balkan Region (CBR))

- the programme was based on a Hungarian proposal,

- it was carried out between 1974 and 1979,

- it was co-ordinated by the Hungarian Geodetic Service,

- scale of the map is 1:1 million,

- the results were presented at the plenary meeting of IUGG
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at Canberra, Australia in 1979.
c) Second CBR investigation (CBRjj):

- it was carried out between 1980 and 1985,

- co-ordinator: the Hungarian Geodetic Service,

- scale of the map: 1:1 million,

- presented at Budapest, at an international symposium
(within the framework of the International Association of
Geodesy - IAG).

d) The second investigation in Eastern Europe:

- it was carried out between 1980 and 1986,

- co-ordinator: the Soviet Geodetic Service,

- scale of the map: 1:2.5 million.

3. RECENT VERTICAL MOVEMENTS IN THE PANNONIAN BASIN

The Pannonian Basin which includes Hungary, is situated at
the centre of Europe and is surrounded by the Carpathian
Mountains.

As the Pannonian Basin is to be interpreted together with

the Carpathian Mountains from a geological point of view,

in discussing the vertical movements of the Basin, the
recent movements of the Carpathians - and the Transylvanian
Basin located within them - should be dealt with,
too .

For the description of vertical surface movements of the
area, the results of the second CBR investigation (CBRjj) will
be wutilized.

The total length of lines in the network is 35 046 km,
with 432 levelling lines forming 127 closed polygons.

The Hungarian part of the net has the following character-
istic data:

- 44 levelling lines,

- 11 closed polygons,

- total length of lines: 3 858 km,

- the first measurements were carried out between 1949 and 1962,

- the second series of measurements were carried out between
1975 and 1979, so NT — 13-27 years,
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- the reliability of the measurements:

/Jj =+ (0.73 - 1.00) mm/v/km

and

yUjj = jL (0-27 - 0.34) mrn/V~m

The original CBRj*® map on the vertical surface movements
contains isolines of real vertical movements and the values of
movements by means of colour codes for the whole area of the
Carpatho-Balkan Region. The sketch (see Fig. 1) was made on the
basis of the CBRjj map, and shows vertical movements of the
area surrounded by the belt of the Carpathians (Pannonian Basin,
Transylvanian Basin).

Figure 1 shows the following:

- the Carpathians are uplifting from their North-Eastern part
to the Southern-Carpathians,

- the Transylvanian Ore Mountains and Bihar Mountains are up-
lifting,

- the Pannonian Basin is not uniform. West of Danube it is
generally uplifting, while East of the Danube a subsiding
tendency is observed.

A detailed description of vertical movements of the area
is the following:

a) Transdanubia is mostly uplifting in the South-Western part
(Fig. 2).

From South-West to North-East the uplift decreases.
The maximum value of the uplift: +1.3 mm/a in the county
Zala .

b) A subsiding tendency is characteristic for the Little
Hungarian Plain and for Western Slovakia, but it is of
changing value. The greatest velocity is -2.2 mm/a.

c) Central Slovakia is characterized by a slight subsidence,
i.e. the tendencies are somewhat uncertain, but the High
Tatras show uplift.

d) The area of Western Rumania (Transylvania) shows sharp up-
lift. The uplift in the Eastern Carpathians is remarkable

(v >+ 7 mma). Other parts of the Carpathians uplift at

ma X
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Fig. 2. The vertical movements of Transdanubia (Western Hungary)

a velocity of +2 mm/a, and +(4-5) mm/a, respectively. The
Transylvanian Basin is subsiding (up-to -1.9 mm/a).

In the Pannonian Basin east of the Danube (including
Eastern Slovakia, the territory East of the river Tisza, and
the North-Western part of Transylvania) subsidence is the
general tendency (Fig. 3).

Definitely sharp subsidence is witnessed

around Debrecen where the maximum of subsidence is -s.6 mm/a

at Szolnok -4.3 mm/a
at Szeged -4.1 mm/a
at Békéscsaba -3.8 mm/a.

INTERPRETATION OF THE RESULTS

It was proven on the basis of CBRjj that the Carpathians
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Fig. 3. Vertical movements in the Pannonian Basin to the east of river
Danube

are generally uplifting. The Eastern Carpathians are signifi-
cantly uplifting. For the territory of North-Western Slovakia
there is no unambiguous evidence for an uplift.

The Great Hungarian Plain and the Little Hungarian Plain
are subsiding. The areas of the Great Hungarian Plain where
strong subsidence was found (Debrecen, Szolnok, Szeged, Békés-
csaba) coincide with regions where sedimentary cover on the
pre-Tertiary basement rocks are thickest (i.e. the compaction
is also most significant). It is further characteristic that
there are significant fluidum and water mining activities in
the same areas.

The reliability of the derived velocity values was dealt
with in Chapter 2.1. The original CBR”j map of motion includes
reliability of the derived velocities, too (as an inset).

Accordingly the value of = _+(0.75-2.5) mm/a. The
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greater mean square errors of velocities are found in the
adjacent areas of the Soviet Union and Rumania. In Hungary and
in Czechoslovakia, the mean square errors are slighter

(aly + 1.0 mm/a).

The derived velocities are significant, where |vabs | *>/uv -
Such areas are the Great Hungarian Plain, the Little Hungarian
Plain,Western Slovakia, the Carpathians. The velocities in
other parts of the Pannonian Basin are only suitable for the
determination of movements tendencies. In these regions, more
reliable results will be obtained from new precise levellings
in the next years, and from other methods.

New more detailed measurements have been carried out in
the Eastern part of Hungary, and they are being started in
Transdanubia. Having finished the new measurements, the inves-
tigation will be continued. About a study of the vertical sur-
face movements by other methods, the following can be said.

The method described in Chapter 2 is suitable to derive
results at zones showing characteristic movements. Nevertheless
it is more useful to use relative methods instead of absolute
ones and their adjustment in zones of smaller movements. In the
case of relative methods, relative velocities ( AV) are pro-
duced for each levelling section, they are matched to the abso-
lute velocities derived for the nodal points of the lines, and
detailed information results along the whole length of the
lines.

The application of this new method has been started
(including derivation of the horizontal gradients along the
lines with the vertical velocities). Having finished the new
step of the investigation it will be possible to describe move-

ments in areas of smaller vertical velocities.
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STRUCTURAL EVOLUTION OF THE PANNONIAN BASIN: A PROGRESS
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An evaluation of the recent progress in understanding the structural
evolution of the Pannonian basin is presented. The model of transtensional
origin of the Pannonian basin is supported by independent tectonic studies
in outcrops of the basement (e.g. Hungarian "mountains"). A most remarkable
new concept about the extrusion tectonics of the Eastern Alps presents a
new perspective to derive a three-dimensional geodynamic model for exten-
sional collapse of orogens.

One alternative model is discussed. It is argued that the model which
suggests major clockwise rotation of a large part of the Pannonian basement
during basin formation is unjustified. Finally a few real problems are
lined up and suggestions for promising areas of future research are put
forward.

Keywords: block rotation; geodynamics; Pannonian basin; transtensional
tectonics

INTRODUCTION

Study of the formation of the Pannonian basin has been one
of the focal points of the activity of the Hungarian National
Committee for the International Lithosphere Program. The reason
for this was not only the fact that nearly the whole territory
of the country belongs to this basin. More important was, how-
ever, our conviction that the formation of the basin on an
Alpine orogenic terrain could be of general interest because of
potential contribution to better understanding of the dynamics
of the lithosphere/asthenosphere system.

The half-term report of the Hungarian National Committee
(Contribution 1984-85) dealt mainly with the relationship of
Mesozoic through Paleogene rocks in the Alpine-Carpathian-
-Dinaric mountains and those inside (and mostly below) the

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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Pannonian basin, and with the pre-Neogene structural evolution.
The Pannonian basin proper was not considered in detail, but one
paper illustrated by a few seismic sections the characteristic
Neogene structural styles and their possible connections to
earlier tectonic features (Horvath and Rumpler 1984). Moreover,
the first attempt was reported here to decipher the Neogene
structural evolution of the area by microtectonic studies, i.e.
statistical analysis of all observable fault striation and
related features in outcrops (Bergerat et al. 1984).

Our recent understanding of the Pannonian basin has been
summarized in a comprehensive volume edited by Royden and
Horvath (1988) as Memoir 45 of the American Association of
Petroleum Geologists. This volume represents the end-results
of an eight-years' research project between the EO6tvés Univer-
sity (Budapest) and the Massachusetts Institute of Technology
(Cambridge), and also included other participants both from
academies and industry. The Memoir contains chapters on the
Cenozoic tectonic evolution of the Pannonian basin system, and
covers subjects from theoretical basin models to implications
for more reliable assesment of hydrocarbon prospects in the
Neogene sedimentary rocks.

The purpose of this brief report is to present my personal
view on the progress we have made in the last couple of years
in understanding the structural evolution of the Pannonian
basin. | shall review a few important new results of other
investigators which support our view and may open new perspec-
tives for future research. In addition, | shall discuss the
most remarkable alternative view on the formation of the Pan-
nonian basin, and attempt to arrive at an objective summary

about the most important open problems.

RECENT RESULTS

New deep reflection seismic soundings (Posgay et al. 1986)
support earlier observations that the Pannonian basin is
characterized by an attenuated continental crust, with a depth
to Moho of 25 to 29 km. The only important exception is the

Transdanubian Central Range to the North of Lake Balaton (Fig.
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1). This is the largest fairly continuous area inside the
Pannonian basin where Mesozoic rocks crop out. This Range was
never below water level during the formation of the Pannonian
basin, but the recent topographic elevation is the consequence
of Quaternary uplift. The Moho discontinuity is not a sharp
reflector below the Range, rather a transitional layer in a
depth of 30 to 35 km. This increased crustal thickness is not
reflected by the shape of the lithosphere/asthenosphere bound-
ary. New magnetotelluric soundings combined with inversion of
seismic travel-time residuals clearly delineate a large astheno-
spheric dome associated with the basin. The minimum lithospher-
ic thickness is about 50 km in a central and elongate stripe
(Adam et al. 1982, 1989, Babuska et al. 1987).

The Pannonian basin was one of the first test areas where
the quantitative model of McKenzie (1978) for extensional basin
evolution proved to be applicable (Sclater et al. 1980). At
that time, however, we had no idea at all about the style,
space and time distribution of lithospheric extension. A number
of papers document the progress of our understanding which
culminated in the Memoir. | briefly summarize our main points
here.

Subsidence of the Alpine orogenic terrain in the future
Pannonian basin started in the early Miocene and the region
became part of the epicontinental Central Paratethys sea.
Clastic material derived from the neighbouring mountainous areas
of the Alps, Carpathians and Dinarides, and were transported to
the sea mostly by rivers. Clastic influx significantly in-
creased towards the end of the middle Miocene when rapid uplift
of the mountains around the Pannonian basin occurred. These
rising mountains separated the basin from the world seas and
led to the development of a large lake characterized by evolu-
tion of endemic fauna. The lake has been filled up progres-
sively since the late Miocene and the area became a dryland
during the Quaternary.

A typical sedimentary succession in the Pannonian basin
consists of (from bottom to top) basal conglomerates passing
into shallow marine sediments. This is followed by deep water

deposits, usually of black shales with turbiditic



Fig.

1. Tectonic sketch of the Pannonian basin and surrounding regions showing the main faults and folds of Neo-

gene age. Note that the sketch outside of Hungary is extremly oversimplified and mainly conceptual. Leg-
end: 1. Molasse foredeep, 2. Alpine-Carpathian flysch belt, 3a. Inner Alpine-Carpathian Mountain belt
and the Dinarides, 3b. outcrops of Neogene calcalkaline volcanic rocks, 4. strike-slip faults, the sense
(and usually the amount) of displacement is well constrained (thick arrows) or unconstrained (thin ar-
rows), 5. normal fault, thrust fault, and fold, . areas of major crustal extension and subsidence
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intercalations. It is overlain by prodelta to delta-slope
sediments, and eventually by a thick complex of delta-plain
deposits. Two megasequences can be distinguished. The middle
Miocene strata represent the syn-rift deposits and they locally
contain a significant amount of volcanic materials. This is
usually unconformably overlain by the late Miocene to Quater-
nary post-rift deposits.

Interpretation of reflection seismic sections combined
with other geological data has led to a tectonic scheme of the
Pannonian basin (Fig. 1). The Pannonian basin is a result of
crustal extension which culminated during the middle Miocene
and, locally, has continued with greatly reduced intensity
until recent times.

The tectonic scheme shows two principal sets of conjugate
strike-slip faults. AIll of the faults that strike East-North-
east or Northeast are left lateral. All of the faults that
strike Northwest are right lateral. Curvature, splaying and
side-stepping of strike-slip fault segments occur frequently.
Areas of extension and normal faulting are associated with
discontinuous or divergent strike-slip faults, and with frag-
mentation in zones bounded by two major strike-slip faults
(transtension). Locally thrust faults and folds with East-West
trending fold axes are present (transpression).

This kinematic pattern can be explained by a simple
regional stress field. The Pannonian region was characterized
during the middle Miocene by a North-South maximum principal
stress (6p, an East-West minimum principal stress (s”), and a

vertical intermediate stress (s2), where:

— %3 _
6l =6 5 > =62 vertical > 6x =6gyy

This stress field is compatible with two conjugate sets of
strike-slip faults (if s = sN_g) and it provides the con-

ditions for oblique slip along these faults (if = s 2) and

"1
for pure normal faulting elsewhere (if Averticalr

Plate tectonic evolution of the Alpine-Mediterranean
region during the Miocene can explain the formation of this

stress field. A roughly North-South largest principal stress
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was generated probably by the African plate, which exerted a
push on the Pannonian through the Adriatic promontory. An East-
-West least principal stress is thought to be related to the
retreat of the subducted slab along the Eastern Carpathians.

In other words, the Pannonian basin is an escape structure
characterized mostly by transtension and subordinately trans-
pression. Crustal blocks extruded from the main Alpine colli-
sion front towards the "free boundary" in the Eastern Carpathi-
ans where they overrode the subductible crust of the molasse
foredeep. Accordingly, strike-slip faulting and extension in
the Pannonian area was compensated by coeval folding and thrust-
ing in the outer arc of the Eastern Carpathians. In this model
the total amount of Pannonian extension relative to stable
Europe (100 + 50 km) should be the same as the coeval crustal
shortening in the Outer Eastern Carpathians.

Our model received important independent support from con-
tinuing microtectonic observations in the Pannonian basin
(Bergerat 1989, Bergerat and Csontos 1989, Csontos et al. 1990).
These observations have been performed in the Hungarian moun-
tains which are actually emergent blocks of the Pannonian base-
ment. Hence, basement tectonics can be well studied, but the
time constraints are often poor due to the lack of abundant
young sedimentary rocks. Anyhow, these studies demonstrate that
the tectonic activity during the Neogene (particularly the
Miocene) were very intensive and predominated by strike-slip
faults. The orientation and offset of these faults are general-
ly in concert with what were inferred from seismic and drill-
hole data in the basin. On the other hand, it has become obvious
that the model for the formation of the Pannonian basin as il -
lustrated in Fig. 1 is a general scheme and cannot describe all
the complexity of the structural evolution. For example, obser-
vations at distant localities in and around the Pannonian basin
show a systematic temporal change of the orientation of strike-
-slip faults. This implies a significant rotation of the maxi-
mum horizontal stress from the North (middle Miocene) towards
the Northeast (late Miocene) and then counterclockwise towards
West-Northwest (Pliocene). Csontos et al. (1990) argue that

part of this rotation is apparent and is caused by internal
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block rotations within two major boundary wrench faults. The
rest of the inferred rotation can be a real change of the re-
gional stress field due to change of the boundary conditions
and interaction of the European and African plates. From this
point it is also interesting to determine the recent stress
field in the Pannonian basin (DOvényi and Horvath, this volume)
and to see how much it is under the control of forces acting on
the boundary of the European plate.

Major breakthrough has occurred recently in understanding
the uplift history of high-pressure metamorphic core complexes
in Phanerozoic origenic belts. It can be shown that these com-
plexes were initially deeply buried (30 to 50 km) as a con-
sequence of subduction during plate convergence. Then, they
were detached from the lower plate and brought back to the
Earth's surface strikingly fast. It has been suggested that
this rapid exhumation and unroofing is an extensional collapse
within compressional orogenic belts (Platt 1986, Dewey 1988).
This can happen by gravitational spreading of decoupled crustal
flakes away from topographic highs caused by uplift of thick-
ened orogenic wedge.

One of the test areas where this model has been most suc-
cessfully applied is the Eastern Alps. Studies of uplift and
deformation history of Penninic rocks in the Tauern and
Rechnitz windows show that the overlying Austroalpine nappes
were removed during the Oligocéne and Miocene along low-angle
normal faults and the general direction of extension was East-
-West (Selverstone 1988, Ratschbacher et al. 1989). Ratsch-
bacher et al. (1990) have remapped and reinterpreted the
Tertiary faults and other deformations and defined in detail the
kinematics of the Eastern Alps. This clearly suggests that ex-
trusion of the Eastern Alps occurred parallel to their main
strike and took place by brittle deformation of the upper crust
and ductile flow of the lower crust and lithosphere. The fault
pattern is shown to be intimately related to the basin forma-
tion in the intra-Carpathian area. They argue convincingly that
extrusion of the Eastern Alps and formation of the Pannonian

basin is one, integral process which was driven by gravitational
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instability of the orogenic wedge and boundary forces due to
the indenting South Alpine/Apulian plate. The fact that the
Eastern Alps remained mountains and the Pannonian area became
basin can be explained in terms of different amount of exten-
sion which was probably controlled by the changing boundary
conditions from the West towards the East (e.g. the stiffnes of
the European foreland and the distance from the Apulian indent-
er). | think these outstanding results if combined with further
data and interpretations from the Pannonian basin may open new
perspectives in understanding the evolution of complex geo-
dynamic systems.

I would like to emphasize that we really need a lot of new
data and interpretations from the Pannonian basin, because | am
aware that quite a few elements of our model are speculative or
oversimplified, and can be the subject of debate. Fortunately,
there are alternative models available which may stimulate fur-
ther progress. | shall briefly discuss only one remarkable
concept which received wide publicity in the recent years
(Balia 1985, 1986a, b, 1987, 1988). This concept is markedly
different basically because the author assigns a fundamental
role to rotation kinematics in the Tertiary evolution of the
Alpine-Carpathian-Pannonian domain. He has arrived at that con-
clusion on the basis of studying paleomagnetic data. Indeed,
anomalous paleodeclinations can readily be interpreted in terms
of rotation of the sampled rock units. In a complex orogenic
belt, however, it is very difficult to make a sound judgement
about the tectonic unit this rotation refers to, and to decipher
the actual displacement history.

A mid-Hungarian mobile belt divides the intra-Carpathian
domain into two contrasting megatectonic units: the Pelso unit
on the NW and the Tisza unit on the SE. The differences are
reflected by the late Paleozoic to Paleogene geologic history
of the two units (see a recent review by Fulép et al. 1987). It
is well established that the two units were quite far away dur-
ing the Jurassic and located to the South (Pelso unit) and the
North (Tisza unit) of the spreading axis of the Tethys (e.g.
Vordés 1987). As a consequence of Europe/Africa convergence the

Tethyan oceanic domain was consumed until the end of Cretaceous
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and a complex nappe structure developed in both units. Eocene

to early Miocene structural evolution was controlled by strike-
-slip faulting and, eventually, juxtaposition of the Pelso and
Tisza units occurred (Baldi and Baldi-Beke 1985). Formation of
the Pannonian basin took place on this continental assemblage

which accordingly was strongly influenced by earlier deforma-

tions .

Paleomagnetic data from the Mecsek Mts (SW Hungary),
however, led Balia (1986b) to suppose that this was not the
case. He suggests that-the Tisza unit was in a significantly
twisted position throughout the Oligocene which leads to the
postulation of a large, westward widening bay characterized by
subductible crust (see Fig. 7 of Balia 1987). Clockwise rota-
tion of the Tisza unit by an angle of about 100° back to its
present position has taken place since the early Miocene around
a proximate rotation pole (western Moesia). Rotation rate was
seemingly larger initially, but about 30° of the rotation has
occurred during the last 11 million years. Balia's main point
is that all the Neogene tectonics (i.e. strike-slip faulting,
rifting and graben formation) during the evolution of the
Pannonian basin are secondary features and were induced by this
primary rotation (Balia 1987, 1988). | think, however, that
serious objections can be raised against his idea. Some of them
are as follow:

i) The Mecsek Mts constitute a push-up structure associ-
ated with a major Neogene left-lateral wrench fault (Némedi
Varga 1983). Their structure is strongly influenced by the ac-
tivity of the master fault, secondary thrust faults and Riedel
shears. It seems to me, therefore unreasonable to suppose that
paleomagnetically detected rotations in these mountains can be
extrapolated for the whole Tisza unit.

ii) The postulated bay which was a few hundred kilometer
wide at the West, and characterized by subductible crust is a
"terra incognita", as not any remnants have been found so far.

iii) To avoid this discrepancy Balia (1986) suggests an
alternative possibility. He speculates that the gap between the

two units were filled by other known crustal blocks. These
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blocks moved politely aside when it was necessary to give way
to the clockwise rotating Tisza unit. In other words, this
alternative leads to a hopeless jigsaw puzzle.

iv) To make reasonable the rotation of the Tisza unit
Balia (1986, 1988) attempts to offer a driving mechanism. He
suggests that the western tip of the Tisza wunit was pushed
towards the North by counterclockwise rotation of a northern
Adriatic microplate. This microplate, in turn, was separated
from southern Adria and rotated counterclockwise as a conse-
quence of the opening of the Ligurian sea. | think, however,
that this mechanism does not work because of three reasons.
First, counterclockwise rotation of a northern Adriatic micro-
plate would lock rather than drive rotation of the Tisza unit,
because of simple geometrical reasons (compare Figs. 7 and 11
of Balia 1986). Second, opening of the Ligurian sea (late
Oligocene to early Miocene, Oemsek et al. 1985) finished when
the supposed rotation of the Tisza unit started (early Miocene
through Pliocene, Balia 1986). Third, opening of the Ligurian
sea resulted in about 30° counterclockwise rotation of the
Corsica-Sardinia block, which was compensated by crustal short-
ening in the internal Appeninic nappe front (Rehault et al.
1984). In other words, opening of the Ligurian sea has nothing
to do with the movement of the Tisza unit.

All in all, 1 think that the idea of major rotation of the
southeastern unit of the Pannonian basement during basin forma-
tion is unjustified both geologically and kinematically. How-
ever, this is just one, though fundamental element of Balia's
concept. There are quite a few other elements | accept and ap-
preciate. One example is given by studies in western Hungary
along the contact zone of the Pelso and Tisza units (Balia et
al. 1987). They have shown that to the North of the contact
zone, along the Balaton line (see Fig. 1) a 200 km or perhaps
300 km long belt can be found which was remarkably influenced
by middle Miocene compression. We have also recognized this
belt and interpreted as en echelon folds and the consequence of
transpression during oblique convergence. We may be still right

but we never analyzed the relationship of Tertiary wrench
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faults to earlier thrust faults. From a mechanical point of
view it is reasonable to suppose that wrench faults flatten at
depth and root in deep detachment planes associated with Alpine
nappe emplacement. There are ample evidence from the North
American Cordillera that regional strike-slips and thrust
faults share a common décollement (Oldow et al. 1989). If this
is the case, then significant thrusting may have occurred dur-
ing obligue convergence along the Balaton line and elsewhere in

the Pannonian basin during the Neogene.

CONCLUDING REMARKS

One can observe a remarkable progress in the understanding
of the structural evolution of the Pannonian basin during the
Neogene. The good level of knowledge can help to define the
main open problems and promising areas for future research. My
preferences are as follow:

1. It is very important to have a better understanding of
the basement (pre-Tertiary) tectonics. There is no more further
doubt that the basement is made up from a stack of Alpine-
-Carpathian nappes, but their geometry, areal extent and cor-
relation is unknown at all. Such kind of research can rely on
proper interpretation of deep reflection seismic profiles and
borehole data. | am convinced that, in addition to good data,
we need to learn more from Alpine geologists and experts on
seismic interpretation in orogenic belts.

2. Reactivation of earlier thrust faults should have oc-
curred during the Tertiary strike-slip dominated tectonic
history. Presumably, flower-structures are only superficial
manifestations of wrench faults which root at depth in detach-
ment planes. Future research in this field can elucidate the
role of tectonic heritage and lead to a good idea about the
changing style of deformation with depth.

3. It appears to be vital to continue modern structural
geological studies in outcrops of the Pannonian basement to map

all the indications of Tertiary kinematics. | think the most
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interesting areas are at the periphery of the Pannonian basin,
particularly in the internal Dinarides and Southern Carpathians.
Equally important is to study the coeval deformations of the
Outer Carpathian arc.

4. The Tertiary kinematics of the Carpathian-Pannonian
region should be combined with the results of extrusion tecton-
ics in the Alps. From a general geodynamic point of view it has
a great promise to arrive at an improved 3D model of the evolu-
tion of the lithosphere in a collisional orogenic belt.

5. There are some indications that Quaternary tectonics
may be somewhat different from the pattern of Neogene structur-
al evolution. We need to study the neotectonic processes to
understand recent geodynamics and have a reliable ground for
protection of the environment.

Naturally, we need time and money to carry on these
researches. Last but not least, | believe in better chances
for constructive cooperation between scientists in this part of

the world.
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DETERMINATION OF CONTEMPORARY CRUSTAL STRESS REGIME
IN HUNGARY

P Do6vényi and F Horvath

Geophysical Department of EOtvds University, H-1083 Budapest, Kun B. tér 2,
Hungary

This report presents an overview of the first results of stress deter-
minations in the Pannonian basin, Hungary. In cooperation with experts from
the University of Karlsruhe we analyzed borehole breakout data in ten
hydrocarbon exploration wells. Furthermore, in situ stress determinations
have been carried out at three sites in the Hungarian mountains. We con-
clude that both methods give good results but further data are required to
understand the regional stress pattern.

Keywords: breakout; Hungary; overcoring; Pannonian basin; stress de-
termination

INTRODUCTION

Motivation for crustal stress determinations is multifold.
The patterns of the intraplate tectonic stress field can be
used to determine the direction and relative magnitude of the
various forces controlling plate motion. Stress data provide
critical input for assessing the origin of tectonic movements
and seismicity and evaluation of earthquake hazard in intra-
plate region. These data are useful for a variety of problems
in mining, petroleum exploration and production, and civil
engineering as well.

The understanding of the causal connection between the
most common tectonic phenomenon i.e. the faulting and the three
principal stress directions in the earth's upper crust was
grounded by Anderson (1951) in his classical study. Many data
support his theory that the three principal stress directions
lie in approximately horizontal and vertical planes. Thus, in
areas of deviatoric extension (normal faulting) the maximum

Acta Geod. Geoph. Mont. Hung. 25, 1990
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principal stress is vertical, in areas of deviatoric compres-
sion (thrust faulting) the minimum principal stress is vertical,
and in areas of strike-slip faulting the vertical stress is the
intermediate one. Seismological studies showed that most of the
earthquakes are the consequences of such faulting taken place
somewhere in the brittle regions of the crust (Brune 1974). The
stress regime plays an important role in the initiation of
hydrocarbon (Du Rouchet 1981, Tissot and Welte 1987). The idea
of primary migration originated from the mechanics of hydro-
fracturing (HGbbért and Willis 1957).

Early investigations of regional stress patterns in North
America and in Europe indicated that uniform horizontal stress
orientation and relative stress magnitudes existed over broad
regions of the earth's crust (Sykes 1974, Haimson 1977).
Further data collection and data acquisition have been organized
in the World Stress Map project of the International Litho-
sphere Program. Preliminary results of the project indicate
that most intraplate regions are characterized by uniformly-
-oriented compression; intraplate extension is limited almost
entirely to thermally uplifted areas. In several plates the
maximum horizontal stress direction is approximately parallel
to the direction of absolute plate motion. This suggests that
regional tectonic stresses are primarily related to plate driv-
ing forces, although crustal structure and rheology have impor-

tant effects on the stress field (Zoback et al. 1988).

TECTONIC STRESS INDICATORS

In the description and grouping of reliable stress indica-
tors we follow the recommendations of the World Stress Map
project (Zoback et al. 1988).

Four different categories of geophysical and geological
data are being used to indicate stress orientations:

i) earthquake focal mechanisms;
ii) in situ stress measurements at depth, including hydraulic
fracturing and overcoring;

iii) measurement of young geologic deformation and features,
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including both fault slip and volcanic alignments;
iv) stress-induced well bore enlargements or "breakouts".

The elastic waves generated by earthquakes and recorded at
seismological stations can be used for the analysis of the
seismic source. The orientation of the fault plane and the
direction of slip on the fault determine the first motion
directions of the recorded wave pulses at the stations. Only
the focal mechanism give reliable information about the state
of stress in the deeper regions of the crust; more and more,
well constrained focal mechanisms are available in the last
decade using waveform modeling with data collection from digi-
tal seismic networks. However, the inherent difficulty in es-
timating principal stress directions from focal mechanisms
remains. Most crustal earthquakes are presumed to occur on pre-
-existing faults, in which case the orientation of two nodal
planes is a function of both the orientation of the fault and
orientations and relative magnitudes of the principal stresses.

In Hungary there are only three reliable focal mechanism
determinations (T6th et al. 1989, To6th, personal communication)
because of the insufficient seismic network and relatively low
seismic activity. Results of the Hungarian focal mechanism de-
terminations are shown in Fig. 1.

Using the hydraulic fracturing technique in vertical bore-
holes, one principal stress is assumed to be parallel to the
borehole and equal in magnitude to the overburden pressure. |In
this case a vertical hydraulic fracture should initiate at the
borehole wall along an azimuth perpendicular to the minimum
horizontal principal stress. Measurements of breakdown pressure
and shut-in pressure can be used to evaluate the magnitude of
principal stresses lying in horizontal plane. The principal
stress direction can be determined by the examination of well
bore cross-section along the fractured interval using borehole
televiewer or four-arm caliper log data.

Our experience shows that data acquired during routine
hydraulic fracturing in hydrocarbon exploration are not satis-
factory for stress determination. Hydraulic fracturing for
crustal stress measurements has not been carried out in Hungary,

so far.
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Fig. 1. Contemporary stress data in the Pannonian basin indicated by the
analysis of borehole breakouts (a-g), by overcoring measurements
(1-4) and by focal mechanisms (A-C). (Modified after Becker 1989.)
The longer axis (arrow) shows the direction of maximum horizontal
stress. Note that localities no. 3 and 4 are characterized by ten-
sional stresses. Localities are: a = Bajansenye, b = Bakonysziics,
c = Gatér, d = Fabiadnsebestyén, e = Szarvas, f = Sarand, g = Bakta-
léranthadza, 1 = Hainburg (Austria), 2 = Ugod, 3 = Beremend,
4 = Miskolc, A = Berhida, B = Dunaharaszti, C = Békés

One of the earliest and best studied techniques for in-
vestigating the state of stress in the earth's crust are stress
or strain relief measurements commonly referred to as "over-
coring" measurements. This technique generally involves deter-
mination of the natural, 3-D deformation relieved in a body of
rock in situ when separated from the surrounding rock volume.
It is the only technique which measures the complete stress
tensor. The primary drawbacks of this method are that the mea-

surements usually must be made near the surface and the measured
stress is subject to effects of local topography, rock anisot-
ropy and natural fracturing.

In situ stress measurements were carried out in Hungary
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for the first time during the summer of 1989 in cooperation
with experts from the University of Karlsruhe (FRG). Three test
locations were carefully selected: one near the village Ugod in
the Bakony (northwest Hungary), another one near Beremend,
south to the Villany Mountains (southern Hungary) and the third
one at the margin of the Bikk Plateau (northeastern Hungary).
Alltogether 44 single stress measurements by two different
overcoring techniques - the doorstopper and the triaxial strain
cell method - were done using the equipments of the Karlsruhe
University. Preliminary results of the measurements are shown
in Fig. 1 (Becker 1989).

The basic idea of the fault slip technique is that stria-
tions (slip vectors) observed on small fault planes of a vari-
ety of altitudes along active fault zones can be inverted to
yield a single deviatoric stress tensor. The validity of this
method has been established by numerous studies which have
demonstrated that the match between predicted and observed slip
vectors is quite good (Angelier 1984).

In Hungary this technigue can be used mostly for determi-
nation of the paleo-stress field during Miocene and Pliocene
(Bergerat and Csontos 1989).

Volcanic feeder vents (i.e. dikes) propagate as natural
hydraulic fractures perpendicular to the minimum principal
stress. Thus, the mean strike of volcanic alignments corre-
sponds to the maximum horizontal stress (Nakamura et al. 1977).
In Hungary there are no volcanic rocks younger then Pliocene in
age therefore this technique could only be useful for paleo-
-stress studies.

The analysis of well bore breakouts have been established
in the last decade. The theoretical and experimental outlines

of this new technique are summarised in the next chapter.

THE THEORY OF BREAKOUT ANALYSIS

Cox (1970) and Babcock (1978) were the first to investi-

gate borehole breakouts in deep drillings. They observed that

zones of elongated cross section over a great depth interval of
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a drillhole show a constant preferential elongation direction
which is independent from the stratigraphy. Bell and Gough
(1979) concluded that these elongations of borehole cross sec-
tion are breakouts of well bore wall. Well bore breakouts are
natural phenomena resulting from shear fracturing in the region
of maximum compressive hoop stress. According to elastic analy-
sis (Tomoshenko and Goodier 1951), the maximum compressive hoop
stress developed around a vertical borehole is concentrated on
the azimuth of the least horizontal stress. |f the stresses ex-
ceeded the shearing strength of the rocks the fractured materi-
al can break out of the borehole wall and a new free surface
develops inducing a change in stress concentration which will
lead to further failure.

Numerous investigations have established that breakouts
form with consistent orientations within an individual well and
in wells within a given field. Moreover, comparison of stress
directions derived by earthquake fault plane solution and by
hydraulic fracturing with those determined by breakout analysis
also verified the method. There are exceptions too, i.e. as
some interpretation of borehole breakouts showed (Plumb and
Hickman 1985), the breakout direction within a well is not
necessarily consistent and in zones near the surface the direc-
tion might be perpendicular to those in deeper zones. Above
all, variations in breakout direction are the result of the
influence of formation fluid pressure and of the drilling mud
pressure. Micro fractures or anisotropic elastic characteris-
tics of the rocks might be another reason for abnormally ori-
ented breakouts (Blumling 1986).

BREAKOUT DATA AQUISITION AND DATA PROCESSING

Elongations of the well bore wall can be measured by opti-
cal (borehole camera), acoustic (seismo-acoustic televiewer)
and mechanical (four-arm caliper log) methods. The caliper tool
as a part of the dipmeter is the most commonly used of the
three methods. The dipmeter determines the strike and dip of

bedding planes by registration of formation resistivity on
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four orthogonal pads. The pads are hydraulically extended to

the borehole wall and therefore monitor the hole geometry as

the tool is drawn up the well. Moreover, all the data to orient
the tool are also recorded. As the tool is drawn up it is ro-
tating because of the tension and twisting of the cable. The
full shape of the borehole is recorded over a depth interval of
90° rotation. Close to the surface the cable torque decreases,
the rotation slows down and increases the depth interval while
the tool rotate 90°.

The measured caliper and orientation data should be dis-
played in a special way creating so-called contour plot. This
plot gives an impression of the mean contour in a given inter-
val along the borehole. To select breakout intervals strictly
and determine the corresponding breakout directions precisely
it must be considered some criteria established by Plumb and
Hickman (1985):

- The tool is rotating beyond and below a borehole breakout.

- The rotation stops over the breakout zone. The required
breakout depth is about 0.6 cm which means a diameter differ-
ence of 12 mm

- The borehole elongation is clearly seen in the log. |In
contrast to the so-called washouts only one pair of pads
show a relatively sharp ascent and descent of the borehole
diameter.

- The smaller borehole diameter is nearly equal to the bit
size. |If both caliper values are higher than the bit size,
the shorter pad distance must show a smaller variation of the
borehole diameter.

- The elongation direction should not correspond to the hole
azimuth for a longer time if the drilling deviates from the
vertical. (At non vertical drillings borehole elongation can

be induced by the weight effects of the drilling bars.)

BREAKOUT STUDIES IN HUNGARY

Dipmeter soundings as a part of routine well-logging have

been carried out for 3-4 years in Hungar. 10 boreholes were
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selected for experimental breakout analysis: Algy6-836, Bajan-
senye-4 , Bakonyszlics-1, Baktaléranthaza-l, Fabiansebestyén-4,
Foldes-3, Géatér-M-1 , Kiskundorozsma-16, Sarand-S-1 and
Szarvas-25.

The breakout analysis was carried out using a computer
programme developed. This programme displays the different com-
ponents of the caliper log and computes the breakout direction
taking interactively into account the criteria listed above. At
the same time and with the same data set a similar analysis was
made by the experts of the Karlsruhe University (Muller and
Heinemann 1988). The results of the two independent analyses
are similar. In seven boreholes there was possible to calculate
valuable breakout orientations. The discrepancies between the
calculations of the two teams were less then 10 % in every case.
In three boreholes the calculation was impossible either be-
cause of lack of breakouts or because of the bad quality of
data .

The directions of maximum horizontal stress derived from
mean breakout orientations is shown in Fig. 1. The results of
earthquake fault plane solutions and of overcoring stress mea-
surements are also shown. It is only a very preliminary inter-
pretation (rather an impression) that the Pannonian basin can
be divided into three stress provinces. The north-western part
of the basin is characterized by WINW compression, the middle
and southern part by W-NW extension and the eastern part by
W-NW compression (??) again. It must be emphasized, however,
that distribution and number of stress determinations are not
enough to give reliable information about the regional stress
pattern of the Pannonian basin. It is our immediate objective
to make further breakout analyses and in situ stress determina-

tion in Hungary.
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DEEP SEISMIC INVESTIGATIONS ALONG THE PANNONIAN GEOTRAVERSE
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The investigation of the Earth's crust and upper mantle by seismic
reflection methods has significant history in Hungary. Researchers of the
"E6tvOos" Institute observed reflections from the crust-mantle boundary as
early as at the beginning of the 1950-s (Galfi and Stegena 1955) and in the
1970-s characteristic arrivals were determined from the time range of the
upper mantle by multiple coverage seismic reflection techniques. They were
interpreted as reflections (Posgay et al. 1981). Conspicuous arrivals from
the time range of the asthenosphere (15-20 s) were also received along the
Pannonian Geotraverse in 1987.

In the bulk of sections published in other countries the upper mantle
seems to be transparent. In the present paper investigations are discussed
which lead to the conclusion that this apparent transparency is due to the
frequency range below 10 Hz being neglected in both signal generation and
observation in the overwhelming part of reflection deep soundings carried
out on continents. The correctness of the assumption that arrivals from the
time range of the asthenosphere are primary reflections is subjected to
further investigation and conclusions are made concerning the structure of
the asthenosphere.

Keywords: asthenosphere; deep seismic reflection method; Pannonian
Basin

FOREWORD

In the course of 1986 an operative commission was estab-
lished for investigating the structure of the lithosphere-as-
thenosphere in the Pannonian basin within the framework of the
ICL National Committee. The task of this commission is to co-
ordinate related geophysical studies.

The duration of investigations initiated on the basis of
experiences obtained in past decades is planned for several
years. The bulk of work is made with seismic reflection method.
We intended to perform thoroughful investigations also with
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magnetotelluric, geothermal and paleomagnetic methods. We also
reinterpreted earlier gravity and geomagnetic results.

From the investigations that belong in the space of the
ICL commission we shall give account in this paper of the seis-

mic studies of the lithosphere and asthenosphere.

DATA ACQUISITION, PROCESSING AND RESULTS

The field work along the Pannonian Geotraverse was started
in 1987; it joins the regional profile of Czechoslovakia
marked 2T (Fig. 1) and crosses the Hungarian Central Range
(HCR) and a part of the Pannonian Basin which comprises the
Great Hungarian Plain. The Tertiary Pannonian Basin encircled
by the Alps, Carpathian Mountains and Dinarides is bisected by
the Hungarian Central Range into two parts: the Little
Hungarian Plain and the Great Hungarian Plain.

Seismic measurements were carried out on the greatest part
of the Pannonian Geotraverse. In this paper we review the
results of a 50 km long profile section, measured in 1987,
marked by a thick continuous line in Fig. 1. Along this section,
observation was made using asymmetric split spreads, 48 chan-
nels on one side of the shot hole and 144 on the other. Five
seismometers with 4.5 Hz eigenfrequency were grouped for each
channel. Spacing between seismometer groups was 50 m. No low-
cut filter was used during data acquisition. The 3 dB point of
the amplifier was at 3 Hz. Coverage over a great part of the
profile was 48-fold. Recording time was 30 s. In reflection
deep seismic sounding along the Pannonian Geotraverse, shots
were used for signal generation instead of vibrators, the
former being more advantageous for generating low frequency
seismic signals. To optimize the signal to noise ratio, charges
of 50 kg were put in shotholes 50 m deep. For bigger charges
more holes were used, but the size of the charge in a single
hole was never increased.

Steps used in processing the present version of the
Pannonian Geotraverse are as follows: true amplitude recovery,
static and NMO corrections, 48-fold CDP stack, coherency en-

hancement. Filtering methods according to apparent velocities
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Fig. 1. Tectonic sketch map of the Pannonian basin and its environment; lo-
cation of deep reflection profiles. 1 - foredeep contour;
2 - Carpathian front; 3 - boundary of the Outer and Central
Carpathians; 4 - Pre-neogene formations within the Alpine fold
belts; 5 - deep reflection lines. Part of the profile discussed in
the paper is marked with thick line. Numbers in the figure indicate
the depth of the asthenosphere in km's at the site of magnetotel-
luric measurements (MTS). HCR - Hungarian Central Range,
LHP - Little Hungarian Plane, GHP - Great Hungarian Plane,
APM - Apuseni Mountains

applied to the seismograms led to a substantial improvement of
the signal to noise ratio. Narrow band filtering and migration
were not used in the preliminary processing of the Geotraverse.

The importance of careful trace editing should be empha-
sized in the improvement of the signal to noise ratio for low
energy arrivals coming from the time range of the lower crust
and the asthenosphere. In the recent processing a 24 sec two-
way travel time section has been prepared with 48-fold
coverage.

Figure 2 shows a line drawing prepared on the basis of a
processed profile section. The following figures illustrate
details selected from typical places along the profile.

Figure 3 shows a part of the section from the upper crust.

The time range is 1 to 6 s. The Neogene sediments are good
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Fig. 2. Line drawing of a preliminarily processed part of the Pannonian Geo-
traverse. Squares indicate parts of sections referred to in further

figures
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Fig. 3. Detail from the stacked section showing part of the upper crust
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reflectors. They differ from the underlying Paleogene and Meso-
zoic sediments. The bottom of the Neogene basin can be inferred
from the weakening of reflections at 1.6-2.0 s TWT. The so cal-
led transparent zone of the upper crust seems to appear only
prior to 4.5 s (about 10 km depth). This is in agreement with
the correlation revealed by Klemperer (1987), according to
which the reflecting zone has a shallow position within the
crust if the heat flow is high.

Figure 4 shows the depth range of the lower crust and up-
per mantle. Strongly marked horizons can be found within the
whole lower crust. At the bottom of the crust an increase of
shorter reflecting regions is observed. Below the Moho (at 8.8
s TWT) a decrease in their number is conspicuous.

Figure 5 shows the time range of the asthenosphere.

Around 15 s there is a zone characterized by weak reflections,

Fig. 4. Detail from the stacked section showing part of the lower crust
and upper mantle
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87 KM

Fig. 5. Detail from the stacked section showing part from the time range of
the asthenosphere

but between 17 and 19 s both amplitudes and traceability of
reflections have significantly increased.

When interpreting arrivals observed within the time range
of the asthenosphere, one has to weigh the pros and cons as to
their reflected character. In planning, conducting, processing
and interpreting such measurements one has always to choose
from several possibilities. Through an analysis of results
obtained so far and by the means of subsequent complementary
investigations we continue to study the possibility of arrivals
other than single reflections (multiples, lateral arrivals,
converted waves), the reality of reflection (signal to noise
ratio, true amplitudes, reflection coefficients) and the par-
ticular features of the Pannonian basin. Though these are only
the preliminary results of our investigations, certain con-
siderations may be of interest.

The bulk of investigations of the continental lithosphere

by seismic reflection methods has been performed with vibrators
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as signal sources. According to our experiences the base plate
of the vibrator and the resonating ground mass perform oscil-
lations with an attenuation substantially less than the criti-
cal (Bodoky et al. 1979). In related studies relative attenua-
tion values between 0.3-0.4 were determined, letting the au-
thors infer that for generating frequencies less than resonance
frequencies a low cut taper of at least 12 dB/oct should be
used. (At the time of the experiment no force control was yet
used.) The energy transmission into the earth below the reso-
nance frequency is extraordinarily unfavourable.

In the Pannonian basin the apparent frequency of arrivals
observed within the time range of the mantle was below 8 Hz.
Thus the question arises whether signal generation by vibrators
in continental measurements may have caused the absence of ar-
rivals in the time-range of the mantle? Such an explanation is
supported by crustal studies carried out in Hungary with vibra-
tor source, too. In the western part of the Pannonian basin, in
the Little Hungarian Plain, a crustal investigation profile
(Fig. 1, line K 1) was recorded with vibrator source (Papa et
al. 1987), a part of which is presented in Fig. 6. The upper
mantle, similar to the results of other vibroseis measurements,
seems to be transparent.

The application of a low cut filter to the Pannonian Geo-
traverse produces remarkable results. A detail of the section
- selected from the time range of the asthenosphere - is shown
in Fig. 7 with band pass filters 4-32 and 12-32 cps. The ar-
rivals disappeared when the frequency of the low-cut filter was
increased.

On the basis of the foregoing it is assumed that equipment
and methodology may also be influential in obtaining arrivals
from the range of the upper mantle. The generally accepted
methodology was established for studying crustal structure, and
the depth of investigation did not reach in most cases the
asthenosphere.

Nevertheless results can be found in the literature,
obtained with pulsed type sources that render probable reflec-

tion arrivals from the upper mantle. For example Dohr (1970)
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Fig. 6. Part of a section measured in the western part of the Pannonian ba-
sin by vibroseis method. The upper mantle is apparently transparent

received deep reflections in his pioneering work. In this re-
flection survey conducted in the Upper Rhine valley he received
arrivals from below the Moho up t0 a total recording time of

18 s.

In the marine deep soundings Of BIRPS, arrivals of ex-
cellent quality were received from the range of the upper
mantle (Brewer et al. 1983) . In the Pamir-Hi malayan Project,
reflections from the upper mantle were also observed when big
charges were used for shots (Kaila 1988). They wete interp reted
to have come from the top and bottom of the asthenosphere,
respectiveiy.

When weighing the possibilities it should also be con-
sidered that the heat flow in the measured section of the
Pannénian Geotraverse is between 80-100 mwm2 (D6vényi et al.
1983). In accordance with this, the conductive layer of the

upper mantl e was determined at a relatively shallow depth by
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A-32 HZ 12-32 HzZ

Fig. 7. Detail of the Pannonian Geotraverse selected from the time range of
the asthenosphere. Band filter on the left side is 4-32 Hz, on the
right 12-32 Hz. On the latter part the upper mantle seems to be
transparent!

magnetotelluric measurements (Adam et al. 1982)

Magnetotellur ic Sounding (MTS) points with apparent depth
values of the asthenosphere are indicated in Fig- 1. The depth
of the conduetive layer of the upper mantie is expeeted at
about 50-60 km over the presented section of the Pannonian Geo-
tr averse. The relativeiy shallow depth of the asthenosphere may
providé sufficient conditions fOr defining lith ospheric proPer-
ties and thickness by seismic methodg,6 since arrivals froT this
depth range are expected at relativeiy short arriva 1l times, i.e
along a shorter wavepath with smaller energy loss through ab-
sorption .

CONCLUSIONS

In the reviewed part of the Pannonian Geotraverse arrivals
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in the time range of the asthenosphere appeared in bundles. As-
suming reflection arrivals we may infer a new laminated complex.
Laminated structure of the lower crust is interpreted by
Meissner and Kusznir (1987) since the decrease of viscosity
below a critical value (1023 poise) in the hot lower crust may
play a significant role in the formation of laminae. The rheo-
logic model was determined to be g = 50 mW/m for shields,

q = 70 mV\l/m2 for postorogenic Paleozoic types, g = 90 mWm for
extensional Cainozoic types. It is assumed that in the multi-
mineral crust the conditions for the formation of laminae are
more favourable than in the upper mantle that can be regarded
as relatively homogeneous.

A viscosity decrease in the case of shear stress may
promote lamination. Lamination is also possible for an upper
mantle composed largely of olivine due to the following causes:

1. According to Fuchs (1986), in the horizontal shear
strain of the subcrustal lithosphere "a preferred orientation
of olivine crystals is probable". Such a regime is regarded by
him as suitable for the formation of laminae.

2. Alternation of partially molten and solid laminae of
intrusive bodies.

3. Sheet-like arrangement of volatiles similar to that
suggested for the lower crust (Posgay et al. 1986).

It is interesting that groups of arrivals from laminae ap-
pear only in certain parts of the profile. They may be due to
problems of data acquisition and methodology, to the inter-
mediate state of processing, but also to tectonic or perhaps
petrographic conditions affecting the stress field of the

asthenosphere.
ACKNOWLEDGEMENTS

The authors are deeply obliged to the Hungarian Academy of
Sciences and the Central Geological Office of Hungary for their
moral and financial support, as well as to the "Eo6tvés Lorand"
Geophysical Institute of Hungary for permission to publish the

results.



DEEP SEISMIC INVESTIGATION 277

REFERENCES

Adam A, Vanyan L L, Varlamov D A, Yegorov | V, Shilovski P P
1982: Physics of the Earth and Planetary Interiors, 28,
251-260.

Bodoky T, Rumpler J, Halmos P, Apor L 1979: Magyar Geofizika, 20,
201- 210.

Brewer J A, Matthews D H, Warner M R, Hall J, Smythe D K,
W hittington R J 1983: Nature, 305, 206-210.

Dohr G 1970: In: Graben Problems. Schweizerbart, Stuttgart,
207-218.

Dovényi P, Horvath F, Liebe P, Galfi J, Erki | 1983: Geophysical
Transactions, 29, No. 1, 3-114.

Fuchs K 1986: In: Reflection Seismology: The Continental Crust
Geodynamics Series (Barazangi M and Brown L eds), Vol 14,
Am. Geophys. Un. Washington, D.C., 67-76.

G alfi J, Stegena L 1955: Geophysical Transactions, 4, No. 2,
37-40.

Kaila K L 1988: In: Deep Seismic Reflection Studies Newsletter
(Blundell D J and Wright C eds), No. 2, University of
London, U.K., 36-46.

Klemperer S L 1987: J. of Geophysics, 61, 1-11.

Meissner R, Kusznir N o 1987: Annales Geophysicae, 5, No. 4,
365-374.

Papa A, Nemesi L, Hobot J, Pintér A, Raner G, Redlerné T M,
Varga G 1987: Several aspects of the deep structure in a
complex study of the Northwestern Plain of Hungary. Lec-
ture on the Geological and Geophysical Itinerary Meeting.
Balatonszemes, Hung. Geophys. Soc., Budapest, Spec. Publ.

Posgay K 1975: Geophysical Transactions, 23, 13-18.

Posgay K, Albu I, Petrovics I, Réaner G 1981: Character of the
earth's crust and upper mantle on the basis of seismic re-
flection measurements in Hungary. Earth Evolution Sciences,
Vieweg, Wiesbaden, 1, No. 3-4, 272-279.

Posgay K, Albu I, Raner G, Varga G 1986: In: Reflection Seis-
mology: Global Perspective Geodynamics Series (Barazangi M
and Brown L eds), Vol. 13, Am. Geophys. Un., Washington,
D.C., 55-65.






Acta Geod. Geoph. Mont. Hung., Vol. 25 (3-4), pp. 279-290 (1990)

CRUSTAL CONDUCTIVITY ANOMALIES IN THE PANNONIAN BASIN
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Different types of electrical conducting formations or conductivity
anomalies (CA) were found at different depths in the Pannonian basin by
magnetotelluric deep soundings. They are presented here with characteristic
examples.

The main types of CA's are as follows:

- Conducting formations embedded into the basement directly under the
sedimentary cover (e.g. CA at Magyarmecske)

- CA within the resistive basement at a depth of some km (e.g. Trans-
danubian CA)

- CAin the lower crust (at a depth of about 18 km)

- CA connected to a tectonic line or zone (e.g. along the Balaton line).

Physical or material causes of these conductivity anomalies are illuminated

by borehole samples or/and by other geological-geophysical information or

hypotheses.

The depth distribution of the crustal conductivity anomalies is shown
on a map for a part of Hungary.

Keywords: crustal conducting formations; electrical resistivity;
fluids in the crust; graphitic schists; Pannonian basin

1. INTRODUCTION

The electrical resistivity distribution in the Earth's
crust can be determined by electromagnetic induction methods,
first of all by telluric (TT) and magnetotelluric (MT) deep
soundings using a wide spectrum of natural electromagnetic
variations. These methods have great resolving power for the
conducting formations with metallic (electronic) or ionic con-
duction. The temperature effect on the conductivity of the
rocks increases with depth due to electric semiconduction.

In the Pannonian basin the crustal conducting formations

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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are represented by strongly carbonized graphitic schists or
shales, ore bodies, loose tectonic fracture zones in which a
high pore volume fraction is filled by fluids or fluids in the
lower crust originating from metamorphosis, etc. In the follow-
ing different CA types are described between surface and lower
crust which are characteristic for the geological tectonic fea-
ture of the Pannonian basin. In 1987 a map has been constructed
on the depth of CA's in Hungary based on a telluric and magneto-
telluric data set collected by different Hungarian institutions.
A part of this map is shown in Fig. 1 (NW Transdanubia). It is
to be noted that the Pannonian geotraverse has been measured

after construction of this map.

2. CONDUCTING FORMATIONS UNDER TERTIARY SEDIMENTS

Subsidence and sedimentation or filling up of the Pan-
nonian basin took place in the Tertiary, mainly in the Pliocene.
The thickness of the Neogene sediments reaches in the deepest
basin parts 6-8 kms. These sediments consist mainly of clay,
then of sand, gravel, marl, sandstone. Their resistivity is
between 2 and 10 fim, though rarely, first of all, in case of
coarse fluvial sediments and Miocene conglomerates it reaches
30-40 fim. Therefore, the resistivity (as well as density and
seismic velocity) of the basement under these Tertiary sedi-
ments, i.e. of the Mesozoic carbonates or Paleozoic crystalline
rocks is generally higher than that of the young sediments.
Hence, the Pretertiary basement is a first order geophysical
horizon. There are small areas in the Great Hungarian Plain (SE
part of the Pannonian basin) where Upper Cretaceous sediments of
20-40 ilm cannot be separated from the Miocene sediments so the
geoelectric basement starts at the bottom of the Cretaceous
clastic sediments. In other small areas very conductive forma-
tions (Rho .$1 Dm) are embedded into the Paleozoic formations.
In NE Hungary (Szendrd, Alsévadasz) Devonian graphitic schists
occur with some pyrite content in the basement. In the Magyar-
mecske-Bogadmindszent area (SW Hungary) Carboniferous carbon-

ized sediments have been detected under Pliocene sediments
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1. Highly conductive formations within the Pre-Austrian basement in different depth ranges (see Legend) in
the Northern part of Transdanubia. A part of the map constructed by Adam et al., 1987
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(Nemesi et al. 1985). The resistivity of some strongly carbon-
ized borehole samples is less than 0.1-0.002 flm. The average
resistivity of the whole Carboniferous sedimentary sequence is
about 1 Jim. Geological and geophysical results from this area
are shown in Fig. 2.

The Bouguer gravity map (Fig. 2a) has been constructed
using measurements made with a station density of 1 station/1 km .
This map reflects qualitatively the basement depth of the
Tertiary basin not deeper than 2-3 km. |f the basin is deeper,
the correlation between Bouguer anomalies and basement depth
gets worse. A gravity maximum may even correspond to very deep
parts of the basin due to the mantle material intruded into
the thinning crust.

Since the mid-fifties we have experienced in Hungary that
the telluric method images the basement relief of the deep
basins essentially better than gravimetry. Therefore telluric
profiling has been made in the greatest part of the country
including the mentioned area (Fig. 2b). The telluric isoline
map significantly differs here from the gravimetric one in con-
sequence of the Magyarmecske CA of a conductance of 1000
Siemens. As the telluric anomaly is influenced - besides the
basement relief - by the lateral inhomogeneity (variation) of
the average resistivity of the sedimentary cover, this effect
has been taken into account. For determination of the average
resistivity of the sedimentary cover, D.C. Schlumberger or
dipole equatorial soundings were used initially but from the
mid sixties they have been substituted by magnetotelluric deep
soundings. On the basis of these measurements, an isoohm map of
the sediments was constructed and used for the transformation
of the telluric map to a basement relief map.

In Fig. 2c the difference is shown between the geoelectric
(telluric) (Hs) and seismic (H ) basement depths. The geoelec-
tric basement is in the syncline (minimum) about 2000 m deeper
than the seismic one and the latter is well correlated.with the
gravimetric values.

This difference has been illuminated by the borehole

samples and magnetotelluric soundings (see in Fig. 2d). Ilhe
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Fig. 2a. Gravimetry Bouguer map with the MI profile

Fig. 2b. Telluric isoarea map with the MI profile

derived geoelectric cross-section is given in Fig. 2e.

At borehole 0-2, in the western part of the magnetotel-
luric profile, Lower Paleozoic crystalline rocks underlie the
Pliocene sediments. Here the results of different geophysical
techniques agree. Eastwards the Pliocene and younger sediments
are thinning out according to gravimetric and seismic measure-
ments. At the eastern end of the profile (borehole Kd-1) the
depth of the Paleozoic basement does not reach 100 m.

In the intermediate boreholes there are Carboniferous
sediments under the Pliocene one. In Bm-1 in a depth of 1200 m

a Carboniferous carbonized formation of a very low resistivity
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Fig. 2c. Difference between the depth of the basement of high resistivity
(geoelectric) and that of high velocity (seismic) calculated
prior to the detailed MI measurements along the line A-1 and A-7

Fig. 2d. MIS curves of E and H polarization at measuring sites between
A-l and A-7

Fig. 2e. Geological cross section based on the A-1 —A-7 M profile
1. Upper Pliocene and Pleistocene formations (12-20 Am);
2. Lower Pliocene formations (4.8 dm); 3. Carboniferous
formations of high resistivity (61-135 Am); 4. Carbonif-
erous formations of low resistivity (1 Am); 5. Early
Paleozoic crystalline basement ( >400 Am); 6. Tectonic
zone; 7. Resistivity of geoelectric layer calculated by
1-D MI inversion; 8. Borehole

lies wunder sandstone and conglomerate. The low resistivity is
witnessed by the electric logging. The greatest thickness

( >1000 m) was found at the MI site A-4M with an average
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resistivity of 1 M.

3. TRANSDANUBIAN CRUSTAL CONDUCTIVITY ANOMALY

The most characteristic crustal anomaly in Hungary (Fig.
1) is in Transdanubia between the Balaton- and Ré&aba-lines
under Mesozoic dolomites at a depth of a few kms. It was first
indicated by relative telluric frequency soundings (Adam and
Veré 1964). Using magnetotelluric methods the main features
of this extraordinary CA have been determined in the seventies
as follows:

a) The anomaly consists of 10-20 km wide stripes of high
conductivity at different depths. Stripes lie parallel to the
longitudinal (NE-SW) fractures of the area. The impedance
maximum directions (~"XyTax) are perpendicular to these stripes.
The shallowest anomaly stripe lies about 25 km NW of Lake
Balaton.

b) The ratio of the extreme resistivity values (9max/ 9 m‘n)
i.e. the simple anisotropy is high (e.g. at station Zanka
9min <1 MNT1; Qmod4 > 1000 INMT).

c) As the E polarization is connected in a vast area of
the anomaly to the Rhomin curves according to the static shift
EM distortion (Adam and Varga 1990), it should be supposed on
the basis of numerical model calculation that the anomaly
consists of parallel and isolated conducting blocks (dikes).

These features initiated different explanations for the
origin of the anomaly laying the emphasis on one or the other
characteristic : graphite-model (Adam 1971), electrolyte in
the high porosity fractures (Adam 1984), or their combination
(Adam  1985)

A graphitic block structure seems to be at present the
most probable cause of the Transdanubian CA as it is also sup-
ported by its coincidence with seismic reflexion horizons
(Adam 0 et al. 1984).

An indirect proof for this model was yielded by audio-
magnetotelluric measurements in the western part of the

Bakony-Drauzug independent geological unit (BDU) (Fig. 3),
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Fig. 3. Tectonic setting of the Bakony-Drauzug Unit (BDU) and the most characteristic conducting zones in the
Transdanubian Central Range (Bakony) (stippled). Dotted squares indicate the magnetotelluric measuring
sites in the Eastern Alps. 1. Gail-valley, MT, AMI (profile); 2. Zell Pfarre MT; 3. Karawanken MT,
AMT (profile). The inset shows the electric structure along the profile A-B after Addm 0 et al. (1984)
Stipr);led lines give the position of good conductor. (The whole figure is redrawn after Horvath et al
1987



CRUSTAL CONDUCTIVITY ANOMALIES 287

in the Gail-valley where the parallel E-W directed graphitic
schist blocks were traced from below the dolomites of the
Carnic Alps to the surface in the Gail-valley Alps (Adam et al.
1986, 1988). These formations show the characteristic features
in a, b and c.

We suggest that both the Transdanubian and Gail-valley
anomalies are caused by similar Paleozoic graphitic shale or
schist blocks beneath thick Mesozoic dolomites. The shales
rotated due to a continent-continent collision (between Africa
and Eurasia) around a horizontal axis into an almost vertical
position. Thus shales have great horizontal electrical anisot-
ropy in narrow elongated dikes (stripes) along the Balaton line
and in parallel zones (see Fig. 1).

According to paleomagnetic data (Balia and Szalay 1980)
the Transdanubian Central Range with the originally E-W direct-
ed conducting stripes suffered a counterclockwise rotation of
35°. The graphite formations, a material of low viscosity,
could play a role in motions during the Alpine orogeny (Horvath
et al. 1987). Their hydrocarbon perspectives as a former
source material are worth studying (see recent laboratory in-

vestigation of Duba and Will 1988).

4. CONDUCTING ZONE IN THE LOWER CRUST

On the basis of the empirical relation between the depth
of the lower crustal conducting layer and the surface heat flow
(Adam 1987, Fig. 4), a CA is supposed in the depth range be-
tween 10 and 20 km according to the extremely hot Pannonian
basin. Recently, this conducting layer is assumed to be a con-
sequence of a dehydration process at temperatures higher than
300°C (Hyndman 1988). Klemperer (1987) found similar relations
between the reflectivity of the lower crust and the heat flow
in agreement with Adam (1987).

Our map (Fig. 1) shows some CA indications in this depth
range. Nevertheless, the different EM distortion effects of near
surface conductivity anomalies cannot be neglegted in inter-

preting these anomalies. The induction side effect of the much
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Fig. 4. Depth of the crustal conducting layer vs. surface heat flow
(Adam 1987)

shallower Transdanubian anomaly generates e.g. an indication of
apparent deep conducting layers in the vicinity of the con-
ducting body. It should also be noted that a conducting layer
of some hundred Siemens can hardly be detected under a thick
sedimentary cover. Adam et al. (1982) subtracted the effect of
the sediments with a correction method from the MI admittances
measured in covered areas and on such a way the existence of
this crustal conducting layer could be proved. The statistical
treatment of a large MT data set measured by the high precision
Phoenix MT instrument along a 60 km long MT profile with a sta-
tion distance of 750 m hinted at the existance of this layer.
The Bostick 1-D inversion of the Phoenix data drew our atten-
tion to this layer which was checked by 1-D layer inversion of
MT data of longer period measured by another instrument (Adam
et al. 1989). Its most probable depth is 17-18 km and its con-
ductance is some hundred Siemens. The depth value with its
standard deviation is shown in Fig. 4 in function of the heat
flow. As the depth values fit to the empirical relation, the
lower crustal anomaly in the Pannonian basin represents the
same dehydration phenomenon. (The referred MI profile is shown
in Adam et al. 1989 .)

5. TECTONICS AND CONDUCTIVITY ANOMALIES

Tectonic implications of the graphitic block structure of
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the Transdanubian crustal conductivity anomaly have been used
in its interpretation. The Transdanubian CA relates unambigu-
ously to the Balaton line (Figs 1 and 3). It is very probable
that the Balaton anomaly forms only a parallel stripe of the
Transdanubian anomaly having the same material composition.
The role of loose fracture zones with water circulation
and the connected geothermal anomalies (Oelsner 1989) in the
formation of CA's has not yet been studied sufficiently al-
though the knowledge of these factors is needed for the geo-
electric exploration of hydrocarbon reservoirs in the basement,
too. For this latter purpose the resolving power of the EM

sounding is to be increased.

6. CONCLUSION

In this study a few characteristic crustal conductivity
anomalies in the Pannonian basin have been presented from the
surface to the lower crust. The conductivity increase has been
basically attributed to two material causes: strongly carbon-
ized, graphitic formations and fluids (electrolytes). In the
spatial distribution of these anomalies geological-tectonical
factors, state parameters (temperature, pressure) play decisive
roles. Consequently, they can indirectly be studied in the

Earth by the parameters of the crustal conductivity anomalies.
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ELECTRICAL CONDUCTIVITY ANOMALIES ALONG THE PANNONIAN
GEOTRAVERSE AND THEIR GEOTHERMAL RELATION
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A Adam , Z Nagy , L Nemesi , G Varga

"Geodetic and Geophysical Research Institute of the Hungarian Academy of
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Electrical conductivity anomalies (CA) detected by deep magnetotel-
luric (MT) soundings along the Pannonian geotraverse - crossing Hungary
from the Northern Hungarian Central Range to the Great Hungarian Plain in
NW-SE direction - are presented. After discussing some important methodical
aspects of the indication of the anomalies, geoelectric parameters of the
lower crustal and the asthenospheric conductivity increase are described
with their spatial variation. While the crustal conductivity anomaly of
some hundred Siemens is hardly detectable under low resistivity sediments
the conducting asthenosphere unambiguously appears on the MIS curves. All
of these anomalies are related to the exceptionally high heat flow of the
Pannonian basin.

Keywords: asthenosphere; electrical conductivity anomaly; heat flow;
lower crust; magnetotellurics; Pannonian basin

1. INTRODUCTION

One of the first results of magnetotelluric research in
Hungary was that the conducting asthenosphere, corresponding to
the Gutenberg low velocity channel in the upper mantle under
the lithospheric lid lies much shallower in the young Pannonian
basin than in the surrounding old platforms in accordance with
the difference in their geothermal conditions (Adam 1963).
This result helped to explain the physical state of the astheno-
sphere by its partial melting and at the same time to understand
the kinematics of the plates.

In the case of the magnetotelluric deep soundings, the
shallower anomalies weaken and distort or even fully cover the
deeper ones similarly to other geophysical methods. Therefore,

many experiments have been made in Hungary for a more precise

Acta Geod. Geoph. Mont. Hung. 25, 1990
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determination of the parameters of the conducting asthenosphere,
the MT measuring and data processing techniques and not least
the theoretical basis were successively improved. (From our
experiments only the two latest ones are referred here: Adam et
al. 1982 and Adam et al. 1989.)

Along the Pannonian geotraverse (see in Fig. 1 on the

Fig. 1. The position of the Pannonian geotraverse and of the T-De
Ml profile on the heat flow map of Dovényi et al. (1983)
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redrawn heat flow map of Dovényi et al. 1983) 3 Hungarian in-
stitutions (GGKI, ELGI, GKV) made MI soundings with different
techniques, data processing and inversion methods. Their
results are presented in this paper for the whole lithosphere
and the geothermal relation of the conducting formations is

also shown.

2. METHODICAL DIFFICULTIES

Some basic methodical difficulties are to be mentioned
here and illustrated by examples to inform about the reliabili-
ty of the geoelectric results.

a) The Pannonian geotraverse starts in the Northern Cen-
tral Range and ends in the 7 km deep Békés trench. Thin sedi-
ments in the mountains make not only the industrial noises
stronger but increase the distortion effect of surface (topog-
raphy) and near surface inhomogeneities so that the reliabili-
ty of the deep MI data gets doubtful (Adam et al. 1986). A
narrow trench with steep walls such as the Békés one, is also a
source of very different electromagnetic field distortions
(static shift, edge effect, induction effect variable, anisotro-
py etc.).

According to Berdichevsky and Dmitriev's (1976) theory the
E polarized sounding curves give more reliable data about pa-
rameters of conductivity anomalies in the case of 2-D structures.
The determination of the E pol. direction is promoted by geo-
logical data (isopach map) and by the tipper, or induction
vector calculated from records of the three geomagnetic com-
ponents.

The reliability of the determination of the asthenosphere
is questioned in the mentioned complicated geological situa-
tion.

MT data of the station ELEK (No. 7) in the Békés trench are
shown to illustrate the difficulties.

Disturbing factors in the interpretation:

- Extreme values of impedance (Z) change by 90° in direction at

periods shorter than 60 s then they reach a constant value
(Fig. 2.).
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(Fig. 2).
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Fig. 2. The change of the direction of the impedance maximum (Z )
vs. period at the MT sation ELEK (Békés trench) Xymax

- The induction vector is only at periods less than 60 s
perpendicular to the Z direction.
Xy Ma X
- Due to the great anisotropy, the inversion of the Rhomax and
Rhomin curves as well as their phase curves, resp. results

in different layer sequences (Figs 3, 4).

Choice of the direction of the E polarization

The direction nymax is constant as mentioned at periods
longer than 60 s, i.e. at periods which correspond to the
indication of crustal and asthenospheric conducting layers.

The direction is N-S.

nymax

The strike of the steep trench wall is on the isopach map

also N-S (see in Fig. 5 the MI point Elek (No. 7)).

According to these aspects the E polarization is re-

presented by the N-S directed nymax values. Therefore, the
layer sequence derived from Rhomgx is more reliable than that
from Rhomin as the different distortions (static shift, edge
effect) appear in the latter one being the H polarized sound-
ing curve.

There is no explanation at present for the clockwise



Fig. 3.

ELEK Rho g

1-D model curves fitted to the Rhomax and
f max data at Elek and the corresponding
layer sequence

ELEK Rho min

Fig. 4. 1-D model curves fitted to the Rhonm‘n and
f’min data at Elek and the corresponding
layer sequence
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Fig. 5. Isopach map on the basement of the Great Hungarian Plain (after
Horvath and Royden 1981) and Z directions with their
variation vs. period 3

rotation of the induction vector from the dip to the strike of
the structure at longer periods, in agreement with the Wiese
arrows measured earlier (Adam et al. 1972). Some lateral in-
homogeneity e.g. a mantle intrusion detected by gravimetry
could generate this phenomenon.

b) MI sounding curves have been inverted by 1-D layer or



CONDUCTIVITY ANOMALIES ALONG THE PANNONIAN GEOTRAVERSE 297

by 1-D Bostick transformation. The latter supposes a continu-
ously varying resistivity - depth function. For a comparison
of the results of these two processes, layer boundaries on the
continuous Bostick transforms should be identified. If the up-
per boundary of a conducting layer is taken at the maximum
preceeding the decreasing branch of the Bostick resistivity
curve, its depth value is generally somewhat less than that
supplied by the 1-0 layer inversion.

According to the comparison, the deviation is minimum in
the case of the CA in the lower crust (in the Pannonian basin
between 15 and 20 km) and somewhat greater in the asthenosphere
as it will be shown later on.

c) If there is no great difference between the depths of
the crustal and upper mantle CA-s the success of their separa-
tion is questionable in the case of any inversion techniques.
The effects of the two CA-s merge into each other and this is
promoted by smoothing techniques with different polynomials.
As an example the Bostick transform of the MTI site No. 113 is
shown (Fig. 6). In Fig. 6a the two CA-s are clearly separated
but in Fig. 6b they run into each other. This latter case ex-

plains the high occurrence frequency of the depth of about

30 km - being an intermediate one between the real depths of
the crustal and upper mantle anomalies - along the T-De profile
(Fig. 10).

d) Using Steiner’s 1-D layer inversion programme we
studied if a crustal conducting layer with a conductance of
200-300 Siemens could be detected under thick sediments. The
sensibility of the H polarized sounding curves is much less
for a conducting layer than that of the E polarized one. This
is confirmed by the very small deviation in the H pol. imped-
ances of a 3- and a 5-layer model with the latter including a
crustal conductor, too. This small difference appears similarly
in the deviation (DEV) between the measured (m) and calculated
(c) impedance values (Z) when a 3- and a 5-layer model is fit-

ted to the measured H pol. curve of Tomajmonostor
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L20EV (3 layers) = =+\j| |Zc-Z j2 = 0.61

L2DEV (5 layers) = 0.059.
The deviations for the E pol. Rhomin curve:

L2DEV (3 layers) = 0.081

L2DEV (5 layers) = 0.075.

Omitting the less reliable phase value from the inversion:

APPDEV (3 layers) = 0.065
APPDEV (5 layers) = 0.0076

i.e. this latter 5-layer-model fits better to the measured
curve, confirming the existence of conducting layer in the
lower crust (see Fig. 7).

Tomajmonostor Rho min

Fig. 7. 3- and 5-layer models fitted to the Rhomin curve of Tomajmonostor
(In the case of the 3-layer model the phase is also taken into
consideration; see in detail in the text.)
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Nevertheless, all these calculations hint at the weakness
of the determination of a low conductance crustal CA under

thick sediments in the Great Hungarian Plain.

3. CONDUCTING ANOMALIES ALONG THE PANNONIAN GEOTRAVERSE

Depths of the conducting anomalies in the lower crust as
well as in the upper mantle resp. are shown by three profiles.
Figure 8 displays the whole transect from the Czechoslovakian
border to the Rumanian one with depths calculated by 1-D layer
inversion. This profile includes the data of six Phoenix MT
measurements between Tiszaroff (T) and Dévavanya (De) by Geo-
physical Exploration Company (GKV). The layer sequence of these
MT points is given in Fig. 9 irrespective to real distances
between the points. For the same 60 km long profile (T-De)
along which at every 750 m a MI sounding was measured, depths
derived from Bostick transforms are presented both for the
crustal and asthenospheric CA-s. The average depth values and
their error bars are also shown (Fig. 10).

Conclusions drawn from these data concerning the resistiv-
ity distribution in the crust and upper mantle are as follows:
a) In the lower crust the average depth of the CA is
17-18 km. The data of the profiles (Fig. 8 and 10) are in good

agreement. Nevertheless, the layer sequences of the 6 GKV
points show significant changes in depth and anisotropy for the
crustal CA.

The average depth of the asthenosphere is 65 km according
to the 1-D layer inversion and between 47 and 52.6 km from the
Bostick transforms. The difference between the average values
of the two inversions are due to the different techniques (see
Point 2b).

b) The depths of the asthenosphere scatter at the measure-
ment sites between 45 and 88 km. In this range two systematic
variations are observed:
oC) The asthenosphere deepens from the Northern Central Range

towards the Békés trench (in the south) in agreement with

decreasing heat flow as shown in Fig. 1.



Fig. 8. Depth of the crustal and upper mantle (asthenosphere) conducting layers calculated by 1-D layer
inversion along the Pannonian geotraverse
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of it (Fig. 9). MI sites 150 and 154 represent this deeper

zone on the 6 point profile (Fig. 10). According to a

statistical (two-sided T) test the crustal conducting layer

is deeper in the flysch zone at a level of significance

99.8 percent than in the surrounding area.

Of course, in the case of such a great variation, the
possible effect of lateral inhomogeneities (geological noise)

cannot be neglected.

4. PHYSICAL INTERPRETATION OF THE CONDUCTING ANOMALIES

The weak conducting anomaly in the lower crust, observed
along the Pannonian geotraverse may be attributed to free
water generated at about 400°C during the metamorphic dehydra-
tion process in the greenschist facies according to Klemperer
(1987) and Hyndman (1988). The seismic reflectors in the lower
crust probably represent the local zones of the same high
fluid pore-pressures (Klemperer 1987). As the dehydration is
temperature dependent, a relation exists between the depth of
the crustal conducting layer and the surface heat flow (Adam
1976, 1978, 1987). The depth of the CA in the lower crust of
the Pannonian basin fits well to this empirical relation (Adam
et al. 1989).

The depth of the conducting asthenosphere is determined
by the solidus temperature of peridotite at which its (partial)
melting starts. This physical connection is expressed by the
empirical relation derived between the depth of the conducting
asthenosphere and the surface heat flow of the area (Adam
1978). The depth values measured recently along the Pannonian
geotraverse fit well to Adam's empirical relation. In Fig. 12
the depths corresponding to the highest and lowest heat flows
as well as those measured along the T-De profile confirm the
shallowness of the asthenosphere in the "hot" Pannonian basin.
The electromagnetic data are in agreement with Posgay et al's
(1990) recent reflexion seismic data and Babuska et al's (1984)
conclusion based on the delay of the seismic waves in the

mantle of the Pannonian basin due its lower density as a
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Fig. 12. Empirical relation between the depth of the conducting astheno-
sphere and the regional surface heat flow (Adam 1978)

thermal effect.

The deepening of the crustal and asthenospheric conducting
layer in the flysch zone may be explained on the basis of the
heat flow map (Fig. 1). The northern border of the flysch zone
lies along the isoline 90 mAm which separates the northern
part of the Great Hungarian Plain of higher heat flow and the
southern one of lower heat flow. Within the southern area of
80-90 mAm there are small patches of lower heat flow just in
the flysch zone crossed by the T-De profile. In the opinion of
some authors (e.g. Channel and Horvath 1976, Haas et al. this
volume) this flysch zone is at the contact of two megatectonic
units (Tisza and Pelso) in the Carpathian basin and some parts
of it are still active (Kapos line). The collision could also
rearrange similarly to a subduction the temperature distribu-
tion down to the asthenosphere. Of course, this idea is a first
rough hypothesis about this curious phenomenon which should be
studied further and confirmed by other MT profiles crossing

this zone excluding the effect of geological noises.

5. CONCLUSIONS

The study of the conducting zones in the crust and the
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upper mantle by magnetotelluric deep soundings supplied new in-
formation about the deep structure of the Pannonian basin,
about the variation of the state parameters, first of all of
the temperature and about physical changes (dehydration, par-
tial melting) at the depth. A new hypothesis could be formulat-
ed about the position of the collision zone between microplates
in the Carpathian basin on the basis of the physical changes

affecting the whole lithosphere.
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SEISMIC AND MAGNETOTELLURIC INVESTIGATION ON A NETWORK
OF BASE LINES
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Regional studies carried out within the framework of geophysical in-
vestigations along Geological and Geophysical Base Lines and of the
Preliminary Complex Geophysical Investigation of the Little Hungarian Plain
furnished new clues to the examination of mountain areas and their foreland,
contributed to the contouring of tectonic units and helped to find prospec-
tive targets of exploration for mineral resources.

The paper presents the distribution of conductive formations in the
crust on the basis of the latest electromagnetic, mainly magnetotelluric
results obtained by ELGI. Seismic regional profiles recorded up to 10-12 s
furnished data about the middle and lower parts of the crust. The examples
shown permit in particular instances to separate greater tectonic units and
to illustrate changes of the Mohorovicic zone in time.

Keywords: electrical conductivity anomaly, geophysical base lines;
Little Hungarian Plain; magnetotelluric sounding; Mohorovicic discontinuity;
seismics

In the series of maps "The Geological Atlas of Hungary"
the map of conductivity anomalies of the crust in the Pre-
-Austrian basement was compiled in 1987 in cooperation by re-
searchers of the "EoO0tvés Lorand" Geophysical Institute of
Hungary, of the Geophysical Exploration Company and of the Geo-
detical and Geophysical Research Institute of the Hungarian
Academy of Sciences. This map which is in press for the time
being was partly presented by Addm et al. (present issue 1990).
They discuss in detail the spatial distribution of conductivity
anomalies in the crust determined by means of telluric and
magnetotelluric measurements and offer possible explanations
for their existence.

Since the construction of this map further work has been
done in the scope of the Pannonian Geotraverse, the Geophysical

Acta Geod. Geoph. Mont. Hung. 25, 1990
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Base Line and the Little Hungarian Plain and Matra Mountain
Projects and the interpretation of new areas has been completed.
Making use of latest data we have summarized the distribution
of conductivity anomalies in the crust on the basis of mea-
surements performed by ELGI (Fig. 1). (Preparation of an up-to-
-date map-similarly to the 1987 edition - would take more time
owing to the differences in methodology and processing of the

participant institutions.)

Fig. 1. Occurrence of conductive formations below the Pre-Austrian base-
ment. According to ELGI's data

An investigation of conductivity anomalies within the
crust contributes substantially to the determination of geo-
physical parameters over tectonic units, and renders their con-
tours more accurate. Such a possibility is illustrated through
the magnetotelluric investigation of the Raba line (Figs 2 and
3). In the area to NW of the Ré&ba line where there are forma-
tions belonging to the lower and upper stages of the East-

-Alpine cover and to the Penninic unit, conductivity anomalies
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MK-3 MAGNETOTELLURIC

NW CROSS SECTION SE
RABA FRACTURE LINE

ALPINE PALEOZOIC MESOZOIC- CONDUCTIVE
FORMATION PALEQZOIC SEQUENCE FORMATION

Fig. 2. Resistivity-depth section along the line MK-3

Fig. 3. Tracing the Raba-line on the basis of the distribution of conduc-
tive formations

could not be detected in the crust. The Transdanubian Central
Range is characterized by conductive formations (Transdanubian
conductivity anomaly).

The conductivity anomaly detected in the Transdanubian
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Central Range and its NW foreland by magnetotelluric measure-
ments in the depth interval of 5 to 10 km was examined in 1987
in cooperation with VNIIGeofizika (USSR) using the method of

deep electromagnetic transient sounding.

Transient measurements were performed in the SE part of

line MK-3 (Fig. 2). Interpretation and results of measurements
are shown in the transformed differential conductivity - depth
cross - section of transient curves (Fig. 4). The detailed

transient measurements (distance between stations was 400 m)
confirmed the existence of the crustal conductivity anomaly;
depth data for the conductive formation agree with those ob-

tained from MTI soundings.

RESULTS CF DEEP TRANSENT SOUNDING ALONG  LINE MK-3

HCZ00RS W 0 2km mset« A

1 2 7 8 9 X M 12 13 14 TS 16 T7 /B 19 20 21 22 23 24 26 27 28

Fig. 4. Detection of conductive formations by deep transient measurements

The map of conductivity anomalies in the crust does not
allow us a synthesis for the whole territory of Hungary due to
differences in point density and reliability. In addition to
new measurements the map should be expanded in international

cooperation, too (e.g. tracing the Ré&aba-line in Czechoslovakian
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territory by magnetotelluric method).

In the scope of Earth's crust and upper mantle studies,
measurements along the Geophysical Base Line and regional in-
vestigations on the Little Hungarian Plain, seismic and mag-
netotelluric measurements have been performed since 1971 (Figs
1 and 3). Seismic data are recorded and processed up to 10-12 s.
This permits to study the environment of the Mohorovicic dis-
continuity and the overlying complex of the crust. Results of
these measurements are mainly published in the Annual Reports
of ELGI.

These measurements resulted in typically differing sec-
tions from the middle and lower parts of the crust. Their cor-
relation is still uncertain because of the rare network, but
the following examples illustrate their contribution to be ex-
pected in detecting tectonic lines.

Further on we are going to discuss results measured to NW
of the Ré&ba-line (Fig. 3). The thick section of seismic lines
in Fig. 5 indicate the reflection seismic profiles shown in
Figs 6 to 10. In the NW section of MK-1 line (Fig. 6) in the
lower part of the crust around the Mohorovicic discontinuity
comparatively quiet, slightly dipping reflections were found
while the middle part of the crust is ruptured and character-
ized by reflections of high energy. A similar character is
shown by the western part of the section K-1 (Fig. 7).

In the figure we have to remark that crust domain of 4 to
7 s arrival times is dissected by reflection bundles slightly
dipping to NW, these bundles may be interpreted as seismic
characteristics of folded structures as well.

In the western and northwestern part of the Little
Hungarian Plain these reflection features of the crustal
sequence cover the area marked by | in Fig. 5. The basement of
the Neogene formations is identified as the metamorphite
sequence along the Ré&ba river (it is a part of the Upper
Eastern Alpine thrust system) as well the Sopron sequence of
crystalline shales (a part of the Lower Eastern Alpine thrust
system) in the northwestern part of the profiles shown in Figs

6 and 7. On the basis of the identification of pre-Neogene
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Plan of reflection seismic measurements with observation time up to
10-12 s in the environment of the R&aba-line in the North-Western
part of Hungary

Legends:

------------ reflection seismic line

thick parts of the line indicate the location of sections signifi-
cant of the seismic parameters of the crust

Geological units according to the Geological Atlas of Hungary
(1987): 1. Lower East-Alpine cover, schist series of Sopron;

2. Upper East-Alpine cover, metamorphite complex along the Raba-
-river; 3. Penninic unit, metamorphite complex of K&szeg; 4. Base-
ment of uncertain or unknown age and facies; 5. Individual forma-
tions in the Transdanubian Central Range in general

----- — tectonic line of the first order

----- — older tectonic line of the second order
Tertiary fault of the second order

Trr T °older upthrust of the second order or cover boundary
boundary of reflection units in the crust

magnetic bodies (according to Posgay 1967) with magnetic
susceptibility (*10-~ CGS) calculated depth of the
magnetic body

600
3.5
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6. Seismic reflection time section MK-1 with geoelectric layers
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K-1

NW SE

Fig. 7. Seismic reflection time section K-I

formations and of their uniform crustal structural character-
istics, the E, SE boundary of area | may indicate the spread-
ing of covered formations of the Lower and Upper Alpine thrust
system.

The following part of the profiles in the area of the
Raba-line seems to be transparent both in the upper crust and
in the vicinity of the Mohorovicic discontinuity (Fig. 8). The
transparent part of the crust is marked by Il in Fig. 5. The

lack of reflection bundles may be caused by thick Lower Miocene
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K-1

Fig. 8. Seismic reflection time section K-1

volcanic sequences with high energy absorption values detected
in deep drillholes.

In the area marked by 11l in Fig. 5 no characteristic re-
flected signals were received from the lower part of the crust
(with exceeds 7 s), in connection with the deepening of the
Mohorovicic discontinuity below the Transdanubian Central Range
(Figs 9 and 10). At the same time, high energy reflections were
detected from the upper part of the crust (3-6 s arrival times,

Fig. 9). This part of the crust is dissected by reflection
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K-3

Fig. 9. Seismic reflection time section K-3

bundles slightly dipping to SE. According to the most probable
interpretation they indicate the boundary of units of a folded
thrust system. This seismic picture characterizes the western
margin of the Transdanubian Central Range unit.

In a part of reflection profiles measured in the Trans-
danubian Central Range reflection boundaries of high energy
coincide with the surface of conductive formations. This is
most conspicuous in a detail of section MK-3 (Fig. 10). In 1990
methodological investigations are planned to interpret this

anomaly. We intend to examine the eventual fluid content by P-A



SEISMIC AND MAGNETOTELLURIC INVESTIGATION 319

MK-3/77

Fig. 10. Seismic reflection time section MK-3/77 with geoelectric layers

waves.

Exploration of an unknown area is a fascinating task,
results are being often achieved there where they have not been
expected.

In section MK-3/85 measured in 1985 (Fig. 11) the bottom
of the basin could be traced but at certain places and even
there poorly. This holds particularly for the area of Miocene
volcanic formations. About the environment of the Mohorovicic
discontinuity, however, a most interesting feature was obtained.

Reflection arrivals with high energy start between about
7 to 8 s in the first part of the section (Fig. 12). The
Mohorovicic discontinuity does not significantly emerge of this
laminated complex.

In the top zone of the Miocene volcanic series a deep dome
(diffraction?) can be observed at 6.5 and 8.4 s (Fig. 13).
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Fig. 11. Location of the section MK-3/85 with Miocene magnetic bodies indi-
cated (according to Posgay 1967)

.myjg-. 750 magnetic susceptibility (*10_é CGS)
"I ™ 1 km calculated depth of the magnetic body

In the third part of the section (Fig. 14) the Mohorovicic
complex is characterized by arrivals of various dips. Comparing
arrivals inceding with different dips to horizons within the
sedimentary cover they can be taken for elements of the

Mohorovicic discontinuity which were formed at varius ages.
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Fig. 14. Seismic reflection time section MK-3/85
CONCLUSIONS

The reflection measurements searching for deep structures
of the Little Hungarian Plain indie ate the main structur al
units possessing inde pendent and characteristic crustal reflec
ti on behaviour both in the upper part of the crust and in the
vicinity of the Mohorovicic discontinuity

In the upper part of the crust theg general dip dire étions
of the folded thrust units are different from each other . The
dip of the Eastern Alpine thrust system is northwestern in the
Littl e Hungarian Piain, while in the area of the Transdanubian
Central Range it is southeastern. Crustal areas without reflec
ti on make impossible to determine exactly the contact zone
be twe en the two regional structural units . At the same time,
voleanie rocks appearing in areas without reflections may in-
dicate the tectonic activity of the contacting crustal parts.

Comparing the reflection features obtained in profile
MK-3/85 (Figs 12, 13, 14) with geological data one can estab-
li sh that differences between the middle and lower parts of th
crust can be brought into connection with the boundaries of

great structural units.
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In addition to the changes of the seismic character the
existence of crustal conductive formations and their locations
may considerably help to build up a more exact regional struc-
tural view.
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The aim of this paper is to outline the evolution of some parts of the
Western Tethys as it can be deciphered from the geology of Hungary.

During the Late Paleozoic and most of the Mesozoic time lithospheric
fragments which build up the basement of Hungary were situated relatively
far from each other in different parts of the Tethys. The present-day set-
ting formed by plate-tectonic movements from the Cretaceous to the Miocene
including large-scale strike-slip faulting, microplate rotation and over-
thrusting.

Keywords: geohistorical phases; megatectonic units; Mesozoic;
Paleogene; paleogeographic reconstruction; Pelso Unit; Permian; Tethys;
Tisza Unit

INTRODUCTION

Investigations of geological and structural features of
the Hungarian mountains and the basement of the large basins
revealed the key-role of the Pannonian basin for the geodynamic
reconstruction of the Western Tethys. Without fitting of the
Hungarian lithospheric blocks into the Alpine-Carpathian-
-Dinaric framework it would be impossible to compile any real-
istic reconstruction about the region where both the Triassic-
-Jurassic Vardar rift system and the Jurassic-Cretaceous
Penninic rift system played important roles.

In the last decades and particularly since the appearance
of the plate-tectonic concept a lot of interpretations were
elaborated (Balia 1982, 1988, Baldi et al. 1985, Brezsnyanszky
and Haas 1986, Cséaszar et al. 1987, Fiulop et al. 1987, Géczy
1983, Haas 1987, Channel and Horvath 1976, Kazmér 1984, Kazmér
and Kovacs 1985, 1989, Royden and Baldi 1988). However, due to

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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the wuncompleteness of our knowledge and the complexity of the
processes, the problem has not yet been solved.

Works for understanding of the Alpine geohistory and com-
pilation of the data were carried out in the framework of dif-
ferent national and international projects. Among them the
National Key Section Project, the Hungarian Geological Atlas
program, and the IGCP Project No 198 (Northern Margin of the
Tethys) are particularly important in this context.

In the present paper we try to outline the evolution of
some parts of the Western Tethys as deciphered from the geo-
logy of the lithospheric fragments which build up the basement
of Hungary.

The final phase of the evolution of the Tethys as well as
some arguments of crucial importance like paleomagnetic evi-
dences and the tectonic interpretation of the magmatites are
reviewed in this volume by other papers but their results are

incorporated into our summary.

GEOHISTORICAL PHASES AND STRUCTURAL UNITS

Three major geohistorical periods are reflected in the
geology of Hungary:

- A pre-Alpine evolutionary stage. It is difficult to recon-
struct, but should have connected with the Precambrian-
-Paleozoic history of Central Europe.

- The Alpine stage including the Late Paleozoic, Mesozoic and
Paleogene evolution of the Tethys. It is characterized by
orogenic events (Eoalpine, Paleoalpine, Mesoalpine) mani-
fested in nappe tectonics, folding and large scale strike-slip
movement.

- The Pannonian (Neoalpine) evolutionary stage, which lasts
from the Early Miocene up to the present. This period is
characterized by the formation of small pull-apart basins and
that of the Pannonian basin by high-amplitude subsidence.

According to the development patterns of pre-Tertiary for-
mations, the territory of Hungary can be divided into the fol-

lowing megatectonic units (Fig. 1).



Fig.

1. Setting of the Hungarian megatectonic units within the

Alp-Carpathian-Dinaric framework
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1. The Tisza Unit

To the south of the Mid-Hungarian Fault Zone the Tisza
Unit includes the Mecsek and VillAny Mountains and their sub-
surface extension in the basement of the Great Hungarian Plain
(Alfold). This unit shows affinities with the Apuseni Mountains,
Romania.

The high-grade polymetamorphic pre-Alpine basement is
covered by a Germano-type Permo-Triassic of continent foreland
origin (in the Mecsek Subunit) which progresses to Alpine-type
successions (in the Upper Codru nappes and in the basement of
Vojvodina). Development of the Jurassic and Cretaceous series
are more diversified and these differences enabled us to dis-
tinguish the Mecsek, Villany and Békés Subunit within the
Hungarian part of the Tisza Unit.

The Mecsek Subunits is characterized by a Germano-type
continental-shallow marine Permo-Triassic sequence, Upper
Triassic of fluvial to delta facies, Grestein-type Liassic,
deep-water facies from the Late Dogger and an intensive Early
Cretaceous alkali submarine rift volcanism.

Triassic of the VillAny Subunit shows some Germano-type
characters but to a less extent than the Mecsek Subunit. The
Jurassic sequence is characterized by a great number of stra-
tigraphic gaps. The Lower Cretaceous Urgon facies shows connec-
tions to the Bihor "autochthonous unit" in the Apuseni Mts.

The Békés Subunit contains Upper Jurassic to Lower
Cretaceous dark shales similar to the higher nappes of the
Codru nappe system of the Apuseni Mts.

Upper Cretaceous formations of predominantly marine clas-
tic facies lie on older rocks with unconformity. Paleogene is
known only in the subsurface range of the Mecsek Subunit

(Szolnok Flysch Zone).

2. The Pelso Unit

Situated between the Ré&ba-Hurbanovo Lines and the Mid-

-Hungarian Fault Zone, the Pelso Unit is characterized by very
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low-grade and low-grade metamorphic marine Early Paleozoic for-
mations, continental and marine Late Paleozoic sequences. In
the Mesozoic, formations accumulated on the passive continental
margin of the Tethys are dominant. In certain subunits, rem-
nants of the oceanic basement are known, too. Their development
indicates Alpine-Dinaric relationship.

Large-scale island-arc volcanism in the Eocene is an im-
portant feature of the unit which is unknown in the Tisza Unit.

The Pelso Unit can be divided into the following subunits:

The Transdanubian Central Range is characterized by ter-
restrial to marine Upper Permian, slow transgression from the
Early Triassic, intrashelf rifting in the Middle Triassic,
thick peritidal carbonate sequence in the Upper Triassic,
intrashelf rifting with general trend of subsidence in the
Jurassic, and tectonically controlled trans-regressive cycles
in the Middle and Upper Cretaceous and in the Eocene.

The Mid-Transdanubian Subunit is known only from bore-
holes. Most important features are the marine Upper Permian and
the shallow carbonate platform formations in the Middle and
Upper Triassic.

Very low grade metamorphic Triassic formations and
ophiolitic rocks are known from some boreholes which may belong
to a deeper structural unit.

The BuUkk Subunit is constituted by a Late Paleozoic marine
sequence from which the Lower Triassic evolved without break in
sedimentation, followed by a Middle and Upper Triassic carbon-
ate platform facies and island-arc volcanites and by Jurassic
formation of "schistes lustres" facies deposited in a deeper-
-water slope and basin, as well as in ocenic type crust.

The Meliata Subunit is a deep-water facies from the Middle
Triassic with magmatic rocks of oceanic basement origin.

The Aggtelek-Bodva Subunit. The Upper (Silica) nappe
includes Triassic of carbonate platform facies and deeper-water
Jurassic showing affinity to the Northern Calcareous Alps. The
deeper nappes (e.g. the Bdédva Nappe) are composed of Middle and
Upper Triassic deep-water facies, and of Jurassic "schistes

lustres" facies which is similar to its counterpart in the
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Bukk Mts.

3. Inner West-Carpathian Units

North of the Hurbanovo Line a crystalline complex of the
Vepor Unit extends into the country's territory. It is known

only from boreholes.

4. Austroalpine Units

The Penninic Unit: Jurassic to Lower Cretaceous meta-
morphic rocks of greenschist facies in the Hungarian part of
the Rechnitz Window (K6szeg Mts and its subsurface extension in
the basement of the Little Hungarian Plain (Kisalféld).

Lower Austro-Alpine Unit: Paleozoic mesometamorphic forma-
tions known from the Sopron Mts.

Upper Austro-Alpine Unit: very low to low grade metamor-
phites known from the basin substratum between the Répce and
Raba rivers, representing an extension of the Graz Paleozoic
series.

In terms of a present-day interpretation, the above-men-
tioned megatectonic units approached each other only in the
Early Tertiary, by sizeable plate tectonic reorganization pro-
cesses that had initiated probably in the Cretaceous in con-
nection with the late phase of the Tethys subduction and the

subsequent collision.

CHARACTERISTICS OF THE EVOLUTION OF THE STRUCTURAL UNITS

The main geohistorical features of the Pelso and the
Tisza Units are shown in Fig. 2 comparing them with the main
events of the evolution of the Alps (Trumpy 1982).

Pecularities of the structural units and their affinity
with the units of the surrounding Alpine-Carpathian-Dinaric
system can be summarized as follows:

1. There are significant differences between the pre-

-Alpine basement and the Alpine history of the Pelso and the
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Geohistory of the Pelso and the Tisza Units compared them with the
Alpine evolution (after Triimpy 1982). Legend: Sedimentation: 1.
continental; 2. shallow marine; 3. deep marine; magmatism: 4. mid-
-oceanic rift basalt (MORB) volcanism; 5. island-arc volcanism
(1AV); 6. rift volcanism; 7. volcanism of unknown origin; 8. MORB-
-type intrusions; 9. rift-type intrusions; 10. metamorphism; 11.
granites; 12. orogenic events; 13. obduction; 14. nappe formation
(overthrusting as well as sliding)
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Tisza Units although the basic characters of the Tethys evolu-
tion aire observable in both units.

2. Evolutionary trend of the Pelso Unit is fairly similar
to the Alpine one in the case of the Transdanubian Midmountains.
The Middle Triassic rifting with volcanic activity, the Upper
Triassic carbonate platform evolution and the disintegration of
the platform in the Liassic suggest the original position of
the Transdanubian Midmountains somewhere between the Southern
and the Northern Limestone Alps on the southern passive margin
of the Tethys. The periods of the subduction and the collision
are manifested in the phases of the deformations and uplifts.

3. The Permian-Triassic shallow-water carbonate rocks of
the Mid-Transdanubian Subunit show Oinaric-Slovenian affinity.

4. The North Hungarian - South Slovakian subunits (BLKk-
-Meliata-Aggtelek-Bédva) represent the inner zones of the
Tethys: the shelf margin, the slope and the oceanic basement.
The Bikk subunit of Dinaric affinity may have been a sector of
the southern margin, with carbonate platforms in the Triassic,
slope sediments and oceanic basalts in the Jurassic. The
Meliata subunit represents the axial zone of the Vardar oceanic
branch of the Middle Triassic. The Triassic platform carbonates
and the deep water Jurassic sediments of the Aggtelek Subunit
can originate from the northern margin, neither its southern
origin can be excluded.

5. The history of the Tisza Unit fits into the general
trend of the Tethys evolution upto the Mid-Triassic. In the
Middle Triassic there is not any trace of the volcanic activity.
The Mecsek Subunit is characterized by terrestrial siliciclas-
tic sedimentation from the Upper Triassic to the Liassic
(Gresten facies). The Upper Triassic is of Carpathian Keuper
type in the VillAny Subunit, while in the Békés Subunit dolo-
mites of shallow shelf facies were formed.

These features suggest the position of the Tisza Unit in the
Northern (European) shelf of the Tethys upto the late Juras-
sic - Early Cretaceous. The significant Early Cretaceous rift
volcanism in the Mecsek (and subordinately in the Villany) Sub-

unit may indicate the separation of the Tisza Unit from the
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European plate. This process could be interrupted by the com-
pressive Mid-Cretaceous tectonism caused overthrusting and nap-
pe formation in every subunits of the Tisza Unit.

The dominantly siliciclastic Upper Cretaceous sediments were

accumulated in the syn- or postorogenic grabens or basins.

PALEOGEOGRAPHIC RECONSTRUCTIONS

The original positions of the Hungarian megatectonic units
as well as subunits during the Tethys evolution are shown in
Fig. 3 to B.

We have to emphasize that these reconstructions are drafts
without real scale, and they demonstrate first of all the rela-
tions of the units (subunits) to each other.

Some comments on the position of the Hungarian litho -

spheric fragments during the Tethys evolution:

1. Upper Permian (Fig. 3)

After the Hercinian tectogenesis the fragments of the
present-day Hungarian basement were situated around the north-
western termination of the Panthalassa embayment (epicontinen-
tal sea) that can be traced from Eastern Asia to the Alps.

In the Upper Permian the lateral transition of the con-
tinental-alluvial sedimentation environment (rift-grabens), the
continental and the coastal sabkha and the shallow-marine shelf
is well observable in the Southern Alps, and a very similar
facies distribution is recognized in the Transdanubian Central
Range.

The Permian successions of the Julian Alps - Slovenia, the
Mid-Transdanubian and the BlUkk subunits represent the inner
belt of the Permian epicontinental sea.

Evaporites of the Aggtelek Subunit (similarly to those of
the "Haselgebirge" in the North Alpine Juvavicum) can be fit-
ted into the marginal belt of this sea.

In the Tisza Unit fluvial-lacustrine sediments accumulated
in rift grabens due to the post-Hercynian erosion.

Transgression near to the Permian/Triassic boundary can be

traced in the Southern Alps, in the Transdanubian Central Range
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Fig. 3. Late Permian palaeogeography. L(M)E-ALP — Lower (and Middle) East
Alpine; U-E.ALP — Upper East Alpine; Dr — Drauzug; TRC — Trans-
danubian Midmountains (= Central Range); S.ALP — South Alpine;

Lom — Lombardia; DO — Dolomites; CA — Garnie Alps; JA — Julian
Alps; MI —Mid-Transdanubian Subunit; BU — Bukk Subunit, AG — Agg-
telek Subunit; T — Tatra Unit; Kr — Krizna Unit; M—Mecsek Mts;
V —Villany Mts; Bé — Békés Subunit; B — Bihor Mts; C — Codru Mts.
Legend: 1. continental; 2. evaporitic lagoon-sabkha; 3. shallow
marine facies

while in the northern zones of the Tisza Unit it started only
at the Scythian/Anisian boundary with evaporite-bearing forma-
tions (similarly to the German "Rot" facies). In the Middle
Triassic carbonate platform formation started on a wide shelf
which was followed by a process of disintegration of the plat-
form as a consequence of the spreading in the Vardar zone. |In
the northern zones of the Tisza Unit vermicular limestones
(similar to the German "Wellenkalk"), then wultra-back-reef
lagoonal dolomites were deposited. The rifting was interrupted
at the end of the Middle Triassic or in the early Upper Trias-
sic in the Transdanubian Central Range and in the Southern
Alps .

In Northern Hungary the rifting continued (with probable

intervals of quiescence) throughout the rest of the Triassic.
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It leads to the formation of deep-water, partly oceanic
(Meliaticum) basin between a northern (Silice Nappe of Aggte-
lek-Rudabanya Subunit) and a southern (Bikk Subunit) outer
shelf domains. It was situated in the continuation of the
Vardar Oceanic Branch and was connected with the Euhallstatt
basin in the Alps (Kovacs 1984, 1989).

2. Upper Triassic (Fig. 4)

In the Carnian the process of disintegration was followed
by nivellation due to terrigenous upfilling of the basins and
an extremely wide carbonate platform began to form on the
quickly subsiding shelf. Only the central Euhallstatt and Ruda-
banya-Meliata basins were not filled up; this event is also
missing, in some outer shelf carbonate platforms (e.g. in the
Mirztal Alps: Lein (1987) and in the Silice Nappe: Kovacs
(1984)).

Facies belts of the pelagic basin (Hallstatt basin), the
reef (Dachstein reefs), the outer and inner shelf (Dachstein
platform) and the ultra-back platform lagoon and tidal flat
(Hauptdolomit) can be traced in the Northern Limestone Alps
(Upper East-Alpine Unit). In the Transdanubian Central Range
and in the Southern Alps most of these facies zones can be
recognized as well (Haas 1987). The carbonate platform of the
Julian Alps could be formed between the intrashelf Slovenian
trough and the pelagic Hallstatt basin. Platform carbonates of
the Mid-Transdanubian and the Bikk Subunits are regarded as the
continuation of the Outer Dinaric outer shelf platform. Disin-
tegration of the carbonate platforms is observed in the latest
Triassic up to the early Jurassic in the Transdanubian Central
Range and in the BuUkk Subunits. Deep-water, pelagic sedimenta-
tion continued in the Aggtelek-Rudabanya Subunit. By this time
the shelf margin platférm of the southern part of the Silice
Nappe (Aggtelek facies) had also subsided and became part of
the Hallstatt limestone facies belt.

Within the Tisza Unit the Upper Triassic formations of the
Mecsek Subunit represent a quickly subsiding basin filled up by
fluvial as well as delta sediments.

In the Villany and in the northern nappes of the Codru
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Fig. 4. Late Triassic Palaeogeography. I.DIN — Inner Oinaric units; O.DIN —
— Outer Dinaric units; SLT — Slovenian Trough; MEL —Meliaticum;
ST — Stra”ov nappe; CH — Choc nappe. Legend: 1. continental-shallow
marine (Keuper facies); 2. ultra-back platform (Hauptdolomite
facies); 3. inner platform (Dachstein Dolomite-Dolomia Principale);
4. outer platform (Dachstein Limestone facies); 5. pelagic sedimen-
tation (Hallstatt facies); 6. oceanic basement; 7. mid-oceanic
ridge

nappe system, Carpathian Keuper-type formations are character-
istic.

In the Békés Subunit as well as in the Papuk Mts and in
the Arieseni Nappe of the Codru nappe system dolomitic Upper
Triassic occurs. ,

In the southern part of the Tisza Unit in the higher nappe
units of the Codru nappe system and in Vojvodina carbonate
platform formations (Dachstein Limestone) appear, locally with
pelagic influence.

In the Inner West-Carpathian units the facies-distribution

is more or less similar to above mentioned one.
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This suggests the Early Mesozoic position of the Tisza
block beside the reconstructed place of the Inner West Carpa-

thian units (Kovacs 1980).

3. Middle Jurassic (Fig. 5)

Disintegration and spreading continued during the Jurassic
but while formerly the ruptures came from the east, now a new
spreading system evolved from the west, from the Central Atlan-
tic. The newly formed Brianconnais - South Penninic belt (which
apparently joined the Vardar zone) separated the southern and

northern margins of Tethys.

w X5

Fig. 5. Middle Jurassic palaeogeography. SIL — Silicium (Aggtelek Subunite);
Cz — Czorsztyn unit. Legend: 1. carbonate platform; 2. submarine
graben and hdrst system (disintegrated platform); 3. pelagic sedi-
mentation; 4. oceanic basement; 5. mid-oceanic ridge

Differential subsidence, block-faulting and formation of

basins was characteristic to the northern part of the southern
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margin (West Carpathians, Northern Limestone Alps, Southern
Alps). In the Early Jurassic, thick marly ("Fleckenmergel") and
siliceous ("Moltrasio" ) sediments accumulated in the basins,
while the elevated areas (submarine plateaus or seamounts) were
characterized by non-deposition (hardgrounds) or by very con-
densed carbonate sedimentation. The Transdanubian Midmountains
and the Aggtelek Subunit show these general characters. In
detail, the thick basinal sequence known in the Zala area can
be compared with that of the Lombardian basin, whereas the con-
densed biogenic carbonates ("Hierlatz" limestones, calcarenites)
found in the rest of the Transdanubian Central Range have close
analogies in the northern part of the Trento plateau and in the
Northern Limestone Alps (e.g. Hallstatt area). The Middle
Jurassic radiolarites and the Upper Jurassic ammonitico rosso
and biancone are almost uniformly widespread in the whole area.

In the more southern zones (lnner and Outer Dinarides)
evolution of the shallow water carbonate platforms was uninter-
rupted from the Triassic and through the Jurassic. The Bukk
area might be in the proximity of these areas and its deep
water sedimentary basin received platform-derived, redeposited
carbonate material from time to time.

The northern margin of Tethys was characterized by pre-
dominantly terrigenous detrital sedimentation in the Early
Jurassic and by more and more pure carbonate accumulation in
the Middle and Late Jurassic. The Tisza Unit shows similar
development. The enormous, graben-like depressions in the
Mecsek Subunit, locally with more than 1000 m clastic sediments
and thick coal measures in the earliest Jurassic might be a
continuation of the Danish-Polish Trough. The VillaAny Subunit
was an elevated ridge area with thin and episodic sedimentation
in the Early and Middle Jurassic.

Due to progressive rifting and spreading, in the Mecsek
basin thin, pelagic, cherty limestones were formed in the Late
Jurassic with traces of submarine volcanism. At the same time,
the Villany Subunit became a "pelagic platform" with shallow
water biogenic buildups in the Bihor and with "pelagic oolites"

in the Villany area.
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4. Early Cretaceous (Fig. 6)

The beginning of the closure of the Vardar and the opening
of the Penninic oceanic branch are the main events of the Early
Cretaceous. As a consequence of this opening the Tisza Unit
separated from the European platform and at the first time
auring Mesozoic history its position in latitude coincides with
that of the Transdanubian Central Range. The rift type alkaline
basaltic volcanism in the Mecsek Subunit can be connected with
this process too. The VillaAny Subunit is characterized by
carbonate platform formation where a transgressive type Urgon
facies proceeded toward the North from the Hauterivian to
Albian ages after an emersion at the beginning of the Creta-
ceous. At the northern margin of the zone the Upper Jurassic
limestone is directly covered by an Albian-Cenomanian flysch-
-like sequence.

In the Békés Subunit the open marine, deep water sedimen-
tation is supposed to be continuous.

Due to the closing of NW branch of the Vardar ocean slices
of ophiolite complexes were uplifted in the suture zone and
trenches were formed in which terrigenous sedimentary sequences,
containing ultrabasic detritus were accumulated.

Ultrabasic detritus of similar origin appear in the
flysch-like succession of the Gerecse Mts in the Transdanubian
Central Range too. On the contrary Early Cretaceous basin
sediments of the Bakony Mts (SW-ern part of the Transdanubian
Midmountains) show close similarity with the Maolica facies of
the deep basins of the Southern Alps in the northern foreland
of the Apulian platform.

The major part of the Transdanubian Central Range was
elevated, eroded and gently folded during the Austrian phase.
Its syncline shape is also a result of this phase. During the
Albian the lacustrine environment was followed by the evolution
of a carbonate platform (Urgonian facies). In Late Albian time
the platform suddenly drowned and was covered by deeper water
glauconitic sediments.

In the Outer Dinarides the evolution of the carbonate

platform continued from the Jurassic while in the Inner
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Fig. 6. Early Cretaceous palaeogeography. S.PEN — South Penninic, PK —
Pieniny Klippen Belt, AP —Apulian platform. Legend: 1. elevated
area; 2. carbonate platform; 3. pelagic sedimentation; 4. flysch
sedimentation; 5. oceanic basement; 6. alcali basaltic rift
volcanism

Dinarides deep water sedimentation started.

5. Late Cretaceous (Fig. 7)

During the Mid-Cretaceous subduction of the Tethys, sub-
basins significantly progressed. This period was the main phase
of the nappe formation all over the Alpine - Inner Carpathian
region. Contemporaneously deep troughs and basins formed in the
subduction zones along the southern margin of the European
plate (Rhenodanubian and Carpathian Flysch zones) and around
the Apulian (-Adriatic microplate).

The block-faulting during the early part of the Late
cretaceous resulted in the formation of separated subbasins
(Gosau basins) above the nappe-systems. In the outer zones
north to the Austroalpine-Ilnner Carpathian folded belts flysch
sedimentation continued, while to the South, deep basins and
large shallow carbonate platforms evolved.

In this framework the setting of the Transdanubian Central
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Fig. 7. Late Cretaceous. RDF — Rhanodanubian Flysch Zone, SI — Silizean
Flysch, [-W-C — Inner West Carpathian Units, SL — Slovenian area,
Vo —Vojvodina. Legend: 1. elevated areas; 2. carbonate platforms;
3. pelagic sedimentation; 4. flysch sedimentation; 5. dominantly
clastic sedimentation (Gosau facies); 6. island-arc volcanism;
7. subduction zone; 8. overthrusting zone

Range between the Southern Alps and the Austroalpine units did
not change significantly, but its paleogeographic relations
with them became looser (island position) and its motion to-
wards northeast started.

The paleogeographic setting of the Bukk Subunit is uncer-
tain, but the material of the gravels in the Senonian submarine
fan deposites indicate its close connection to the Aggtelek
Subunit.

There was a significant change in the position of the
Tisza Unit during and after the Early Cretaceous volcanic ac-
tivity, when the Tisza block separated and removed from the
northern Tethys margin (anti-clockwise rotation ~70°). The

Mid-Cretaceous compressional period was manifested in thusting,
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nappe formation and folding. It was followed by emersion, in-
tense denudation then by block-faulting prior to a Senonian
graben and basin formation. The trough in the Mecsek Subunit
(Szolnok flysch zone) could be in connection with the Carpathi-

an flysch zone.

6. Middle Eocene (Fig. 8)

During the latest Senonian and the Paleocene flysch-sedi-
mentation continued in the outer flysch belts and the deep-
-marine clastic sedimentation extended into the area of the
Northern Limestone Alps (Faupl et al. 1987). In the Transdanu-
bian Central Range an emersion and a significant denudation is
inferred at the end of the Cretaceous, and there is not any

trace of the Paleocene sedimentation.

Fig. 8. Middle Eocene palaeogeography. Legend: 1. elevated area; 2. carbon-
ate platform; 3. pelagic sedimentation; 4. flysch sedimentation;
5. dominantly clastic sedimentation; 6. argillaceous sedimentation;
7. island-arc volcanism; 8. subduction zone; 9. overthrusting zone



WESTERN PART OF THE TETHYS 343

The North-eastward motion of the Transdanubian Central
Range and together with it of the Mid-Transdanubian Subunit
continued, and it can be supposed that the Biukk Subunit came
into direct contact with the afore-mentioned subunits.

Thus we can say that this is the time of the establishment
of the Pelso Unit. Juxtapositon of the Transdanubian Central
Range, the Mid-Transdanubian and the Bikk Subunits are indicat-
ed by island-arc type volcanism which can be observed in each
unit. The position of the Tisza Unit had not changed signifi-
cantly since the Cretaceous, but its major part emerged due to
the post-Cretaceous tectonic activity. During the Middle Eocene
the "Szolnok flysch" basin and the Transylvanian subbasins were
the sites of the accumulation of the dominantly terrigenous
siliciclastic sediments.

Lateral movement of the Pelso Unit went on during the
Oligocene and even in the Early Miocene as it was manifested in
the formation of the North Hungarian Paleogene and Early
Miocene Basins of transtensional origin (Baldi and Baldiné-Beke
1983, Royden and Baldi 1988, Nagymarosy, this volume).

It is an important fact that already the Paleogene Basin
extended over the boundary of the Pelso Unit onto the Inner
West Carpathian Units.

The Tisza Unit came into its present-day position by a 90°
rotation during the Tertiary prior to the Middle Miocene (see a
discussion in Marton, Horvath, this volume).

The next phase is already the evolution of the Pannonian
Basin iniciated by the formation of the transtensional proto-
-basins in the Middle Miocene which was followed by an extended

subsidence in the Late Miocene-Pliocene.
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PETROLOGY AND PETROCHEMISTRY OF MESOZOIC MAGMATIC SUITES IN
HUNGARY AND ADJACENT AREAS - AN OVERVIEW
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Department of Petrology and Geochemistry, EO6tvés University,
H-1088 Budapest, Mizeum krt. 4/A, Hungary

In this paper the authors review the tectonic affinities and petro-
genesis of Mesozoic magmatites in the main tectonic units of Hungary and
the adjacent areas. Formations of these magmatic series are in close rela-
tionship with the evolution of the northwestern part of Tethys.

The Rechnitz (Rohonc) Series of Penninic Unit includes a typical
ophiolitic sequence with N-type MORB character.

In the Pelso unit Middle Triassic, dominantly intermediate-acidic mag-
matites (lava flows, dykes and pyroclastites) are found in the Transdanubi-
an Central Range and in the Eastern Bikk. Based on the petrographical and
geochemical features of these volcanic suites they are related to convergent
plate magmatism which can be found in the Outer Dinarides and Southern
Alps, too. In the same tectonic unit the Middle Triassic-Jurassic (Meliate
(Mellété)) and the Jurassic (Szarvask6) incomplete ophiolite sequences ap-
pear in different nappes. Petrochemical studies and tectonic reconstruc-
tions led the authors to the conclusion that the Szarvask6 magmatites re-
present a back-arc basin-, the Meliata series an ocean floor magmatism and
between them the Telekes-oldal (Rudabanya Mts) rhyolite represents an
island-arc-type volcanic product in the northern part of the Triassic-
-Jurassic Vardar ocean.

During the Late Cretaceous a lamprophyre-picrite-carbonatite associa-
tion, derived from a deep mantle source, intruded into the extensional zone
of the Alpine collision.

In the Mecsek-Alféld zone (Tisza unit) the dominantly Early Cretaceous
volcanic rocks belong to a basalt-tephrite-phonolite differentiation
sequence. This volcanic suite is the product of a continental rifting ini-
tiated by the opening of the Penninic branch of the Tethys ocean.

Keywords: island-arc; magmatism; ophiolite; Pelso unit; Penninicum;
petrochemistry; rift; Tisza unit

INTRODUCTION

In the last years extensive investigations were carried
out on the Mesozoic magmatites of Hungary and of the adjacent

areas by the Department of Petrology and Geochemistry (Edtvds

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiadd6, Budapest



346 I KUBOVICS et al.

University). Previous studies have been focused on the petrolo-
gy and origin of ultrabasic-basic magmatic assemblages of cer-
tain areas (Kubovics 1983, Bilik 1983, Kubovics 1984, Kubovics
and Bilik 1984). In this paper we attempt to give a review
about the petrogenesis, the original tectonic settings and
areal relationships of the Mesozoic magmatic suites in connec-
tion with the evolution of the northwestern part of the Tethys.
Mesozoic magmatic rocks appear in different tectonic units

in the central area of the Carpathian-Pannonian region (Fig. 1)

Fig. 1. Distribution of the studied magmatic areas in the central part of
the Alp-Carpathian region. 1. K&szeg-Rechnitz (Rohonc) Mts, 2. NE-
-Transdanubian, 3. NE-Hungary and S-Slovakia, 4. Mecsek-Alfold zone

The Rechnitz (Rohonc) Series, belonging to the Penninicum,

crops out in four tectonic windows at the foot of the Eastern

Alps. In the Pelso unit various magmatic formations can be
found: i) Triassic volcanites in the Transdanubian Central
Range and in the Eastern Bukk Mts, ii) sporadic occurrences of

Middle Triassic-Jurassic magmatic rocks from Toéalmas (Northern
part of the Great Hungarian Plain) through Darno hill to South-

ern Slovakia, iii) Jurassic magmatic complex near Szarvask6é and
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iv) Late Cretaceous lamprophyre-picrite-carbonatite dike rocks
in NE-Transdanubia. In the Tisza unit the studied area included
the Mecsek zone comprised Early Cretaceous volcanic sequence.
In this paper a large volume of published and unpublished
major-, trace- and rare-earth element data (Table 1) were eval-
uated by means of several geochemical and geomathematical
methods. The petrochemical evolution of the magmatic series is
demonstrated by the principal component variation diagrams
(Le Maitre 1968, Harangi 1989a, 1989b).

THE RECHNITZ (ROHONC) SERIES (PENNINIC UNIT)

The Rechnitz (Rohonc) Series, which is correlated with
Penninic units (Schmidt 1950, Pahr 1960, 1977), appears in four
tectonic windows from below the Austroalpine nappes in the area
of Burgenland (Eastern Austria) and Western Hungary (Koller and
Pahr 1980, Kubovics 1983). They comprise greenschist facies
metasediments (phyllite, calcareous phyllite, quartzite) and
ophiolitic rocks. The ophiolite sequence includes large bodies
of greenschist, slightly serpentinized ultramafics, metagabbros
and blueschists (Schmidt 1950, Erich 1953, Koller and Pahr 1980,
Koller and Wiesender 1981, Kubovics 1983, Koller 1985). The
ophiolite complex suffered an oceanic metamorphism during the
submarine eruptions and then a high-pressure Eoalpine- (65 Ma)
and Tertiary (19-22 Ma) regional metamorphism (Koller 1985).

Serpentinite blocks, originally harzburgites (Koller 1985,
Kubovics and Szab6 1988) and lherzolites (Evren 1972) could be
found in each tectonic window and were interpreted as tectonic
slices by Evren (1972). These rocks consist of talcs, tremolites
and magnetites in addition to the serpentine minerals. The
chlorite-rich precious serpentinite ("Edelserpentinite") may
have been formed by Al-metasomatism from the ultramafic cumu-
lates of the ophiolite suite (Koller and Pahr 1980, Koller
1985).

A geochemical study on the magmatic relicts preserved in
the plutonic bodies - i.e. metagabbros and blueschists - pro-

vides information to the recognition of the metamorphic history
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Table 1. Sources of analytical data

Rechnitz (Rohonc) Series
Kubovics 1983
Koller 1985
Kotsis 1986
unpublished data (ELTE, Dept. Petr.-Geochem.)

Meliata (Mellété) magmatites

Kiss 1958
Panto and Foéldvari 1950
Panto 1961

Varga et al. 1975

Juhéasz and Vass 1974

Kubovics 1983

Balia 1984

Réti 1985

Hovorka and Spisiak 1988

unpublished data (ELTE, Dept. Petr.-Geochem.)

Szarvaskéd magmatites
Szentpétery 1953
Lengyel 1957
Kubovics 1983
Balia et al. 1983
Balia and Dobretsov 1984
Réti 1985
unpublished data (ELTE, Dept. Petr.-Geochem.)

Transdanubian mafic-ultramafic dyke-rocks
Horvath et al. 1983
Kubovics 1984
Horvath and Udor 1984
Kubovics and Szab6é 1988
Dobosi and Horvath 1988
Kubovics et al. 1989a
Embey-Isztin et al. 1989
unpublished data (ELTE, dept. Petr.-Geochem.)

Mecsek-Alféold zone volcanics
Mauritz 1913
Viczian 1971
Molnar 1985b
Lentai 1987
Molnar 1990
unpublished data (ELTE, Dept. Petr.-Geochem.)

of this area (Koller and Wieseneder 1981, Lelkes-Felvari 1982,
Kubovics 1983, Koller 1985). The petrochemical evolution of the
Rechnitz (Rohonc) magmatic complex is displayed by means of a
principal component variation diagram (Fig. 2). Normal gabbro

(pumpellyitic metagabbro) is regarded as the most primitive
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Fig. 2. Major element chemical evolution of Rechnitz (Rohpnc) Series in the
principal component variation diagram

member of this sequence. Fe-Ti-rich mineral separation from the
gabbroic magma resulted in the formation of the ferrogabbros
(melagabbros, crossitite), whereby the silica- and sodium-con-
tent of the residual magma increased and led to the plagiogran-
ites (blueschists). Koller (1985) pointed out that the differ-
entiation process was accompanied by a progressive REE-enrich-
ment in good agreement with our observations.

The greenschist bodies comprise predominantly tholeiitic
basalts with N-type MORB-composition, minor ferrobasalts, which
may represent the original "sheeted-dyke" complex and unfrac-
tioned Cr- and Mg-rich picritic basalts (Koller 1985). He re-
vealed the appearance of oceanic island-type alkali basalts
within this area as well.

The Rechnitz (Rohonc) ophiolite complex shows clear cor-
relation to the other units of Penninic Series representing the

oceanic crust of the Jurassic-Cretaceous Penninic Ocean.
THE MEL IATA (MELLETE) MAGMATITES
Formations of the Meliata (Mellété) series (Kozur and Mock

1973) appear sporadically in an elongated area from To6almas
(boreholes TO-2 and T6-3) through Darné hill (Fbldessy 1975,
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Balia et al. 1980, Kubovics 1984, Balia (1984) and Bédva valley
(Réti 1987) to Daklovce (Oekelfalva, Southern Slovakia; Hovorka
1985, Hovorka and Spisiak 1988) (Fig. 3). From the Middle
Triassic deep water sediments were accumulated which include
basic submarine lava flows and submarine bodies considered as
parts of an incomplete ophiolite sequence (Hovorka 1985).
Basalt, gabbro and serpentinitized spinel peridotite - the lat-
ter occurs as tectonic slices - constitute this magmatic se-
quence which suffered a slight prehnite-pumpellyite facies
metamorphism. According to Hovorka and Spisiak (1988) blue-

schist facies metamorphism took place at some sites as well.

1l Eastern Sukk magmatité* [77] Gemeride paleozoic

I' »I Szarvaské nappes r--'I' Meliata series

Fig. 3. Occurrences of Mesozoic magmatites in NE-Hungary and S-Slovakia
(after Hovorka 1985 and Csontos 1988)
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Most of the ultramafics are strongly serpentinitized and
contain only small amounts of relicts (Hovorka 1985, Réti 1987).

Basalts are found as massive lava flows with intersertal
to intergranular texture or as spherolitic, variolitic to
hyalopilitic pillow lavas. Clinopyroxene, basic plagioclase and
volcanic glass are the main components, albite, chlorite,
epidote appear as secondary minerals. The "sheeted dyke" com-
plex is represented by various gabbros with ophitic to inter-
granular texture and mineral content similar to the basaltic
rocks.

Salic rocks belonging to this sequence are known only at
one location, near Jaklovce (Oekelfalva, Southern Slovakia;
Hovorka and Spisiak 1988). The felsitic, glomeroporphyriritic
keratophyre consists of albite, actinolite, quartz, chlorite,
titanite and epidote.

The major element chemical variation of the Meliata
(Mellété) magmatites is typical of oceanic tholeiite assem-
blages (Fig. 4). Starting from a basaltic magma, the accumula-
tion of femic minerals resulted in the formation of ferrogab-
bros, whereas CaO-enrichment in "normal gabbro" can be regarded
as a basic plagioclase separation. As a working hypothesis we
suppose that keratophyre may be the residual product of the
differentiation process. The scatter of data-points in the va-
riation diagram is explained as the result of secondary altera-
tions .

There are several discrimination factors to distinguish
oceanic tholeiites (Wood et al. 1979, Saunders et al. 1980
etc.). Plotting the Meliata (Mellété) magmatites onto the
Th-Hf/3-Ta triangular diagram (Wood et al. 1979, Wood 1980) a
great part of data-points falls in the E-type MORB-field (Fig.
5). Other incompatible trace element ratios (Zr/Nb, Hf/Ta,
Nb/La, Ce/Nb) indicate both E-type and N-type MORB characters.

Based on the petrological and petrochemical features as
well as the stratigraphic and tectonic observations (Réti 1985,
Kozur 1989, Kovéacs 1982, 1989) the Meliata magmatic complex re-
presents the remnants of the northern part of the Triassic-

-Ourassic Vardar ocean with dominantly anomalous (E-type)
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MORB character.

NDH =nomsal gabbro Ba=basalts
F&b = ferrogabbro Ke =keratophyre

Fig. 4. Major element chemical evolution of Meliata (Mellété) magmatites in
the principal component variation diagram

Hf/3

Fig. 5. Th-Hf/3-Ta discrimination diagram (Wood et al. 1979) for Meliata
(Mellété) basalts and gabbros
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THE SZARVASKO MAGMATIC COMPLEX

The Lower Jurassic (Balogh et al. 1984) dominantly mafic-
-ultramafic magmatic complex belongs to the Moénosbél-Szarvasko
nappe underlain by the Bukk-Torna paraautochton (Csontos 1988)
(Fig. 3). The magmatic complex represents the upper part of an
ophiolitic sequence (Balia and Dobretsov 1984). Massive lava
flows with ophitic to intersertal texture and variolitic pillow
lavas are found among the 300-500 m thick effusives (Szentpé-
tery 1953, Balia and Dobretsov 1984). Based on the small sizes
of pillows and the low volatile-content these lava flows may
have erupted on the surface of a few thousand meter deep sea
(Balia and Pelikan 1983). Pesudomorphs after olivine, augite,
plagioclase and altered volcanic glass are the main components
of the basalt.

The intrusive complex formed after the effusive rocks ap-
pears mainly as sills with 100-150 m thickness and comprises
dominantly gabbros, as well as ultramafics (peridotite, pyro-

xenite, hornblendite), intermediate (diorite) and acidic

(plagiogranite, albitite) differentiates. |In the basic-ultra-
basic rocks olivine, ilmenite and titanomagnetite occur as cu-
mulate minerals (Balia et al. 1983, Kubovics 1984), while

orthopyroxenes, clinopyroxenes, plagioclases and brown horn-
blende represent the post-cumulate mineral-assemblage. The
crystallization of the intrusive bodies took place in high
oxygen-fugacity which increased in the middle stages of the
crystallization due to an in situ transvaporization from the
argillaceous sediments (Balia et al. 1983, Kubovics 1984).

The magmatic series and the sedimentary wall-rocks suf-
fered a low-grade pumpellyite- prehnite-quartz facies regional
metamorphism (Arkai 1973).

The major element chemical evolution of this magmatic
sequence is illustrated by a principal component variation
diagram (Fig. 6). Two main trends are observed: separation of
FeO-, Ti02~ and MgO-bearing minerals resulted in the formation
of various ultramafics, while intermediate and acidic rocks

were formed by alkali feldspar differentiation from a Si02- and
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Fig. 6. Major element chemical evolution of Szarvask6 magmatic complex in
the principal component variation diagram

Naz U-rich evolved magma. Within these trends further specific
rock-types were developed due to the accumulation of TiC*
(peridotites), as well as Na:U (albitite).

The REE patterns of different rock types reflect the dif-
ferentiation characters (Fig. 7): gabbros and peridotites are
LREE-depleted rocks, differing from each other only in the
plagioclase-content caused the Eu-anomalies. The REE-abundances
of hornblendites are high due to the REE accumulation in amphi-
boles. Formation of plagiogranite was accompanied with LREE-
-enrichment.

Based on the petrological and geochemical studies of the
Szarvaskéd magmatic rocks and the tectonic, stratigraphic ob-
servations this unit may represent a marginal basin of the
Vardar oceanic branch (Balia et al. 1983, Kazmér and Kovacs
1989) .

Figure B shows some specific incompatible trace element
ratios which are diagnostic for ocean basalts (Wood et al.
1979, Saunders et al. 1980). Comparing the above mentioned
three tholeiitic magmatic series there are somd differences.

The Rechnitz (Rohonc) Series (Penninicum) represents the
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Fig. 7. Average REE pattern of the main rock-types found in the Szarvaskd
ophiolite sequence
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Fig. 8. Some specific incompatible trace element ratios for 3 oceanic tho-
leiitic series: MELL - Meliata (Mellété) magmatites; SZK6 - Szar-
vask6é magmatites; PENN - Rechnitz (Rohonc) Series (Penninicum)
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typical N-type MORB (Koller 1985), while the Meliata (Mellété)
magmatites tend to have rather E-type MORB characters. The
Szarvask6 magmatic complex has different discriminant factors,
except the Hf/Ta ratio.

We suppose spatial and temporal relationship between the
Szarvask6 and Meliata (Mellété) magmatites. Meliaticum repre-
sents the oceanic part of the Vardar oceanic branch formed from
the Middle Triassic to Jurassic, while Szarvask6 represents its
Jurassic marginal sea. The question is where the volcanic arc
should be searched? In the Rudabanya Mts (Telekes-oldal Series)
(Fig. 3) Jurassic (Grill et al. 1984, Grill and Kozur 1986)
volcanites (rhyolite, MAaté and Szakmany unpublished data) and
Szarvask6-Moénosbél-type sediments - are found. Since the petro-
chemistry of the rhyolite indicates island arc affinity, we
suggest that this area may represent the volcanic arc between
the back-arc basin (Szarvaskd) and the Meliata (Mellété) ocean
(Fig. 9). This assumption is supported by the interpretations
of Balia et al. (1983) and Kazmér and Kovacs (1989) as well.

hypothetical reconstruction of the

Szarvaské - Meliata system

Rudabéanya
Szarvaské Meliata

Fig. 9. Hypothetical reconstruction of the Szarvask6-Meliata (Mellété)
system
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EASTERN BUKK VOLCANICS

In the eastern part of Bukk Mts (Fig. 3) slightly meta-
morphosed (Arkai 1973) submarine lava flows and pyroclastics
appear in several stratigraphical levels of Bukk-Torna para-
autochton (Csontos 1988). Previous studies suggested two volca-
nic suites (Szentpétery 1953, Panté 1961, Balogh 1964, Balogh
et al. 1984): the Ladinian magmatites are characterized by
mainly basic and intermediate composition, while the younger
bimodal volcanism produced basic and acidic rock types. Lacking
sufficient amount of rare-earth and trace element data we set
up a preliminary working hypothesis that this volcanic assem-
blage belonged to a single magmatic sequence.

The Eastern Biukk magmatic rocks proved to be dominantly
trachyandesite, andesite and trachyte plotted in the TAS dia-
gram. The slight alkali-enrichment accompanied by high A~O~"-
content is considered to be the effect of metamorphic altera-
tion. The major element chemical characters indicate island-arc
affinities.' Based on several geodynamic reconstructions (Balogh
et al. 1984, Kovacs 1982) the stratigraphical correlation be-
tween the BuUkk-Torna paraautochton (Csontos 1988) and the
Southern Alps-Outer Dinaride zone is widely accepted. We think
that a detailed geochemical study will reveal a relationship
between the Eastern Bikk magmatites and other Triassic volcanic
areas, like Southern Alps (Dolomites Mts, Carnic Alps, Kara-
vanken) (Leonardi 1967, Pisa et al. 1980, Castellarin et al.
1980), the Transdanubian Central Range (in this paper) and the
Outer Dinarides (Bébién 1980, Pamic 1982) characterized by
magmatic rocks with similar petrographical characters and inter-
preted rather as an island-arc (Pisa et al. 1980, Castellarin
et al. 1980) than of rift-origin (Pamic 1982).

TRIASSIC INTERMEDIATE-ACIDIC MAGMATITES IN TRANSDANUBIA
In the Transdanubian Central Range, belonging to the Pelso

unit, Middle Triassic intermediate-acidic magmatites (lava

flows, dykes and pyroclastics) appear (Fig. 1). The wide-spread
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tufites ("pietra verde") (Szab6é and Ravasz 1970, Ravasz 1973)
indicate close relationship (Gros and Szab6é 1904) to those of
Northern Calcareous Alps (Bechstadt et al. 1978) and those of
Southern Alps (Cros 1980, Bauer 1978). Kubovics (1983), Horvéath
and Tari (1987) pointed out that the source rock of a part of
andesite- and rhyolite pebbles in the Middle to Upper Eocene
basal-conglomerate (Buda Mts) (Széky-Fux and Barabas 1953,
Wein 1977) can be traced back to the Triassic magmatites penet-
rated by the boreholes of Buda6rs-1 (Nagy et al. 1967) and
Budafok-1 as well as to the trachyte- and rhyolite pebbles
which appeared near Inota (Raincsadk 1900). Based on the age
(236 Ma, Dunkl 1983) of the andesite from the Szarhegy-Szabad-
battyan area (Kiss 1954) and the radiometric age (Bagdasarjan
1989, pers. comm.) of andesites revealed by the borehole Sag-
var-2 these occurrences belong to the Middle Triassic magmatism.

Most of the mentioned magmatites are andesites with por-
phyritic texture, large amount of plagioclase and dominantly
altered pyroxene phenocrysts. Rhyolites and ignimbrites are
common rock types among the pebbles. Some biotite flakes and
weathered plagioclase phenocrysts have been observed in the
silica-rich groundmass. In addition trachyte, latite and sili-
ceous tufite appear in this area (Kubovics 1983, Horvath and
Tari 1987).

Basic-intermediate-acidic lava flows and pyroclastics of
Middle Triassic age have been reported in the Southern Alps
(Leonardi 1967, Bechstadt et al. 1978, Calanchi et al. 1978,
Castellarin et al. 1980, Pisa et al. 1980, Castellarin and
Rossi 1981), dike-rocks and various intrusive bodies also occur
(Del Monte et al. 1967, Lucchini et al. 1969). Based on the
geodynamic tectonic model (Fig. 10) proposed by Kazmér and
Kovacs (1985), Horvath and Tari (1987) established a possible
genetic relation between the Middle Triassic magmatites found
in Transdanubia and in the Southern Alps. Based on our petro-
graphical investigations and recent major-, trace- and rare-
-earth element studies we suggest that there is a spatial and
temporal relationship between the Transdanubian Middle Triassic

calc-alkaline andesite-rhyolite series and the magmatic
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Fig. 10. Distribution of Middle Triassic magmatites in Southern Alps and
Transdanubian (after Horvath and Tari 1987, modified)

assemblage found in the Dolomites Mts (Castellarin et al. 1980,
Pisa et al. 1980, Castellarin and Rossi 1981). On the basis of
geochemical characters these magmatites may have been formed at

a convergent plate margin.

LATE CRETACEOUS ALKALINE MAFIC-ULTRAMAFIC DIKE-ROCKS

A new association of igneous rocks was found in NE Trans-
danubia some years ago which usually formed dykes or dyke
swarms with the thickness range 5 cm to several min N-S and
NW-SE direction. Some more than 100 m long dikes can be traced
below the Quaternary debris (Dudké 1984, Kubovics et al. 1989a).
Some occurrences (borehole AD-2, Remetehegy) contain a large
amount of xenoliths derived from different depth (Szab6 1984,
Kubovics et al. 1985, Szabé 1985, Kubovics et al. 1989a). The
petrography, petrology and geochemistry of these formations,
discovered in several boreholes and in two outcrops (Fig. 11)
was reviewed by Kubovics (1984), Szab6é (1984), Kubovics (1985),
Szab6é (1985), Kubovics and Szabdé (1988), Kubovics et al. (1989a)
as well as Horvath et al. (1983), Dudké (1984), Horvath and
Udor (1984). Our study pointed out that the alkaline magmatites
described by Wéber (1962) and the Buda basalt (Embey-Isztin et
al. 1989) belong to this association. The K/Ar (Balogh Kadosa,
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Fig. 11. Localities of the Late Cretaceous mafic-ultramafic dyke-rocks

Insitute of Nuclear Research, Debrecen, Hungary) and fission
track (Dunkl 1989) measurements indicate Late Cretaceous age.
The texture of the dike-rocks is porphyritic-panidiomorphic
with olivine and rarely clinopyroxene phenocrysts, but so-cal-
led felsic globular structure occur as well. The mesostases is
made up of clinopyroxenes, micas, rarely feldspathoids and very
minor patches of glass. Based on the modal analyses the dike-
-rocks are divided into two groups: i) the carbonate-poor
variant contains mostly clinopyroxene, mica, olivine or its
pseudomorphs and a small amount of carbonates, feldspar, feld-
spathoids and glass, whereas, ii) the carbonate-rich rock-type

is characterized by a large amount of carbonates and the lack
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of feldspar, feldspathoids and glass. Similar texture and min-
eral assemblage is typical of alkaline lamprophyres, especially
of monchiquite (Rock 1977, 1987, Streckeisen 1979).

The major element chemical composition of the carbonate-
-rich rocks (Horvath et al. 1983, Kubovics and Szabé 1988) show
carbonatitic character (extremely high volatile content, up to
20-30 %), while the other rock-type (Kubovics 1983, Horvath
and Udor 1984, Dobosi and Horvath 1988, Kubovics and Szabd 1988,
Kubovics et al. 1989a, Embey-Isztin et al. 1989) displays
ultramafic and alkaline lamprophyre properties, although the
Hungarian samples contain more volatiles and less Ti and Fe.

The above mentioned differences disappear in Fig. 12,
where Hungarian samples fall between the average alkaline and
ultramafic lamprophyre-point (Rock 1987), most of them are in
the alnditic field and few of them display kimberlitic charac-
ter. The mg-values (100X Mg/+Fe2++Fe'5+) of dike-rocks are
generally high (53 to 79) being characteristic for the undif-
ferentiated, primitive melts.

The Hungarian lamprophyres are enriched in highly and

Fig. 12. A"Oj-MgO-FeO-t triangular diagram with the alnoite and kimberlite
field for Hungarian lamprophyres
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moderately incompatible trace elements (Fig. 13) compared to
typical within continental plate magmatites (Bergman 1987,
Wilson 1989).

Hungarian lamprophyres

Fig. 13. Trace element distribution for Hungarian lamprophyres (the data
are normalized according to Thompson et al. 1984)

The trace- and rare-earth element pattern of the Hungarian
lamprophyres indicate partly kimberlitic and partly ultramafic
affinity (Kubovics and Szabé 1988, Kubovics et al. 1989a) due
to the high volatile content of the magma produced by minor
partial melting of the metasomatized upper mantle (Kubovics et
al. 1989b).

The Late Cretaceous lamprophyre-picrite-carbonatite as-
semblage can be intruded into an extensional zone perpendicular
to the tectonic front of the Alpine collision (Kazmér and
Szab6 1989a, 1989b).
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THE MECSEK VOLCANIC ZONE

Volcanic rocks of the Mecsek-Alfold area (Tisza unit; Fig.
1) appear with the greatest volume and the most variable rock-
-types in the eastern part of the Mecsek Mts (Bilik 1983,
Harangi 1988). Numerous boreholes in the Great Hungarian Plain
have exposed basaltic rocks along the Kiskdros-Ebes SW-NE line
in a depth varying between 1100 and 3100 m (Szepeshazy 1977,
Molnar 1985a). Dike-like subvolcanic magmatites occur in the
Western Mecsek Mts (Lantai 1987) and three boreholes penetrated
basic-intermediate rocks to the north of the Mecsek Mts at Kurd
and DObrokoz.

Volcanism already began in the Upper Jurassic (F6zy et al.
1985, Velledits et al. 1986), it only culminated, however, in
Valangian (Bilik 1974, 1983).

The Western Mecsek magmatites include basalts (pseudo-
morphs after olivine, amphibole (Ca-rich kearsutite), clino-
pyroxene (salite), plagioclase (An50-60), Fe-Ti opaques) and
trachytes (plagioclase, potash feldspar, analcime, amphibole,
pyroxene, opaques), with a great part of them suffered alkali
metasomatism (Lantai 1987). REE distribution patterns indicate
light REE-enriched fractionated rock types.

In the Eastern Mecsek Mts bimodal volcanism took place
producing a basalt-tephrite-phonolite sequence (Harangi 1989b),
but potash-rich trachytes occur as well (Fig. 14). Occurrences
of pillow lavas, lava breccias and hyaloclastites indicate sub-
marine volcanism (Bilik 1983), whereas the majority of more
evolved rock types appear as dikes or subvolcanic bodies. Bilik
(1974, 1983) classified the basaltic rocks as alkali basalts,
the geochemistry of these rocks, however, indicate greater
diversity and transitional-slightly alkaline nature (Harangi
1988, 1989b). The pyroxene-rich olivine-bearing basalt with
M-values of 65-70 can be regarded as the most primitive member
of this volcanic suite. Among the slightly qg-normative basalts
several subgroups can be distinguished: ferrobasalt, plagio-
clase-basalt and basalt. Plagioclase (Ansg_gg)> clinopyroxene,

magnetite and ilmenite are the main components. The aphyric
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Ph = phonalite Te =tephrite
KTr= KjO-ich trachyte  Ba= basalts
Fig. 14. Major element chemical evolution of the Late Cretaceous volcanic

assemblage (Eastern Mecsek) in the principal component variation
diagram

tephrite appears mainly as dikes and contains plagioclase,
clinopyroxene, alkali amphibole apatite magnetite and analcime.
The most differentiated endmember of this volcanic suite is the
phonolite which forms two subvolcanic bodies (Viczian 1971).
Its petrochemical features resemble the Kenya rift phonolites
(Harangi 1989b). Formation of potash-rich trachyte is debated:
Bilik (1983) suggested fractional crystallization origin,
whereas Harangi (1989b) regarded its specific major element
characters as a result of subsequent alteration.

Clinopyroxenes are common minerals in the Mecsek volcanics.
Variation of pyroxene chemistry from diopside through
hedenbergite to aegirine indicates low-pressure alkaline frac-
tional crystallization (Fig. 15) (Dobosi 1987), which was cor-
roborated by the major element chemical evolution of this
volcanic assemblage (Fig. 14).

Linear correlation between the highly-incompatible ele-
ments supports the basalt-tephrite-phonolite differentiation
model (Harangi 1989b). The REE and trace element distribution
in basalts indicate transitional-slightly alkaline nature.

The Early Cretaceous volcanics revealed by boreholes in
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<m> MECSEK MTS.

Fig. 15. Pyroxene fractionation trands in the Mecsek- (Dobosi 1987) and in
the Alfold volcanites (Molnar 1990) in the En-Wo-Fs triangular
diagram

the Kiskdrdos-Ebes zone (Great Hungarian Plain Fig. 1) were
originally feldspar-rich basalts (Szepeshéazy 1977, Molnar
1985a) which suffered different alteration processes. The orig-
inal petrographical characters were highly concealed by spili-
tization, Mg-metasomatism and carbonatization (Molnar 1990).
Only a few fresh clinopyroxene relicts were found in these
rocks (Molnar 1990) that have augitic composition and show
slightly alkaline affinities (Fig. 15). The REE distribution
patterns of the AIféld volcanics indicate less-differentiated
tholeiitic to slightly alkaline basalts.

The magmatic rock types, the mineralogical and petro-
chemical characters of the Mecsek-Alféold volcanics all sug-
gested continental rift-type volcanism (Embey-Isztin 1981,
Bilik 1983, Lantai 1987, Harangi 1988) which is corroborated by
the Ta-Hf/3-Th discrimination diagram (Fig. 16). The continen-
tal rifting was initiated by the opening of the Penninic ocean.
This opening resulted in several extensional basins underlain
partly by oceanic- (Valais, Severin), partly by continental
crust (Moravian-Silesian Beskidy, Mecsek zone, Black flysch,

Ceahlau, Nis-Trojan) (Kéazmér and Kovacs 1989).
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Hf/3
A =N-MORB
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Th Ta

Fig. 16. Th-Hf/3-Ta discrimination diagram (Wood et al. 1979) for the
volcanic associations of the Mecsek-Alféld zone

CONCLUSION

The formation of magmatic series, found in several tecton-
ic units in Hungary, is in close relationship with the evolu-
tion of the northeastern branch of Tethys. The Meliata mag-
matites represent the axial zone of the Triassic-Jurassic
Vardar-Ocean, whereas the Szarvaské incomplete ophiolite se-
quence was formed in a marginal basin of this ocean. The rem-
nants of the island-arc between them can be traced in the
Telekes-oldal (Rudabanya Mts, rhyolites). The Middle Triassic
intermediate-acidic magmatites in Transdanubia and Eastern Bukk
can be related to convergent plate magmatism occurred in both
the Southern Alps and Outer Dinarides. Ophiolites of the
Rechnitz Series represent the remnant of the Jurassic-Early
Cretaceous Penninic oceanic crust. The predominantly Early
Cretaceous Mecsek-Alfold volcanic-subvolcanic sequences are the
products of a continental rifting initiated by the opening of
the Penninic ocean. The Late Cretaceous lamprophyre-picrite-
-carbonatite association intruded into the extensional zone

perpendicular to the tectonic front of Alpine collision.
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FROM TETHYS TO PARATETHYS, A WAY OF SURVIVAL

A Nagymarosy

E6tvos University, Department of General and Historical Geology,
H-41088 Budapest, Mizeum krt. 4/A, Hungary

The closing of the Tethys ocean resulted in the formation of two large
basin systems in Europe: the Mediterranean and the Paratethys. The "Para-
tethys" may be a pure paleogeographical concept according to its recent
position, i.e. a row of sedimentary basins in the Late Tertiary, North of
the Alps, Dinarids, Hellenids and Pontids. Due to its specific endemism
through the Oligocéne and Miocene it can be regarded as a biogeographic
concept, though in this sense a separated, individual Paratethys existed
only in the periods of endemism (Kiscellian, Ottnangian and from the Sarma-
tian through the Pliocene). From a geodynamic point of view the Paratethys
is a complex of flysch, foreland molasse and intramontan basins.

Keywords: endemism; Late Paleogene; Neogene; paleogeography; Para-
tethys

1. INTRODUCTION

The closing of the Tethys ocean along the Alpine colli-
sional zone terminated around the Eocene/Oligocene boundary. At
about the same time the formation of the flysch sediments has
been finished along the northern front of the Alpine chain, but
proceeded in the Carpathian trough. This fact permits the as-
sumption that the subduction in the Carpathian region did not
finish at the Eocene/Oligocene boundary, but went on possibly
until the Lower Miocene (in the Eastern Carpathians).

The beginning of the collision between the European and
African plates led to the uplift of the Alpine-Dinaric orogenic
belt. The Alpine-Carpathian chain thrust over the margin of the
European plate, and the Dinarids thrust onto the African/Apulian
plate. This orogenic belt on the former place of the Tethys

separated two large basin systems, the Mediterranean in the

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6é, Budapest



374 A NAGYMAROSY

South and the Paratethys in the North (Fig. 1).

Fig. 1. Sketch of the Mediterranean basins (after Biju-Duval 1978,
Sandulescu 1988 and Sartorio et al. 1988). Arrows show the
directions of the plate movements

2. THE MEDITERRANEAN

The Mediterranean region is no "descendant" of the Tethys
in a geodynamic sense. It consists of basins of different
origin and if there is any remnant of the former Tethys oceanic
crust, it can be in the lonian and Levantine basins.

Biju-Duval et al. (1978) distinguished two types of the
Mediterranean basins:

- Type a) is characterized by a thin Ilithosphere, shallow Moho,
high heat flow and thin sedimentary sequence of Tertiary and
Quaternary age. These basins are located between young oro-

genic belts as the Balearic-Ligurian basin, the Tyrrhenian



FROM TETHYS TO PARATETHYS 375
basin or the Aegean sea. Their age is rather young taking
into consideration that the Balearic basin began its rapid
subsidence in the Late Oligocene, the Tyrrhenian sea in the

Late Miocene and the Aegean
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Later, the term "Para-

tethys" has changed its original meaning and has got a wider

sense both in time and space. Baldi (1989) distinguished two

basic views:

1. Many of the specialists (most recently Cicha and Krystek
1987) use the term Paratethys for the molasse sedimentation
which occurred from the Rhone valley through the Alpine and
Carpathian molasse areas to the Russian platform and Central
Asia. The existence of this kind of Paratethys would include
a time interval from the Late Oligocene (stage Egerian)
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until the Pliocene (stage Rumanian).

Baldi (1983, 1984a, b, 1986, 1989) pointed out that since
the establishing of the term Paratethys was due to the Late
Miocene and Pliocene endemism which occurred in the men-
tioned area, the dimension of the Paratethys can be defined
better by the distribution of fossils than by similar sedi-
mentation patterns. He suggested to extend the validity of
the term also in time until the first large-scale endemism
in the Tertiary (i.e. until the Early Oligocéne). According
to his concept the Paratethys is a bioprovince and "its sea
covered very different crustal structures" (B&aldi 1989).
This paper defines the Paratethys from two points of view:
From a geodynamic point of view the Paratethys comprises
the foredeep molasse areas of the Alps, Carpathians, Cauca-
sus, etc., the basins between erogenic belts (as the Vienna,
Pannonian, Transylvanian, etc. basins), the adjacent troughs
of the flysch oceans and the epicontinental seas on the
Russian platform. These geodynamically very different areas
were covered by the same water mass which caused many simi-
larities in the biogeography of these areas, uniform fea-
tures in their sedimentation, and a similar history in their
relation to the world sea system (considering periods of
marine connections and periods of separation). All the
characteristics above can be explained by supposing a con-
tinuous, connected water mass in the Paratethys. Its exis-
tence can be supported by many facts considering the plank-
tonic organisms. Nannoplankton and planktonic foraminifera
show strikingly similar distributional patterns in time from
the Alps to the Caucasus. This could have led Ro6gl (1985) to
the idea of setting up a special planktonic foraminifera
zonation for the Central Paratethys. Also endemic nappo-
plankton (Transversopontis fibula GHETA, Reticulofenestra
ornata MULLER see Nagymarosy and Voronina (1989) (and plank-
tonic foraminifera) genus Velapertina Ro6gl (1985) evolved in
the Paratethys region.

From a strict biogeographical point of view the Paratethys

can be considered as a unit independent from the world sea
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system only during the time epochs of its endemism. In this
sense the first Paratethys endemism developed in the Early
Oligocéene as Baldi proposed. After the Late Oligocéne resto-
ration of the marine connections the degree of the endemism
decreased and only by the Late Ottnangian evolved a new
endemic fauna in the Paratethys due to the more or less
complete separation from the oceans. After a short "cosmo-
politan” interval in the Middle Miocene the final separation
of the Paratethys resulted in the evolution of the endemic
Sarmatian, Pannonian, Pontian, etc. mollusc faunas.

This explanation gets a special emphasis if we have a look
at the composition of the Oligocéne mollusc faunas in Hungary
(Table | after Baldi 1983).

Table | .
Alpine- endemic
Mediter- -Carpathian- (only in cosmo-
Mollusc faunas from ranean boreal -Caucasian Hungary) politan
percent
Tard Clay
(Early Kiscellian) . . 100 . .
Kiscell Clay
(Late Kiscellian) 29 18 24 16 13
Szécsény, Eger, Torok-
balint Formations 22 20 n 26 19
(Egerian)
Putnok Schlier 20 6 20 2 22

(Eggenburgian)

Following this kind of philosophy, the Paratethys in a
strict biogeographical sense existed only during the periods of
endemism. In the intermediate intervals the Paratethys can be
considered as a part of the world seas differing not very much
from the other marine basins (Fig. 2).

The different biostratigraphical features of the
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Paratethys, however, gave a ground for establishing a distinct
chronostratigraphic scale with regional stages (see Steininger
et al. 1988). Since a number of differences exist between the

biostratigraphy of the eastern and western basins of the Para-
tethys, different stage systems are used for both. An imaginary
line at the eastern edge of the Carpathians separates the East-

ern and Western Paratethys.

4. THE PARATETHYS: RISE AND FALL

This chapter gives a very short review on the main fea-
tures of the history of the Paratethys. More detailed descrip-
tions have been published by Rogl and Steininger (1983), Baldi
(1983, 1986), Nagymarosy (1981), Nagymarosy and Miuller (1988).
A mass of basic data has been collected in Steininger et al.
(1985).

The prograding tectonism in the Alps caused the gradual
wandering of the flysch belts from the inner to the outer zones
during the Paleocene and Eocene. From the Helvetic and Ultra-
helvetic units through the Carpathian flysch troughs a rather
continuous sedimentary belt existed until the Eocene/Oligocene
boundary with seaconnections toward the South (Alps Maritimes,
Slovenia) and to the North (Turgay gate, "Polish connection").
From the Early Oligocene the uplift and folding of the Helvetic,
Ultrahelvetic units and Dinarids cut the seaways to the South
and also the northern sea connections came to an end. The load
of the nappe pile initiated the formation of the Alpine fore-
deep which spread slowly northward during the Oligocéne and
Early Miocene. Due to these nappe movements and a strong global
eustatic regression the first isolation of the Paratethys has
been completed by the end of the NP 22 nannoplankton zone (Fig.
3). The first endemic mollusc fauna and also some endemic nanno-
plankton species developed in the Paratethys this time. The
period of endemism was combined by an anoxic event extending
from the Rhine graben to the Aral sea. The Late Oligocéne (NP
24 nannoplankton zone) global eustatic transgression reached
the Paratethys basins through the Rhine graben (supplying a

number of boreal organisms) and through the Slovenian corridor
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E22' «O0d * 5
EARLY KISCELLIAN

Fig. 3. Recent distribution of the anoxic sediments of the NP 23 nannoplank-
ton zone (Early Oligocéene) during the first isolation of the Para-
tethys. Key: 1 - non-anoxic marine sedimentation, 2 - anoxic marine
and slightly brackish sedimentation, 3 - inactive seaway, 4 - ac-
tive seaway, 5 - endemic mollusc fauna

whose Mediterranean influence can be traced among the Late
Oligocene shallow water molluscs of Hungary (Fig. 4). By the
end of the Oligocene the Rhine graben seaway has been closed
and a non-marine sedimentation followed in the Alpine molasse
areas .

The formation of the flysch in the Carpathians gradually
came to an end from the West to the East. It terminated for
example in the Magira unit (Polish part) in the Early Oligo-
cene, while it proceeded until the Late Eggenburgian in the
East Carpathians (Tarcdu unit). The uplift of the Carpathian
flysch belts also began during the Late Oligocéne and shifted
from the West to the East, from the inner zones to the outer
zones.

The Carpathian structures formed the Carpathian foredeep,
whose first basin began to subside in the Late Eggenburgian.

The great Eggenburgian transgression (Fig. 5) reached the



FROM TETHYS TO PARATETHYS 381

Fig. 4. Recent distribution of the marine sediments of the NP 24 nannoplank-
ton zone (Late Oligocéne) in the Paratethys (for key see Fig. 3)

Fig. 5. Recent distribution of the marine sediments of the nannoplankton
zone NN 3 (Early Miocene) in the Paratethys (for key see Fig. 3)
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Paratethys from the Mediterranean through the Rhéne valley and
(probably) through the Slovenian corridor (Fig. 2). Thrusting
and folding of the Northern Calcareous Alps, the Waschberg zone
and the Zdanice unit closed the sea connections toward the
Alpine molasse areas and also cut the Carpathian-Pannonian
realm from the Rhone valley. The activity of the barriers
caused a second, almost complete isolation of the Paratethys
(Fig. 6) in the Late Ottnangian-Early Karpatian producing the
endemic Rzehakia fauna.

Fig. 6. Recent distribution of the marine sediments and the brackish
Rzehakia beds around the NN 3/4 nannoplankton zone boundary
(Early Miocene) before and during the seconds isolation of
the Paratethys

The disappearing of the marine environment can be observed
North of the Alps during the Miocene. The marine sedimentation
ended in the Rhine graben during the Late Oligocéne. For the
Alpine molasse the Eggenburgian-Early Ottnangian transgression
was the last marine "moment", however, the non-marine sedimen-
tation persisted in this area.

East of the Alps the folding of the Carpathians was
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accompanied by the formation of extensional basins, like the
Vienna, Transylvanian, Pannonian, etc. basins. Their rapid sub-
sidence began in the Karpatian and Badenian times.

Strong Mediterranean influence characterizes the fossil
faunas and floras of the Paratethys during the Karpatian and
Badenian. The activity of the Mediterranean seaway (presumably
in Slovenia) decreased only in the Late Badenian. This is the
time of the invasion of the endemic Konka fauna from the East-
ern Paratethys, as it has been pointed out by Kdékay (1985). The
Eastern Paratethys namely, due to its paleogeographic situation
was not very near to the ancient seaways and thus its faunas
show more endemic features during the whole Oligocéne and
Miocene.

The movements of the Late Badenian orogenic phase already
definitely isolated the Paratethys from the world seas and the
endemic Sarmatian fauna developed (Fig. 7). The Late Miocene-
-Pliocene history of the Paratethys is characterized by the
gradual decrease of the salinity and the slow wandering of the
terrestric-freshwater environment toward the East. Highly
endemic Pannonian and Pontian faunas render not only the extra-
basinal but also the interbasinal correlation. Some paleogeo-
graphical and paleobiological interpretations may suggest that
the Caspian and Aral seas are the only relicts of the former

huge Paratethys.
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KINEMATICS OF THE PRINCIPAL TECTONIC UNITS OF HUNGARY FROM
PALEOMAGNETIC OBSERVATIONS

E Marton

E6tvos Lorand Geophysical Institute of Hungary, H-1440 Budapest,
POB 35, Hungary

Distribution of paleomagnetic elements in time and between tectonic
units is analyzed. As a result, periods of great mobility are recognized
and significant differences between tectonic units pointed out.

In addition to referring the characteristic paleomagnetic elements of
each unit to the present geographical system and to one another, a compari-
son is made occasionally with stable Europe, Africa and other units from
the Central Mediterranean region.

Keywords: Hungary; mobility; paleomagnetism; tectonic units

INTRODUCTION

Paleomagnetic data of tectonic significance are known from
all principal tectonic units of Hungary, except the Lower and
Upper East Alpine, the Mid-Transdanubian and the Békés units
(Fig. 1). Some of the observations, namely those made on the
products of mid-late Miocene calc-alcaline volcanism and on
younger rocks (both igneous and sedimentary) suggest that the
tectonic regime responsible for the present arrangement of the
tectonic units of Fig. 1 was over by that time. In contrast,
great mobility is indicated by older data, representing the
Transdanubian Central range, the Bikk, the Rudabéanya-Aggtelek,
the Go6mor, the Pennin, the Mecsek and the Villany units (Fig. 1).

PALEOMAGNETIC ELEMENTS AS INDICATORS OF RELATIVE MOTION

A paleomagnetic vector characterizing a tectonic unit for
a certain geological time interval may coincide with, or depart
from, the direction expected for the sampling area in the

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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Fig. 1. Principal tectonic units of Hungary after Brezsnyanszky and Haas
(1985)

actual geocentric dipole field. The departure is attributed to
past motions, while coincidence in declination may be acciden-
tal. Similarly, relative movements between two or more tectonic
units are recognized when coeval paleomagnetic directions of
tectonic value are significantly different.

Of the paleomagnetic elements, inclination refers straight-
forwardly to the latitude at which the remanence was acquired.
In contrast, a paleodeclination may be the result of complex
tectonic rotations, taking place after the acquisition of rema-
nence.

It follows that the two angular values of a single ob-
served paleomagnetic vector are of different origins. This jus-
tifies the general practice which treats the paleomagnetic ele-
ments separately in tectonic interpretation.

Nevertheless, the crucial importance of paleoinclinations
should be remembered when paleodeclinations are interpreted in
terms of tectonic rotation. One is that even large declination
deviations may be insignificant when inclinations are steep.

The second is that tight grouping of coeval inclinations within
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a tectonic unit for localities not far from one another is per-
haps the most important criterion of high-quality paleomagnetic
results. Therefore, it is their scatter that sets the real limit
to the resolution power of paleomagnetic data when the signifi-
cance of declination differences within a unit is considered.

PALEOMAGNETIC EVIDENCES OF RELATIVE MOVEMENTS FOR THE PRINCIPAL
TECTONIC UNITS

In this section the time-dependence of paleomagnetic ele-
ments will be discussed, periods of great mobility identified,
and patterns characteristic of each unit compared.

Regional consistency within a unit will be illustrated oc-
casionally. These illustrations are intended to demonstrate the
variability in tightness of grouping and in the character of
scatter from unit to unit and depending on time within a unit.

Concerning the relationship of the principal tectonic
units of Hungary to others in the Central Mediterranean Region,
references will be only given. However, African and European
paleomagnetic poles (Westphal et al. 19B6) will appear in some
figures, representing reference systems other than the present
geographical one.

Figure 2 in which paleomagnetic elements are plotted
against geological time for different tectonic units, north and
south of the Mid-Hungarian Structural Zone reveals that the
last period of great mobility is in fact very young. Declina-
tions observed on Tertiary rocks suggest post-early Miocene ro-
tations, in CCW sense north, in CW sense south of the zone.
Indications for Miocene rotations others than shown in Fig. 2
were also found for the Pennin Unit (Marton et al. 1987: CCW)
and for the Gomér Unit (Marton P, pers. comm.: CCW). All these
movements must have been coeval, fast and independent of the
motion of Africa and stable Europe, respectively (Fig. 3).

Paleomagnetic elements for the Mesozoic suggest that the
Transdanubian Central Range Unit moved in coordination with the
African plate (Marton and Marton 1983). The movement is re-
flected in both declination and inclination: CW rotation ac-

companied by southward shift started in the mid-Jurassic ; the



390

Fig.

the

that

E MARTON

DEC INC

Time-dependence of paleomagnetic elements for different tectonic

units. Abbreviations: C - Carboniferous; P - Permian; Tr - Triassic;

J - Jurassic; K - Cretaceous; Te - Eocene; To - Oligocéne; Tm - Mio-

cene; ON - clockwise rotation; CCOW - counterclockwise rotation;

N - shift to north; S - shift to south. Key: full or large symbols:

directions based on more than two localities; light or small sym-

bols: directions based on less than three localities; heavy arrows

indicate the position of the magnetic elements in the present geo-

graphical system;

- circle, Transdanubian Central Range Unit (1, 9-10: Marton E 1988,
2-8: Marton and Méarton 1983)

- square, Mecsek Unit (a, b, g, h: Marton E 1986, c-f: Marton E,
unpublished)

- triangle, Villany Unit (Marton E 1988 and unpublished)

- asterisks, Rudabanya-Aggtelek Unit (Marton et al. 1988)

- cross, Bikk Unit (Marton E 1989)

direction of the motion changed in the early Cretaceous so

by the end of Cretaceous both the net rotation and the

latitude of the Unit was the same as in the early Jurassic

(Fig.

2). The features of the Mesozoic declination - inclination
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Fig. 3. The position of Miocene poles predating the calc-alcaline volcanism
(calculated from measured paleomagnetic elements). Abbreviations:
QW - clockwise; QOW - counterclockwise rotation with respect to the
present orientation; Tm - the common Miocene pole for Africa and
stable Europe; Eu Te - Eocene pole for stable Europe; Afr Te - Eo-
cene pole for Africa. Key: full circle, paleomagnetic poles for the
Bukk Unit (1: average pole for Eocene to Egerian sediments and
lower ignimbrite horizon; 2: average pole for Ottnangian sediments
and upper ignimbrite horizon)

- empty circle, paleomagnetic pole for the Gomdr Unit (a single
sedimentary locality of Ottnangian age)

- squares, poles for the Transdanubian Central Range Unit (1. a
single sedimentary locality of Eocene age, 2. average pole for
andesites of 30 Ma and remagnetized Carboniferous granite)

- triangle, pole for the Mecsek Unit (average for the Komlé andesite
of 21 Ma)

Pole for the Pennin Unit is not shown, for the locality mean direc-

tions are too scattered to give an overall mean with satisfactory

statistical parameters

pattern for the Transdanubian Central Range Unit can be re-
garded as diagnostic of Southern Tethyan origin, for coeval
paleomagnetic elements for this unit and for the Umbrian Apen-

nines agree closely (Marton and Méarton 1985, Marton et al. 1987).
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Within the Transdanubian Central Range Unit regional con-

sistency characterized the period of Mesozoic mobility (e.g.

Tithonian poles in Fig. 4 are clustered while the Tithonian

sampling localities are spread over an area shown by Fig. 5).

Fig. 4.

Triassic and Tithonian paleomagnetic poles for the Transdanubian
Central Range Unit. Triassic poles (numbered triangles) fall on a
great circle (dashed line) drawn around the studied area (heavy ar-
row), joining African and European Triassic poles; this circle re-
presents points of equal polar distance, i.e. the inclinations de-
termined for the Transdanubian Central Range Unit correspond to the
value expected either in a European or in an African system. The
spread is due to differing degree of COCW rotation with respect to
Africa. Tithonian poles, on the other hand, are clustered

In contrast, smeared distribution due to differences in decli-

nation

was observed for ages predating the opening of the
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Fig. 5. Simplified geological map of the Transdanubian Central Range Unit
showing Tithonian and Triassic sampling localities and paleomagnetic
declinations as arrows. Triassic localities are numbered. The num-
bers correspond to those in Fig. 4. Key to the geological map:

a - Carboniferous; b - Permian; c¢ - Triassic; d - Jurassic;
e - Cretaceous

Tethys (e.g. Triassic poles in Fig. 4 determined for localities
plotted in Fig. 5). This situation is probably the result of
block rotations that may have accompanied the disintegration of
the Triassic carbonate platform, since the regional distribu-
tion of the more and less rotated declinations is not system-
atic.

Of the tectonic units situated today NE of the Trans-
danubian Central Range Unit the Triassic for the Rudabéanya-Agg-
telek, and the Tertiary of the Biukk Unit were studied so far
systematically and succesfully. Compared to the first, the lat-
ter exhibit excess CCW rotation (Fig. 2).

The Tertiary rotation was shown to have affected the whole
southern margin of the Biukk (Fig. 6). Its maximum amplitude

which was observed in the Bikk on Paleogene sediments and
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6. Paleomagnetic sampling area at the southern margin of the Bikk. Localities 1-6 are in lower ignimbrite
(and tuff) horizon; 7-12 are late Eocene, 13-14 late Oligocéne sediments; 15-18 belong to the upper ig-
nimbrite (and tuff) horizon. Geological map is modified after Balogh (1963). Key to the geological map:
A - Eocene sediments; B - Oligocene-Ottnangian sediments; C - lower ignimbrite horizon; D - lower tuff

horizon; E - upper ignimbrite horizon; F - upper tuff horizon
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volcanics belonging to the lower ignimbrite horizon and also in
the MAatra for Eocene andesite (Méarton P, pers. comm.), is larg-
er than the declination rotation of the Transdanubian Central
Range Unit. The rotation must have been fast, for CCW rotation
is less pronounced for the upper ignimbrite horizon in the Bukk.
Moderate CCW rotation for Miocene sediments north of the Bilkk
and in the GOmér Unit (Marton P, pers. comm.) matches in angle
that of the upper ignimbrite horizon. Though directly not
proven, the Rudabéanya-Aggtelek Unit may also have participated
in the rotation that can fully account for the declinations ob-
served on Triassic rocks (Fig. 2).

South of the Mid-Hungarian Structural Zone, paleomagnetic
elements show less variation. Declination data available from
and characteristic of the Mecsek Unit are consistent from the
Carboniferous through the Valanginian-Hauterivian, with insig-
nificant net rotation relative to the present orientation. Ob-
servations for the VillAny Unit are similar including those ob-
tained on Albian sediments. The lack of significant rotations
suggests that this time-interval was uneventful for the Tisza
Unit. Moreover, it implies that the post-Cretaceous CW rotation
must have been common to the whole Tisza Unit, otherwise the
agreement in declination between the Mo6ragy area, the Eastern
and Western Mecsek and the Villany Hills would be too much of
coincidence. Recent studies on late Cretaceous for the Apuseni
Mts support this argument as a large CW rotation was observed
(Patrascu et al., pers. comm.). This reasoning tacitly implies
that intrusives showing CWN rotation in the Mecsek Unit must be
of post-Albian age, and the upper age limit of the CCW rotation
is not constrained paleomagnetically.

While declinations are fairly consistent, inclinations are
problematic in the Tisza Unit, for different reasons. Some of
them are simply higher than expected: e.g. mid-Triassic for the
Mecsek Unit which, according to the general trend of northward
shift of all tectonic units in the Mediterranean region and
that of all major plates (Carboniferous-Mid-Jurassic, Fig. 2
double line) would be more satisfactory for late, than mid-

-Triassic. Others are too high to be accomodated by the space
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between two large plates (Fig. 7). Moreover, average inclina-
tions determined for the same age for the Mecsek and the Vil-
lany, respectively, differ significantly. These are problems to
be solved either by finding the source of inclination error or
error in dating. In the case if these "anomalies" prove to be

correct, tectonic models must be modified.

Fig. 7. Late Jurassic - Early Cretaceous paleomagnetic poles for the Mecsek
(square), Villany (triangle) and Transdanubian Central Range (dot)
Units compared to African and European reference systems. Circles
of equal angular distance are drawn in dashed line. Poles situated
along a circle reflect differences in inclination, different circles
differences in the latitude of magnetization. Numbers, Latin and
Greek letters refer to Fig. 2

CONCLUSIONS

1. A Neogene period of great mobility is common to all

principal tectonic elements of Hungary. This period must have
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been short, movements rapid and probably signifying the final
welding of the tectonic units of Hungary to stable Europe.

2. Not only wunits north and south of the Mid-Hungarian
Structural Zone moved in different manners in the course of
this event; north of the zone differential rotations took place
between the Pennin, the Transdanubian Central Range and the
Bikk Units, respectively.

3. The Mesozoic pattern of declination and inclination
dependence on time, diagnostic of tectonic units originated
from the southern margin of the Tethys (e.g. Transdanubian
Central Range Unit) is not recognized in the paleomagnetic data
for the Tisza Unit.

4. Mesozoic and Tertiary inclinations for the Tisza Unit,
with the exception of Oxfordian inclination for the Mecsek
(point d in Fig. 2) are higher than those for other units. This
suggest that the Tisza Unit was situated closer to stable

Europe than the others.
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The Doppler satellite technique is extensively used in the local datum
determination. In this paper, preliminary results of the African Doppler
Satellite (ADOS) program are used to determine a datum for Nigeria. The
following conclusions, based on our investigations are arrived at:

a) The inclusion of a scale parameter in the datum determination leads to
a large distortion of the results.

b) The use of different sets of the estimable parameters (shift and/or ro-
tation) leads to results of comparable discrepancies. The following
values: X0 = -76.2 + 0.9 m YO = -107.7 + 2.6 m Z0 = 56.1 + 4.2 m
Ex = 0.1 +0.1 sec; £y =2.0 + 0.1 sec; E, =0.3 + 0.1 sec are the
best estimates of the parameters based on the available observations.

c) More observations are needed to determine a reliable datum for the
country.

Keywords: datum; Doppler-satellite observation; Nigeria

INTRODUCTION

Geodetic datums are basic frameworks for the geodetic
operations. Only well-defined datums are adequate for such
operations. Moreover, modern geodetic operations demand com-
patibility between geodetic reference systems for the improve-
ment of the geodetic networks through the ever increasing ac-
curacies of the space techniques. Compatibility between datums
is also needed in the execution of global projects (Nagy 1974).

The African Doppler Surveys (ADOS) program which is in-
tended to provide a unified datum for the African continent
(Mueller 1982), will also provide member countries a unique
opportunity to assess and improve their own individual local
datums.

Obviously, the use of the Doppler satellite observations

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiadd, Budapest
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in a geodetic datum determination or
that the satellite

al System (ATS)

system coincides with

to within acceptable limit.

A number of attempts
detic datum for Nigeria using Doppler satellite
Table | shows the results of
results are based on the comparison of

of stations on both

reference system in use in Nigeria. Very

exist between the results. All

different network points, as well

servations. The discrepancies in these

direct consequence of these differences.

instability in the datum determination

substantial part of the discrepancies.

these discrepancies is a subject of critical

datum determination.

Table |. Different estimations of datum
Parameters
Investigator
X0 Yo % Ex £y

(m) (m) (m)

(sec) (sec)

Obenson and

Fajemirokun (1979) 73 -113 -0 ) )
-90.3 -107.9 115.6

Oyeneye (1985) 2 +1.2 +1.2 - -

Fajemirokun and -160.4 -67.4 144.0 0.4 1.2

Orupabo (1986) +0.1 +0.0 +0.0 +3.0 +4.6

The objective of this study is therefore

number of modelling
We shall

that

techniques with a view to

a best fit. investigate the type and

parameters may be reasonably determined,

able observations. The effects of varying the

rectification

coordinates of

the WGS 72 reference system and the

as different
results

However, the

How best

(sec)

using

presupposes

the Average Terrestri-

have been made to determine a geo-

observations.

a few such determinations. The

a number

local

large discrepancies
the determinations have utilized
number of ob-

are mainly a

inherent

problems accounts for a

to resolve

studies in the

for Nigeria

to consider a
derive a datum of

the number of

the avail-

number and the
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configuration of the observation points are also investigated.

We shall also vary the weighting procedures.
1. BASIC MATHEMATICAL FORMULATION

1.1 The transformation parameters

Let a point P in space be referred to two coordinate
systems. Let X, Y, 2 be the space rectangular coordinates of P
in a satellite reference system while x, y, z are the coordi-
nates of P in the local reference system. X, Y, Z and x, vy, z

are related by the following equations (Ezeigho 1986):

x-1:X0+ ><1+K%V1,_\ £yzl.

<
i

Y0 + Ky.l - K £zX'1 + K £Xz.1 )

.= + + K X e
Z1 0 Zl %/1 £¥1

where the translation (XU, YU’ ZU), the rotation, (£A, Ey’ EL)
and the scale K are the transformation parameters (Fig. 1). A

linearized form of (1) is given by

dXi = dXo

Ka2id Ey ¢ KaYid £z ¢ (xi+ £ayr £aZi) dK +

+

K (xi+ £zyi~ V P + Xo - Xi

dYi = dYo + KV £x - “V £z + (yi - £2V © P &K+
(2)

+ Ka (yr CazZi) ¢ Ya - Yvd

dzZi = dZo - KV EX + KOXP £y + (zi+£y V £xyP dK +

13 1/ p3 r3 \ 73 70

K (zi+£yxi- £xyi) + Zo - Zi >

+

where the superscripts "a" and "b" refer to the approximate and

observed values respectively.
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Fig. 1. Transformation from Doppler coordinate system to local coordinate
system

We define the terms in equation (2) as follows:

xT = (dXo> dYo' dzo> dex' OFy’ dez> dK) (3)
VT = (dX], dY1, dz], dx2> dy2, dz2> ...) (4)
3 /3 - r
X - W+ ke {xar %}y}- dyz1)
a b
yo - };| Ka(yn- £/ xi+ Eyzj)
Zo - Zi + X AZ1+ £/1- w
12 Xo - X2 + K'(x2+ £"y2- £yz2) (3)
Va _ yb
To ‘2 K (y2_ £zx2+ £x22)
.9 U W3 r3 p3 \

Zo - Z2 + K Z2+ E£yX2~ Exy2}
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~1 0 0 0 -Kazi ¥3y, (X| +
0 1 o0 n, 0 -Kax| (yr £'v Eaz])
0 O 1 K Y, Kax1 0 (z1+Eaxr £aY])
A = 1 0 O 0 -Kaz2 Kay2 (x2+ Eay2- £az2) , (6)
0 1 0 Kaz2 0 -Kax2 (o £ xo+ £x22)
0 0 1 -K'y2 Kx2 0 (z2+ £yxo_ £"y2)
where dX dY, dz, dX0, dYo df , d€ , and dK are the

dZo> dEx>
corrections to Xb, Yb, Zb, XG' Yg. Zg, Ej Ey3 E? andllés.

A matrix form of Eq. (2), making use of Eqgs (3-6), is
given by:
V = Ax + 1 . (7)

The least squares solution of Eqg. (7) is given by Ezeigbo (1986):
X= -(ATPA)_1 ATP1 . (8)

The error covariance matrix of X 1is also given by:

-~ = (ATPA)-1 6* (9)
where 6 is the a posteriori variance of unit weight, and P
is the weight matrix of the observations. If the a priori

weight matrix (P ) of the parameters is included in the model-

ling process, as indeed we shall do, Eqgqs (8) and (9) become:
-( ATPA + Px)-1ATP1 (10)

(ATPA + PX)_l Qz - (v )

1.2 Weighting of the observations

The observed coordinate differences in equation (2) or (4)
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are functions of X, V, Z and x, vy, z. X, Yy, z are themselves
functions of the geodetic coordinates ¢, k , h. If we consider
the transformation parameters fixed, the rotation parameters

small and the scale parameter K equal to unity, the variances

dX, dvV and dzZ will be derived from Eq. (2) as follows:

2

VX 6 X + 6X

% = 62+ (12)
6 ?

Y

C . 6%+ 67

vz '

Based on the available information on the Nigerian geodet-

ic network (Field 1977, Omoigui 1973), the following values of

6 , and 6. are adopted for the weight estimations:
6 ¢ = 6x =" 6h = 6 m. The precision of the satellite ob-
servation is given by = 6y = 6\ = 62 =2.25 m2. The
c 2 c2 ;
for a number of oints are shown
values of 6Vy<' va and p
z

in Table 11.

Table Il. Variances of observed coordinate differences at

different positions

Points

6 'x 4 6»Z

® A h (m2) (m2) (m2)

4° 4° 500 m 47.7 947.7 952.3

0° 7° 500 m 69.2 942.9 940.8

14-° 14° 500 m 486.1 855.2 904.7
14° 14° m 483.1 855.2 903.1
14-° 4° m 96.1 928.3 904.4
4° 14° 0 m 97.2 900.5 954.0
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2. NUMERICAL INVESTIGATIONS

The estimation of the transformation parameters in the
geodetic datum determination is in a certain sense an ill-posed
problem. Some of the parameters are correlated. Consequently, a
unique determination of the individual components may be dif-
ficult to achieve. The solution is in general not stable. Dif-
ferent modelling techniques to achieve a reasonable degree of
stability will be attempted here. In determining the transfor-
mation parameters, Eq. (8) or Eg. (10) is solved for the cor-
rections to the approximate parameters. The application of the
estimated corrections to the approximate values yields the de-
sired parameters. A number of iterative steps are taken to ar-
rive at any particular solution.

In arriving at a specific choice of the parameters, the
following models are considered.

a) Observations are considered to be of equal weight.

b) Observations are weighted on the basis of Eq. (12) with the
functions evaluated at the mean position of the observation
area.

c) Observations are weighted on the basis of Eq. (12), but the
functions are evaluated at the exact positions.

d) The a priori variances of the parameters which are derived
from preliminary adjustment are incorporated into solution
(c).

e) The configuration and the number of observations are varied.

f) The number and type of parameters in the transformation
equations are also varied.

g) The convergence of the iterated solutions in all the cases
above is investigated.

In all, except a), the a priori variances of the parameters are

incorporated.

3. RESULTS AND ANALYSIS OF RESULTS

3.1 Results

In Table 11l to VII, the estimated parameters for the
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various models considered in Section 2.1 are presented. Table
Il shows the estimates using uniform weight for the observa-
tions as well as the results obtained when the weight functions
of Eq. (12) are evaluated at the mean position of the area.
Table IV compares the estimates when: a) the weight functions
are evaluated at the mean position, and b) when they are evalu-

ated at the exact positions.

Table Il1l1. Estimation of seven parameters using different

weighting systems

"Parameters v

Xo 0 Zo £X By K
Weighting (m) (m) (M (sec) (sec) (sec)
Uniform -345.8 -51.6 -73.0 2.1 5.1 3.6 1.00004
Weight +6.3 +7.6  +10.5 +0.2 +0.3  +0.2 +0.96X 10-6
Non-uniform -167.2 -88.7 43.8 0.1 1.9 1.3 1.00001
Weight +2.7 +2.8 +4.4 +0.1 +0.1 +0.1 +0.4 X Hf6

Table IV. Estimates using seven observations (weight is

evaluated): a) at mean position, b) at exact position

-79.5 -96.6 65.1 0.1 1.7 0.7

+0.9 +2.7 +4.3 +0.1 +0.1 +0.1

-76.2  -107.7 56.1 0.1 2.0 0.3

+0.9 +2.6 +4.2 +0.1 +0.1 +0.1
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Table V. Variation of precision

of o

are estimated and weight function e

points ( 62 - 36 m2, 58
Parameters
Precision XO YO Zo
m
®and 1 m m ()
-80.6 -77.7 55.7
P = 7=
1.0 +3.2 +5.0
-76.2 -107.7 56.1
b=A=2
10.9 +2.6 +4.2
Table VI. Observations varied (weigh
mean position)
No. of Xo Y0 Z0
(m) (m) (m)
-89.3 -60.5 113.2
+17.8 +138.8 +58.0
s -82.0 -60.0 67.6
+2.7 +0.6 +0.6
-98.3 -32.6 113.7
+0.8 +2.4 +3.4
-79.5 -96.6 65.1
+0.9 +2.7 +4.3
o -81 .7 -69.0 51.9
+1.2 +3.4 +5.5

The results of the investigations

and \ . Six parameters
valuated at individual
= 2.25 m2)

ty £z

(sec) (sec) (sec)

—0.1 2.0 1.3

+0.1 +0.2 +0.1

-0.1 2.0 0.3

+0.1 +0.1 +0.1

t function evaluated at

Ex EY ~z
(sec) (sec) (sec)

0.4 0.3 1.8
+2.3 +1.8 +4.5
0.2 1.6 1.9
+2.6 +0.3 +0.4
0.0 0.1 27

show that the error
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introduced in the estimates by the neglection of the undulation
values in the computation of the geodetic height affects mainly
the x-component of the shift parameters. The values of the x-
-component changed by approximately the same amount (6.0 m),
while the values of the other components did not change ap-
preciably. These results agree with those obtained by Ezeigbo
(1984). There it was stated that the variations in the undula-
tions affect the x-component more than any other components of
the shift parameters when datums in a low latitude region are
determined.

From the astrogeodetic geoid computed by Nwilo (1980), a
maximum undulation of 6.0 mis estimated. Since we do not know
the wundulations at the observation points, we adopted the
orthometric heights at those points as their geodetic heights
and assigned an a priori variance of 36 m to them.

In Table VII, the estimated parameters, when variances of
1 sec2 and 4 sec2 are assigned to the derived geodetic latitude

and longitude, are presented. It is observed that a reduction

Table VII. Varying configurations of four observation points:
a) four corner points, b) west located points, c¢) east

located points, d) south located points

Configuration Xo YO ZO By
g (m) (m) (M  (sec) (sec) (sec)
-108.6 -180.6 -8.1 -1.8 3.8 9.5
+2.0 +0.6 +0.8 +1 .3 +0.2 +0.2

-11.9 -111.7 -321 .5 -1.4 14.3 0.0

+0.8 +0.3 +0.2 +0.6 +0.1 +0.1
-82.2 -99.8 111.3 0.1 0.2 0.5
+3.0 +9.4 +14.4 +0.3 +0.5 +0.3
-87.0 -47.9 70.0 0.5 1.4 2.2
+1 .0 +3.8 +4.9 +0.1 +0.2 +0.1

in the weight assigned to the geodetic coordinates (¢ , N1 )
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affects the estimated values of the x- and y-components of the
shift parameters as well as the z-components of the rotation
parameters appreciably. On the contrary, there are no apprecia-
ble changes in the estimated values of the Z-component of the
shift parameter as well as of the X- and Y-components of the
rotation parameters. The results also show that if the shift
parameters alone are estimated, the variation in the weights of
the geodetic coordinates ( ¢, x ) does not affect the estimates.
In Table VII, the estimates for different configurations (Fig.

2) are presented.

1 1
ala

A | A | J1
Even CENKCEEN b) More observations

A N
A Ay A §

A A e A A

c) More observations dj More observations
to the East to the South

Fig. 2. Variation in configurations of four observation points

Table VIII shows the estimates for four different models:
a) the original estimates of the shift and rotation parameters
as in Tables IV and V, b) the estimates with the rotations ob-
tained in a) deduced from the geodetic coordinates (¢, x ) of
the local system.

The deduction of the estimated rotation from the latitudes
and longitudes of the observation points seems to have reduced

the discrepancies between the estimated shift components
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Table VIII. Comparison of estimates with and without computed
rotation deducted ( =36 m2, 6 2 = 2.23 m2, 6"t=bx = 2")
Parameters Xo Yo % £x Ey
(m) (m) (m) (sec) (sec) (sec)
Initial
. -76.2 -107.7 56.1 0.1 2.0 0.3
estimates of
six parameters +0.9 +2.6 +4.1 +0.1 +0.1 +0.1
Estimates of
Six parameters -76.1 -108.1 56.2 0.4 0.0 0.6
after the +0.9 +2.6 +4.2 +0.1 +0.1 +0.1
deduction
Initial
estimates of -85.3 -116.2 116.0
three para- +0.5 +0.5 +0.6 . . .
meters
Estimates of
three para- -73.7 -123.7 55.3
meters after +0.4 +0.5 +0.5 . . .

the deduction

obtained when either six or three parameters are estimated. The
estimation of the shift and rotation parameters, exhibits
greater stability than the estimation of the shift parameters
alone, when the estimated rotation is deduced. In the valida-
tion Cartesian coordinates of the seventh satellite station are
compared with the transformed Cartesian coofdinates of the same
station on the satellite (geocentric) datum, using the estimated
parameters. The results obtained show deviations of 4.1 m,

2.1 m in the x-, y- and z-coordinates, respectively. When five
observation points are used, the corresponding deviations are
0.6 m, 3.1 mand 2.1 m. Considering the accuracies of the
estimates, the general instability inherent in datum determina-
tion problems and the large separation between the points, the
agreement can be considered reasonable. In fact the large dis-
crepancies between the estimated parameters when six and five
observations are used do not show up sufficiently in the esti-
mated coordinates. This indicates that different sets of esti-

mates may be utilized to obtain comparable results.
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3.2 Analysis of the results

In Table 111, the estimation of seven parameters, irre -
spective of the weighting procedure, leads to large distorion.
The results differ greatly from any other estimates. The ite -
ration steps do not converge to any specific values. The dis-
tortion and instability are more noticeable with uniform
weights, than with the non-uniform weights. However, the esti-
mation of the shift parameters alone is not sensitive to the
weighting system. In fact, the simple mean of the computed
shift (geocentric minus local Cartesian coordinates) agrees
with the least squares estimates. The Table also shows that the
x-component of the shift is the most badly affected estimate
when the scale parameters is incorporated in the estimation.
This is probably due to the high correlation between x-compo-
nent of the shift and the scale parameter in the low latitude
region. In Table 1V, we compare the results obtained when the
weight functions are evaluated at the mean and exact positions,
respectively. While the rotation parameters remain unchanged,
the shift parameters change appreciably.

Table V shows that a significant variation in the vari-
ances of latitude and longitude affects only the Z-component of
the rotation and the X- and Y-components of the shift. Although
it is not obvious why the increase in the variances of lati-
tudes and longitudes causes substantial variation in the Z-com-
ponent of the rotation and not in the other two, the variations
in the X- and Y-components of the shift corresponding to varia-
tion in the Z-component of rotation are self-evident. However,
the higher variance of the observations (Table IlI) in the 2Z-
-direction may be responsible for the sensitivity of the Z-com-
ponent of the rotation to variation in the variances of the
latutide and longitude of the points. Both the variation in the
number of observations and the variation in the configuration
of the observation points affect the results of the estimates
significantly. It is, however, apparent that the variation in
the configurations affects the results of the estimation more
than the variation, in the number of observation. This again may
be due to the general instability associated with the datum
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determination problem. Generally, the amount by which the undu-
lation changed is almost the amount by which the X-component of
the shift changed. The other components hardly changed. The
lack of the information on the undulation values at observa-
tion points will in general affect mainly the accuracy of the
estimated X-component of the shift. This is again due to the
high correlation between the undulation values and the X-com-

ponent of the shift parameters in the low latitude region.

4. CONCLUSIONS

We have tried to derive a "best" datum for Nigeria, using
the available Doppler observations. This we did by investigat-
ing the effects of the number of observations, the configura-
tion of the observation points, and the weighting system
adopted, on the estimates. We also considered the number and
type of parameters that may be most reasonably estimated. The
best way to treat the observations to be incorporated in the
observation equations in the estimation was considered. We have
arrived at the following conclusions based on the analysis of
the results in Section 3.2.

a) The inclusion of scale parameter in the datum determi-
nation in Nigeria could lead to large distortion of results.

b) The shift parameters, which are not very sensitive to
the weighting system and the model of estimation are the best
components to be estimated. However, since there is evidence of
rotation in the Nigerian geodetic network the estimation of the
shift and rotation parameters is desirable.

c) Since the different sets of the estimated parameters
(shift and rotation) may be used to achieve fairly the same
results, no particular set may be considered the best at the
moment.

d) More observations have to be incorporated in the esti-

mation before a unique choice can be made.
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As it is known, in the geodesy the weight is first of all a term of
reliability by definition, however, at present in the computations there
have generally been applied weight factors deduced exclusively under geo-
metric consideration for determination of points.

The author sets out from the a priori standard error of the point de-
termination in question, choosing the reciprocal of its square as a weight,
which consequently contains already the standard error of the control points
used and of the measurements respectively.

The weights of direction are firstly dealt with, separately treating
the weight of the orientation directions and the determining ones, as to
the latter distinguishing the cases of angular and distance correction.

Keywords: direction measurement; orientation direction; point error,
standard error

As it is known the adjustment made by the least squares
method aims at the determination of corrections v~ which yield
in case of independent measurements with equal weights, the
minimum of [vAv”] , and in case of measurements with different
reliability, i.e. of different weights p”, the minimum of
[pivivil].

Though the weight is in the present case according to
definition a notion of the character of reliability, it is at
present usual to adopt weights deduced from purely geometrical
considerations.

Thus | considered worth studying the question how weights
could be introduced by strictly keeping the corresponding prin-
ciples so that they be functions not only of the geometry, but
also of the reliability of geodetic data and measurements.

For this purpose | shall at first deal with a mixed

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiadd, Budapest
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horizontal network and deduce weights for directions, then
point weights to be used in basic determinations, starting in
each case from the a priori mean square error of the used point

determination.

1. WEIGHT OF A DIRECTION

If a point is determined in surveying, generally two kinds
of directions are distinguished. A part of the directions are
used immediately for the determination of the point, an other
group of the directions, for the orientation of the directions
in the first group. The two groups differ, however, not only in
their role, but also in their character-especially concerning
the weights.

In case of directions for orientation, both end points are
known, and from one end point of the direction, the other end
point can be directly pointed by the instrument. In case of
determining directions, however, only one end point is known
and the direction can be only found by using orientation direc-
tions and measurements. (So-called resection directions are not
dealt with here.)

In the first case the weight of the direction increases
with the length of the direction, in the second case - in ad-
dition to geometrical conditions - the weight of the direction
depends on the kind of correction which is to be used for the
determination of the resulting point coordinates. Namely the
weights of directions follow different laws if the adjustment
is made on the basis of the minimum of angle corrections and of

distance corrections, respectively.

1.1 Weight of the orientation direction

The reliability of a direction used for the determination
of a point depends strongly on the reliability of the orienta-
tion direction. But it is immediately evident, too, that the
weights of these directions depend in addition to the lengths
on the location error of the station and of the point being

pointed. In case of careful measurements other errors can be



WEIGHT COEFFICIENTS 417

neglected as they are generally much less than the location er-
rors of the end points.

Be the mean square errors of the coordinates of point A
/jAy and Mpx> and those of point B to be pointed, and
yUgx. In the calculation of the wieights the average coordinate
errors of the points can be used which are defined according to

Homorédi (1956) as

7 and M gk

Thus the a priori mean square direction error of an orientation

direction is:

V apAK + ~BK

N oo: 1)
IaBi Tha
and the weight of an orientation direction:
"AB
(2)

ABI
NABi +"BK

The average coordinate errors of the points are naturally
in most cases not exactly known. But even if these errors are
taken approximatively into account, - e.g. uniformly for dif-
ferent types of the points - the result will be more reliable,
than if they would be fully neglected.

In Hungarian conditions, the points can be separated into
three main groups from the present point of view:

1. Points of the filling or K-network of the country; a
relatively small amount of 1st order points are also included
here.

Points of the type B within the «-network, and

3. IVth order points and other E-type points of the same order.

The average mean square coordinate error is supposed to be

+ 0.04 min group «, + 0.05 min group B, + 0.10 min group E.
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Thus e.g. if the station is of the type E, and a point of
the type B at a distance of 3.0 km is being pointed to, than

the weight of the orientation direction is according to Eq. (2):

9
0.042 + 0.052

PABI 2195 -

For convenience, this value is divided by 100, and the result-
ing weight is

PABI 21 .95 ~ 22.

Weights for some other cases computed by the same method

are found in Table 1.

Table |. Weight of an orienting direction
Station K B E
Pointed K B E K B E K B E

station

t=0.5 km 0.78 0.60 0.40 0.6 0.5 0.35 0.4 0.34 0.3

1.0 3.13 2.95 1.5 2.5 2.0 1.40 1.5 1.35 1.0
2.0 12.25 9.8 6.2 12.5 8.0 5.4 6.2 5.4 4.1
3.0 28.2 22.0 13.8 22.0 18.0 12.2 13.8 12.2 9.2
4.0 50.0 39.0 24.6 39.0 32.0

5.0 78.0 61 .5 38.5

6.0 113.0 88.0 55.5

It is naturally possible to use an other grouping for the
control points or the actual average coordinate errors can also
be used for the calculation, but these possibilities do not
change the principle.

If from a point A, n known points are pointed for the
orientation of the direction to point P to be determined,
further the direction angle of the i-th direction is <5p", and

the corresponding reading on the limb is 1a”, then the angle
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of orientation is:

ZAi = "Ai " XAi -
The mean orientation angle of the direction to be deter-

mined one gets by using the weight values from Table | as:

LZAi PAi]
[PAI]

(3)

Finally the mean square error of this direction is if the
correction vfti = z -z is known:

gz ‘AP (4)

where

If the basic points used in the determination are supposed to
be of the same reliability, then Eq. (2) gets the form:

PABi = k tAB

where

Further if the mean square coordinate errors of the fix points
are neglected, then

2
PAB = tAB

and this value differs considerably from that given by Egqg. (2),
as it is a better approximation.

1.2 Weight of the determining direction

Before considering further details, let us see the problem
of the weight of a direction in a more general form.

It is known that the location of a point can be determined
by directions using two different kinds of minimum conditions.
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If the linear corrections are denoted by e”, and the angular

corrections by v”, then directions have to fulfil either the
minimum condition of Ip .e.e.l or the minimum condition of
I‘-pvlvlvijl’ each with a given system of weights pC ang p . As

the two systems of corrections are related as:

(6)

the corresponding weights are related as

(7)

This can be given in a general form for the case of Fig. 1

for two determining directions:

(8)

tpeieieil = pA eA + pB(s~eA)2

and if

PB = cpA (9)

(where ¢ is a positive number), then Eq. (8) can be written as:

[Pieiei] = PA eA + cpA(s_eA)2 - (10)

Fig. 1. Role of two directions in the point determination
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As the first derivate of Eq. (10) is:
e - c(5-emp) =0

the second derivate is a positive number, meaning that Eqg. (10)

has a minimum at

if Eq. (9) is valid for the weights, i.e. if:

It follows that for any system of corrections a weight
system can be naturally found for which Eqg. (10) has a minimum.

Let us consider now the sums and tPj.vivi3 f°r
different weights.
According to Eq. (8):

[p~e]j = pe2 - PB(s-eA)2

The sum [p~e”e”™J is minimum at

A po + pB (11)

The sum Cp~v~v”] has in case of Fig. 1 the form:

(12)

This is minimum at

(13)

where ppg and Py are defined by Eq. (7).
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1.21 Weight of the determining direction on a geometrical basis

In connection with the purely geometrical weights only a
few comments should be made here.

The value of en is to be investigated on the basis of Eq.
(11) for the length corrections and of Eq. (13) for the angular
corrections, if the weights are the lengths of the determining
directions, including the case without weights, too. According
to Eq. (11).

PB
A" PA + PR '

Let us now consider the following cases:
1 1 T n_rJ. o
le Pa =~ and PB = * b &- [Pieieil Y eiei]-

t.

Thus (14)
tA + 4
2. p. 7o @ad pg = 4. . i-e. [P M H 4en ]=[yl ]
4
In such a case (13)
3. Finally if, pA = 1, i.e. [pieiel] =[e.e.]
then ) s (16)

The following connections are valid among adjustments with

length corrections and with angular corrections:

> ieiein =[e.e.] =[t2ViVi] (17)
_ P rtivivi] 18
LTl eiei 3 ( )
= rVivil- (19)

77 eiei
i
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Thus Eq. (17) expresses the case of the length corrections
without weights, Eq. (19) the case of angular corrections
without weights, and Eq. (18) - as shown by Eq. (14) (Fig. 1) -

corresponds to:

that means

V a+V b =23T1tA

tA (s'eA) = eAtB
finally
e. s-e. e.
T— = —4— =-ri =V (const.) (20)
XA XB Xi

That means that this adjustment results in a general case

in equal angle corrections.

1.22 Direction weight depending on the reliability of the

direction

The reliability of a direction used for the determination
of a point depends generally on two factors. The first is the
error of the coordinates of the station, the second is the
angular uncertainty of the direction.

The former is given a priori and it is independent of the
observer. The latter contains the uncertainty of the station
and of the orientation points - i.e. of the pointed ones - and
errors depending on the observer and on external conditions.

The weight of the direction is determined by the common
effect of these factors. The cross-error due to the uncertainty
of the direction can be computed.

The cross-error is written with the symbols of Fig. 2, as:

ne =~ AK +MAi tA (21)

where
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2 2
2 M Ay MAX

AmAK xn o (22)

and Mpg. is the mean square error of the direction AP, discus-

sed in Section 11, and defined by Eqgqs (4) and (5) respectively.

Fig. 2. Coordinate error of a polar point

Using the value of Oe, the expected resulting direction

error can be computed as:

A, (23)

Since the adjusted point location can be obtained by two

kinds of corrections, two kinds of weights can be obtained,
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too, according to the basis for the computation of the loca-
tion of the point, i.e. by length corrections or by angular

corrections.

The weight of the angular correction is:
L ¥4
_ 1 AP
pvi - —7 - 2 T-~T (24)

Av ~AK IUA it AP

and the weight of the length correction e”:

ei 2 e T ~r = (25)

MAK JUAIit AP

The first case corresponds to the determination of the

point location by the minimum of Cpv”viv”]) the second by the
minimum Ofipeiel'ei'ﬁ'

1.221 Weight of a direction in case of angular corrections

In this case Eq. (24) of the direction weight is in an

algebraic system of coordinates:
y (26)

This is a second order fracture function which crosses the
origin of the coordinate system and has as asymptote a line
parallel with the X-axis at a distance of

Rmax

(Fig. 3).
This curve has an inflexion point at

and the weight curve has inflexion at
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Fig. 3. Weight curves of the determining and orienting directions

At last let us consider the case if the error of the sta-

tion is neglected, i.e. it is supposed to be errorfree. |In
this case /Opg« = therefore the weight function has the
form :
AP
AP g2 - _ max
APi TAP APi

The weight of the directions, Eq. (24) can be used in the
solution of the normal equations as follows:

2 2 cos 6'i 0j2 s"2 2
-2 2— cos b5

AN Kio+ Mol

Plalal

1l
o
-
©

9 " sin26} 9 g°
Pibibi = 0.129 0.r ol 2

AiKi + AifEf Ay '

° =
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2 2 .
2 .2 sin cos £7 _0i2g9g"2

A— sin cos 5"
2 gfz
Mgyt /uI pA
t. cos sm oM
P LO. _o.rs
At P
n,2 "2 ti Sin , -0 .1V 2,
Pibiwi =-0J 9 ~2--—- 7X 2 Wi =-——XT" (V yi)udi
AKG o+ i
where is the preliminary direction angle and
uo. = 5. - 1
i | |
The values A~ are found in Table I1I.
2 . .
Table 11. Values A<t in the weight formula
K B E
tkm +2" +3" +5" +3" +5" +7" +5" +7"
1 0.17 0.18 0.22 0.27 0.31 0.37 0.55 0.61
2 0.20 0.25 0.41 0.34 0.50 0.84 0.74 0.98
3 0.25 0.36 0.72 0.45 0.81 1.35 1.05 1.59
4 0.32 0.52 1.16 0.61 1.25 2.25 1.49 2.45
5 0.41 0.72 1.72 0.81 1.81 3.31 2.05 3.55
6 0.52 0.96 2.41 1.06 2.50 4.66 2.74 4.90

1.222 Direction weight in case of length corrections

Equation (25) is in an algebraic form:

+10"

0.74
1.49
2.74
4.49
6.74
9.49

427
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and it intersects the Y-axis at

that means at
ei
and it approximates asymtotically the X-axis (Fig. 3).

2. WEIGHT OF A POINT

2.1 General aspects

If the semi-major and semi-minor axes of the error ellipse
are denoted by a and b, the two conjugated semi-diameters by a"
and b, further the errors of the coordinates of the determined
point by Mpy and Mpx> then the following connections are

valid for the mean coordinate errors:

27
"PK **T (27)

and according to Apollonius:

& +15?

Thus it is possible to determine the a priori point er-
rors for the determining directions at least with an accuracy
which is needed for the weights.

When knowing the expected average mean square errors of

the coordinates, the weight of the point is expressed by:

(29)



WEIGHT COEFFICIENTS 429

If the weights are known, weighted algebraic means of the
point coordinates computed in different combinations lead to
the coordinates of the adjusted location of the point according
to Jakobi's principle.

If the coordinates obtained in different combinations are
y1l, y2, y3, **¢ yn and XJ, x2, x-j, ... xn, respectively, and
the weights of these points are p”, p2, P3, e¢¢« Pn, then the
coordinates of the adjusted point can be computed as a weighted

average as:

[PVi] Pixi]

and (30)
TPITI W

The weights of the points are after Jakobi:

sin QA Sin @

12 23
30
12 23 —o- g (
T e
where t~, t2, t-j, ... tn are the lengths of the determining
directions, and ujl2, AT 3 are the inliersection angles of

the directions 1-2, 2-3

Jakobi's mean square error, Eq. (31) is, however, in no
accordance with the weight of the point deduced from the mean
square error of the point as accepted in geodesy. It is known
namely that the mean square error of a point determined by two

directions is:

M = [aa] g.lbbIMo (32)

where aio is the mean square error of a measurement result
and the other factors are in case of two directions the fol-

lowing :

[aa] + [bb] = — + — (33)

and
sin20Q. ,
(34)



430 V VINCZE

respectively. Taking all these formulas into account one ob-
tains :
*
2 MP* o
M2 2 (35)
sin 2

and from this, the weight of the point coordinates is in con-
trast to Jakobi's point weight given by Eq. (31), the follow-
ing :

2

sin ai .12
p12 ~T71 272 (36)
AVi Mbt?2

It should be mentioned here that Hazay's static adjustment
(1938) is supported by the fact that the sum [p \\] is fully
analogous with the second order intertial moment.

The system of forces p”, P2, ... pp consists of the forces
in the plane of Fig. 4 being parallel with each other; the
resultant force P is in a distance of Ip from an arbitrary
straight line 0 -0 and the distances of the forces from the
same line are 1~, 1, > ee¢ 1R. In case of an equilibrium it is

evidently :
riipi] *
and the location of the resultant is:

Fill]
‘o om . (37)
Let us denote the distance of the forces from the resultant

by:
Ai = 1p"1li > A2 = ip x2> eee An = ip-ip -

Supposing that these distances are corrections, it can
be written formally in accordance with the principle of least

squares, as a second order equation of moment:
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Fig. 4. Weight factors as forces

[PAN] =P1(lp-11)2 + P2(lp-12)2 +

sim plification one gets

[POA] = [ Pxlp] -

The minimum of Eg. (38) is

and

as

the general

2[Pililp] + [

d[PA\] = 2[Pi3Ip - 2[Pili]

‘p

CVil
"TTI

+ Pn(lp-In)2

form:

I~ ]

=0

(38)
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d2C A j- = 2Mp.] > 0
[d2ip]

This formula corresponds to that obtained from the static

coordinate adjustment.

2.2 Basic cases of the horizontal point determination

The determination of the coordinates of horizontal control
points can be reduced to the following cases:

1. Measurement of direction and length from a single known
point

2. Measurement of direction from two known points (intersection
by directions)

3. Distance measurement from two known points (intersection by
lengths).

In the practice combinations of these methods occur, too,
or the same method can also be repeated several times. Thus
traverses can be supposed as repeated utilization of the first
method, triangulation as that of the second, and trilatération
as that of the third, at least from the point of view of the
present investigation. AIll the three methods have, however, in
common that they fu lfil an elementary condition as follows:

For the determination of an unknown point in an arbitrary
system of coordinates at least one control point, the distance
of two points and the direction of the line between them are
necessary.

This condition is fulfilled in a direct way by the first
method. In case of the other ones, two control points are
needed, and the distance (in case of intersection by direc-
tions) - or the direction (in case of intersection by lengths)

is indirectly obtained.

2.21 The weight of the point in case of point determinations

by direction and distance measurements

In the present case the coordinates of the station are

given and the direction of the line to point P to be determined
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Fig. 5. Error ellipse of a polar point

as well as the distance AP are known (Fig. 5). The coordinates

of point P to be determined are then:

YP = YA + *AP *AP
(39)
XP = XA + *AP €95 aap
errors of the coordinates are:
) 9
=m 1y sin2 eap +A112t2\P COS 6ap
(40)

=M Ax +MT cos2 5ap A Plap sin2 5aP

where JNl+ay and Olpx are the coordinate errors of the control
point, ab is the error of the direction and pgx* the error of
the distance

Thus the mean coordinate error of the point is:
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2 M Py + /uPx AAy + M Ax +/UT + Mit AP (41 )
A PK 2
Let us introduce the mean coordinate error
Moo+ May
M hi
AK
in case of point A, too, and the error of the distance be
deduced from the error of the unit length /ic, thus if
=aV ap
then Eq. (41) can be written as:
2 2K +worP +M A p
PK 2 (42)

The nominator of the fracture can be split into two parts in

the following form:

where

a2 =ai2k +M 2t2p and b2 = 72K +M 2t 2p - (43)

The values a and b in Eq. (43) are evidently the compo-
nents of the point error perpendicular to the direction AP and
parallel with it, respectively, and these are the semi-major
and semi-minor axes of the error ellipse of point P.

The weight of point P is then:

Pp (44)

2.22 Weight of a point determined by direction intersection

In the present case the unknown point P is determined by
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direction measurements at two known points, A and B as the in-

tersection of two oriented directions (Fig. 6).

LAP

Fig. 6. Error ellipse of a point determined by direction intersection

It is characteristic for this method of the point determi-
nation that the angular error of the two directions separately
causes a distance error in the other direction and these two
distance errors give at the same time a conjugated pair of dia-
meters of the error ellipse in point P.

The cross-error caused by the determining directions is

with the symbols of Fig. 6 the following:

(45)
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where /MA'K and /n 3l are the mean coordinate errors of the
control points, further Ji<gp] and ~gPi are the an9ular mean
square errors of the determining directions. From the cross-er-

rors in Egq. (1) a conjugated pair of diameters of the error el-
lipse can be expressed:
Al
AP BP
. and ' (46)
Sin O]AB SmOJAB
According to Eq. (28) in Section 2.1:
a? + b? 2
U bk
therefore the weight of the point is:
2 sin u 2 sin w
AB AB
) (47)
A ap BP
where
2 ;
Apn =AJ ok +AlAPit Ap and an BK +AlBp"BP  (48)
The values in Eq. (48) can be taken from Table II.
If the control points are considered as errorfree, then:
2 sin oo
AB (49)

VioapitR TN B

Pit%P

further if the directions are considered as of the same accuracy
i.e. if:

AAPI =ABPi o =wm i
then the weight of the point is as follows:
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(50)

2.23 The weight of a point determined by distance intersection

In case of this point determination the unknown point P is
obtained by two distance measurements from two control points,

essentially as the intersection of two circles (Fig. 7).

Fig. 7. Error ellipse of a point determined by distance intersection

In this case two conjugated diameters of the error ellipse

fit to circular arcs through point P - and due to the big
radius and to the small lengths of the arcs - to straight
lines being perpendicular to the directions, respectively. In

this case a distance error in one of the lengths causes a
direction error in the other direction and vice versa.

The full distance error of the leg is then the following:
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AigP A AFAK - H al

and (51)

1~2 2 2
MAgp "VABK +-HB*B

The values /ugk and /v BK below the root are the mean coordinate
errors of the control points, ™ and A are the measurement
errors of the distances.

The conjugated semi-diameters are the following:

AlAP
1 sin COAB

and /UBP (52)
1 sin COAB

where WAQ is the angle between the two directions.

Thus the mean coordinate error of point P is:

2 2 2 2 2 2
/laxpk + AiHAt Ap + AlB« + AiHBt BP
PK -2 (53)

2 sin oo AB

and the weight of point P:

2 5|n200AB

. T3 XT2" " (54)
PK -1 k +—hAt AP +—BS-I-+—hB"BP

If the control points are considered as errorfree and

distance measurements as of equal accuracy, i.e. |if

-hA =-hB =AIiH

then the weight of the point is:

2 sin 00
Pa = (55)
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3. SUMMARY OF THE RESULTS

The investigations presented in this paper include two
parts. The first part deals with direction weights, the second
with point weights, in both cases with the new idea that
weights are deduced from a priori error estimates. Results
obtained so are compared with present methods of weighting.

The results about direction weights can be summarized as
follows.

The weight of an orienting direction is:

AB (56)
AAK A BK

The weight of a determining direction with angular cor-

rection :

(57)

The weight of a determining direction with distance cor-

rection :

AP — 2 1- (58)

MAK MAIitAP

Figure 8 shows the curves of the direction weights in the
two cases supposing that in the one case the mean coordinate
error of the station is ~0.05 cm, in the other case 0.15 cm.
The error of the direction is in the same cases +J0 and +15
seconds of arc, respectively. The weight curve without taking

these errors into account is also shown:

PAP = (59)

The figure shows that in the latter case the error is

represented by a single line, while in case of the consequent
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application of the reliability parameters the weight can be
anywhere in an area between the two curves. This weight re-
flects the reality closer, as it is influenced not only by the
geometry, but also by the reliability of the network and of the

measurements.

Fig. 8. Curves of the weight factors

The weight of the point is also the reciprocal square of
the a priori point mean square error and of the mean coordinate
error, respectively - the latter can be advantageously used
here. One has then:

Weight of a polar point:

Pp = — O 5— L - 5—s— (60)
"AK +/uAPitAP + Mot AP

Weight of a point from intersection by directions:

Pp = —2 ZSSMSB Bmeeme5— (61 )

A"AK +/UAPIitAP +/UBK + MBPitBP

Weight of a point from intersection by distances:
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.2
Sin " oo
_—_— AB (62)
p Beeeeee 2 2 2 42 T
NAK +AJAt AP + /M BKt BP ' BK

Hazay (1958) gave the weight of a point, deduced from the mean

square error M determined by two directions:

1= sin oOgB

(63)
M7 Ac (tA + tB)
and Jakobi's point weight:
sin 2 uo
~;\~TAB (64)
kakb
Both formulas have the common disadvantage that - among others

- the coordinate errors of the control points do not appear in
them.

Finally, it is to be remarked that the formulas for the
point weight show clearly the uniformity of these point deter-
minations. This uniformity is proved by the fact that for the
determination of a point in each case two basic points and two
directions and distances, respectively, are necessary. Even the
polar determination of a point is no exception from this rule,
as though here one has only one control point, but it appears
in two roles, first in the angle measurement, then in the
distance measurement (that is why the factor 27" appears in
the denominator of the expression).

Further it can be supposed that here one has two direc-
tions, too, the second imaginary one intersecting the first one
perpendicularly (and the factor sin ?Mop,q does not appear in the
denominator only as it is equal 1).

The independence of the elements can be supposed in opera-
tions connected with the mean square errors, but it was not
necessary to investigate them, as the deduced mean square er-
rors are used only for the determination of the weights and it

is sufficient to ensure the correct ratio of the weight factors.
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That is why the approximation is allowed that the reliability

of the different points has been qualified uniformly in point

types.
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ELECTROMAGNETIC STUDIES IN THE TEST-FIELD AT FRUNZE

I. ON THE RELATIONSHIP BETWEEN RESISTIVITY VARIATIONS,
DEFORMATION PROCESSES AND EARTHQUAKES
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In the paper some results of the electromagnetic studies obtained in a
test field near Frunze are presented. Time variations of resistivity
records are shown to be related first of all to deformational processes.
Active deformations in the uppermost section are not always accompanied by
earthquakes. Prior to earthquakes low-frequency resistivity decrease was
observed at sites close to the epicentre.

Keywords: earthquake prediction; electromagnetic sounding; MHD-
generator; test-field at Frunze

INTRODUCTION

Electromagnetic methods by using artificial current

sources have been extensively used for earthquake prediction at

a number of test-fields in the Soviet Union (Barsukov 1970,
Avagimov et al. 1984, Shanotko et al. 1986, Yakovenko 1958).
One such place is the "Frunze" test-field, Ilying within the

Northern Tien Shan seismogenic region at a distance 30 km south
of Frunze the capital of Kirghizia. Powerful current sources
such as MHD-generator and current impulse generating systems
are used there. Besides resistivity measurements the horizontal

movements of the upper crust are studied by using laser

distance meters; variations of the total geomagnetic vector,
the radon concentration in the soil, air and the inclination are
also observed. Seismological observations are carried out by

the Seismological Institute of the Kirghiz Academy of Sciences.

In this area, at the Geophysical Observatory of the
Seismological Institute various complex observations, including
strain and inclination measurements are carried out. In

Acta Geod. Geoph. Mont. Hung. 25, 1990
Akadémiai Kiad6, Budapest
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addition, several other institutions measure the groundwater
level fluctuations in boreholes and the vertical movements of
the ground surface. There are several hydrometeorological

stations at the investigated area, too.

Owing to wide variety of methods involved it is possible
to analyze the complex data set, taking into account possible
hydrometeorological and hydrogeological effects.

Electromagnetic studies at the test-field were initiated
in 1982. Nowadays a large volume of experimental data is
available, which would be the subject of future publications.

Our paper deals with several characteristics of rock
resistivity changes, recorded during 1986-1987. They provide
evidence of their possible relation to deformation and earth-

quake generation process.

ELECTROMAGNETIC RESULTS

Among variety of electromagnetic methods involved
frequency sounding (FS) is the most significant. Current
sources are the MHD-generator "Pamir 2" ("hot shot") and the
capacity banks of the MHD primary excitation system ("cold
shot"). The duration of the "hot" impulse is 10 sec, the current
amplitude is up to 2.6 kA. "Cold" one's duration is 0.4 sec, and
the current amplitude reaches 5 kA. The load is an electric
dipole having a length of 4.2 km and an electric resistance of
0.4 Ohm. The "hot" operation is made once in a month; the
"cold" one several times a day. Besides these two systems,

soundings are made also by using an electric impulse generating

system, supplied with electric power lines. This third system
is able to supply into the current dipole a series of
heteropolar impulses of controlled duration, having an

amplitude of 800 A.

Resistivity variations are recorded at 5 permanent sta-
tions and several other sites, equipped with portable measuring
instrumentation. The number of temporary measuring sites and
their position depend on the type of survey used. Figure 1
shows the arrangement of the current dipole and the measuring
sites during 1986-1987.
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Fig. 1. Electromagnetic network in the Test-Field at Frunze. Earthquake
epicentres, indicated by circles, are based on data of the Seismo-
logical Institute of the Kirghiz Academy of Sciences (KAS). 1. Pre-
mesozoic basement outcrop; 2. observational sites; 3. Geophysical
Observatory, Seismological Institute, KAS; 4. current dipole

Electric dipoles oriented meridionally with a Jlength
from several hundred meters to one kilometer were used as re-
ceivers. The current in the current dipole and the voltage in

the receiving dipoles are measured by means of specially-de-
signed digital instruments.

In this paper the variational pattern at site 3, 11 km
south-west ward from the current dipole is discussed. Resistiv-
ity curves are demonstrated in Fig. 2. The resistivity measure-
ment error can be estimated from Fig. 3, which shows "26 "
changes in percents versus frequency. According to Fig. 3
within the frequency range 1-8 Hz the value 2s does not exceed
2 p.c. of ga, and in the range 0.1-1 Hz and 9-10 Hz - 3 p.c.

of 9a-
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a L mkm

Fig. 2. AL deformations recorded at the Observatory [gTW and ga resis-
tivity records observed at several different frequencies at site 3

Resistivity variations at site 3 are characterized by a
sudden increase within the frequency range 1-10 Hz, recorded in
March, 1987. It was preceeded by a long-term resistivity de-
crease. The sharpest resistivity increases are observed at high
frequencies, and its amplitude decreases with the frequency. It
was apparently induced by a certain process in the upper sec-

tion, propagating downward.



TEST-FIELD FRUNZE 447

5n

a 1 2 3 4 5 6 7 | 9 iF~ Hz

Fig. 3. Resistivity measurement error 26 vs. frequency at site 3

At the same time no significant seismic activity was ob-
served. The earthquake intensity in energetic scale (K = IgEO )
was not higher than 9-10. According to Fig. 1 (with exception
of an earthquake K = 7.6 July 23, 1986) all other earthquakes
were at a considerable distance from site 3. The number of
earthquakes increased toward the end of 1985, 1986. The step-
lik e resistivity increase was observed during a seismic gap,
and it was not accompanied by hydrometeorological and ground-
water anomalies.
The results of deformational and inclination observations
in a geophysical observatory 10 km westward from site 3 were
published by the Seismological Institute of the Kirghiz Academy
of Sciences (Yakovenko 1988). Strain was measured by means of a
rod strain meter (RS) having a base of 30 m, placed in an adit.
The deformational curves for March and April 1987 shown in Fig.
2 indicate a sharp change in the ground surface deformation
which is accompaniéd by high amplitude inclination changes.
These subsurface deformational changes were observed
simultaneously with the step-like resistivity increase at site
3. It is assumed that the same deformational changes are re-
sponsible for both phenomena. Hence, from curves in Fig. 2 it
is evident, that
- as the resistivity variations are caused by deformational
changes, resistivity records at various frequencies help to
follow the propagation of the deformation with depth;

- deformational changes in the Observatory reflect the defor-
mational processes in the uppermost section;

- extrapolation of deformational changes to greater depths is
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impossible without certain additional measurements, in
particular without electromagnetic soundings;

- for earthquake predictions it must be taken into account that
the very active deformational changes in the uppermost sec-
tion are not accompanied by earthquakes. Simultaneous
anomalies of different geophysical and geodetical parameters,
related to local deformations are sometimes erroneously con-
nected with distant earthquakes;

- prognostic abilities of shallow-depth soundings, e.g. verti-

cal electromagnetic soundings are limited.

It is necessary tc mention one further characteristic of
resistivity records at site 3. In June 1986, at lower
frequencies, first of all at 1-2 Hz, the resistivity decreased

by 15-30 p.c. (the parameter 2 6 was only 2 p.c.), and by the

end of July the resistivity returned to its initial level. The
ground surface deformation did not have any anomalous
behaviour, which refers to the deep origin of the resistivity
anomaly. This resistivity anomaly was observed prior the event

July 23, 1986 (K = 7.6) between site 3 and the current dipole.
The resistivity records were not influenced by earthquakes at
greater distances. Figure 4 shows the time evolution of the
resistivity variation as a function of frequency. As it can be
seen, the resistivity began to decrease in the middle of June
at first at frequencies 1-2 Hz and later it extended toward
lower frequencies. Above 4 Hz the variations remain isnignifi-
cant. By July 20 the resistivity value at 1 Hz decreased from
70 Ohm-m to 50 Ohm m, i.e. almost by 30 p.c. Immediately after
the earthquake a sharp resistivity increase was recorded.

For comparison, in Fig. 5 a time evolution based on diur-
nal data, recorded at site 3 every hour during the seismic gap
is shown.

Similar resistivity variations were observed only at site
19, located to the north-west of the current dipole. In that
case, the earthquake epicentre was also between the current and
the receiving dipoles. At site 19 only DC resistivity varia-
tions were measured by using an electrical impulse generating
system as a current source. The resistivity measurement error

at this site was about +1.6 p.c. The resistivity record is
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K=7.6

Fig. 4. Time-evolution of resistivity variations at site 3 in June and
July 1986, on basis of frequency sounding results. The seismic
moment of the event July 23, 1986 is shown by arrow

shown in Fig. 6. Before the earthquake a resistivity increase
and then a rapid resistivity decrease was observed. After the
seismic event the resistivity values returned to their initial
level.
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Fig. 5. Resistivity-time-evolution of frequency sounding results on basis
of diurnal data at site 3 recorded with a sampling time of one hour
during a seismic gap

SUMMARY

Resistivity variations of similar pattern and amplitude
were observed only at sites 3 and 19, which are the closest to
the epicentre of the event July 23, 1986. It is assumed that
they are induced by deformation processes resulting in this
earthquake. Their appearance at lower frequencies refers to

their deep origin and the fact that they were observed only at
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Fig. 6. Resistivity variations based on direct current measurements at site
19. Seismic moments of the event July 23, 1986, K-7,6 are indicated
by an arrow

3 and 19 supports their local character. In this case it is as-
sumed that resistivity decrease at sites 3 and 19 was a result
of some activity, taking place to the west of current dipole,

i.e. close to the epicentre.
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The least squares method yields an unbiased (linear) estimation with
minimum scatter if the distribution of the measurement results is normal.
This method has gained popularity due to its comfortable use and wide field
of application. The weights enable us to introduce a priori information
into the processing, thus open new ways for improving the results. Investi-
gations carried out in recent years confirmed a setback of the method,
namely that if the distribution of the errors differs slightly from the
normal one, the results deviate from the optimum ones, even more if the
measurement results contain outliners. For the elimination of these dis-
advantages several robust estimation methods have been developed.

Keywords: analytical orientation; Hampel's estimation; Huber's estima-
tion; robust estimation

Robust methods include two big groups: the first group
uses Lp (1~ p ™ 2) norm in the adjustment (the least squares
method, as L2-norm, belongs to this group, too). The second
group contains estimations of the maximum likelihood type (the
least squares method can be included in this group, too, as it
yields the maximum Ilikelihood estimation of a random variable
with normal distribution). The latter group contains the dif-
ferent weighting algorithms, too, one of them is the Danish
method when a weighted least squares adjustment is made in each
step and weights are derived from the deviations in the previ-
ous iteration step (initial weights have naturally the value
1). The weight function is to be determined separately for each
adjustment problem, i.e. no "ideal", always valid weight func-
tion exists (Kubik et al. 1987).

The present paper describes a programme for the robust
adjustment of analytic relative orientation based on Huber's
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(1964) and Hampel's (1973) estimation theories. The estimations
are of the maximum likelihood type as the target functions can
be essentially considered as the inverse of the logarithm like-
lihood function of a certain type of random distributions.

The target functions are the following:

Huber's method:

Viri2 it ! | < a
Kv) =
a (lvnrl - al2) else.
Hampel 's method :
Vj_212 if IVil < a
a (lvx! - al2) if a< Iv"1l < b
®(y) =
a E(c - 1lyn1)2/(b-c) + (b+c-a)D/2 if b~ Ivhl < ¢
a (b+c-a)/2 else.
A solution based on the minimum condition | <p(v”) is looked for

being equivalent to the solution of:

If the error function v(jt) is linear (or it can be made linear)
i.e. if y = At - 1, then condition for zero partial dérivates
yields a linear system of equations having the form Bt = d,

where B = AP A and P is a diagonal weight matrix in which

and d = AP L - a A*Q sign v,

where Q is a further diagonal weight matrix in which
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1 if a Ivd1l < b
4«0 = cl(c-b) if b~ Vil < ¢

O else.

The formulas refer to Hampel's estimation, but Huber's method
is a special case (b = c¢c = °°) of it. The formulas contain as
special case the least squares method, too, as in that case a =
b =c¢c = °, thus B = ATA, d = AT 1. Some further, theoretically
interesting cases can be deduced from Hampel's method by
selecting appropriate limits of the intervals a, b, c. For
example a = b = ¢ gives a robust estimation if "good" measure-
ments are adjusted according to the least squares method, "bad"
ones are simply omitted. The cases a = b or b = ¢ correspond to
the deletion of the relevant row in the target function. The
computation of the robust Hampel estimation is most advanta-
geously started with the parameters b = 2a, ¢ = 2b, and the
value of the parameter a depends on the actual task to be
solved (in the relative orientation e.g. a parallax error of
a = 10 O:. has been used).

Due to rapid development of the technical aids (digital
data processing, remote sensing, computer technics), analytic
photogrammetry gets more and more important in the interpreta-
tion of aerial and space images. With the increase of the work
and with the spread of automatization, the necessity for fil-
tering gross errors gets imperative. The use of robust
estimates in geodesy has been discussed several times (B&rre et
al. 1983, Carusio 1982, Somogyi and Kalméar 1988), in this paper
a robust solution is given for the analytic relative
orientation.

The mathematical principles of analytic relative orienta-
tion are summarized after Somogyi (1966). Be x, y the coordi-
nates of a point P on the left photo (with the origin in the

main principal point of the image) and x', y' are the coordi-
nates of the same point on the right-side photo. If the origins
are shifted to the projection centres and the coordinate system
of the right-side photo is rotated into parallel position with
that of the left-side photo, then the image coordinates are in

this system:
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X X X" X1
y =Y y'= H y'
z f z' f

where f is the camera constant (focal distance), and H the

rotation matrix. If the rotation angles of the axes are cj, f
and X , then (supposing small angles) the rotation matrix has
the form:
1 -X f
H = X 1 -aj
- f uJ 1

| f the coordinates of the projection centre of the right-side
image are in a coordinate system coinciding with the projection
centre of the right-side photo bx, by, bz then according to

the condition of complanarity:
bx (yz'-y'z) + by (x'z-xz1l) + bz (xy'-yx1) =0

Supposing that bx is known, by, bz and the orientation param-
eters as approximately known (they are to be corrected), the
correction equations are from a linearization of the previous

system of equations:

Cbx (yy'+zz') + by (-xyl) + 6_ E<xz 1 A UO +

z
Cbx “'¥x + 6 (XX'+zz') + bz (-yz')] A f +
Cbx zx + bv (-zy ') + bz (xx'+yy')j A X +

(zx '-xz ') Aby + (xy'-yx1l) AbZ .

b x (yz'-y'z) + by (zx'-xz') + bz (xy'-X'y)

where the initial values for by, bz, uvo, y3 and x are sup-
posed to be zero.

Using five points for fitting, corrections can be computed
from these equations for the orientation parameters, in case of
more than five points, an adjustment is to be carried out for
the determination of the orientation parameters. A few initial

steps are made with the traditional least squares method as
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long as approximate orientation parameters reach the necessary
accuracy. After that, the robust estimation is used for the

elimination of gross errors. The parameter vector

t =< p o0, at , ax , Aby Abz > T

is to be substituted into the general formulas of the robust
estimation, the row vectors of matrix A contain the coeffi-
cients of the correction equations, the column vector 1
contains the free terms of the equations (condition of corn-
planarity) .

The efficiency of robust estimations is shown by a numeri-

cal example (Table I). The table contains the image coordinates

Table 1. A Numerical example
Left side photo Right side photo Parallax
Identifier image image
X y X y L2 Hampel Huber

main point 119 .534 120,.668 120 .312 121,.817

9114 23,.184 188,.647 106 .366 192,.821 -5 0 1

9113 24,441 97,.611 107 .472 101 ,502 1 -4

9033 25,.236 37,.405 107 .909 41,024 3 -2

9032 79 .021 73,.574 162..23 77,.162 -17 -24 -20

9031 116,.425 120,.199 200 .163 123,.863 -2 -9 -4

9030 138,.327 169,.47 222,.285 173,.299 4 1 4

9039 64..565 170,.136 147,917 174,.13 15 15 17
341 107,.023 23,.741 190,.451 26..865 5 -3 1
331 117,.225 225..452 201 .159 229..566 -5 1 -1

of the points and the parallax errors after adjustments with
different methods. The table does not contain the computed
model coordinates as in the comparison of the different methods
they do not give new information. The data of the example are

not simulated ones, the accuracy of the measurements was + 2 yu.
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Robust estimations enhance the errors in points 9032 and 9039
and the effect of the gross errors is less felt in the stable
points. Huber's method is the most stable one, but Hampel's
method seems also to be more advantageous than the least
squares method. The e ffectivity of the different methods cannot
be judged from a single example, as on the one hand the choice
of the limits a, b, c¢ influences significantly the results, on
the other correct proof could be obtained from a statistical
sample when the measurement errors are produced e.g. by Monte
Carlo-simulation. Nevertheless, the advantage of the robust

estimation is shown by this example, too.
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E BAUMANN: Vermessungskunde. Lehr- und Ubungsbuch fiir Ingenieure. Band 1-2.
Dimmler-Verlag, Bonn, 1988, 1989. 213 pp. 121 figs, 269 pp, 154 figs

This book is a revised and extended edition of the textbook from 1986

following the up-to-date claims. It gives a basic description of the
problems of surveying. Volume 1 contains 12 chapters with the following
topics:

Chapter 1 gives a brief view about the surveying,

Chapter 2 summarizes the basis of surveying,

Chapter 5 describes the direct distance measurement,

Chapter 4 deals with the angle measurement,

Chapter 5 treats the setting out problems,

Chapter 6 deals with planimetric survey.

Chapter 7 summarizes the computations connected to the measurements,

Chapter 8 deals with the calculation of areas,

Chapter 9 treats the setting out of circular curves.

Chapter 10 summarizes the problem of error theory,

Chapter 11 describes the levelling methods,

Chapter 12 deals with the ground surveying.
Volume 2 contains 10 chapters with the following topics:

Chapter 13 gives a brief description about linear adjustment.

Chapter 14 treats the angle and direction measurements.

Chapter 15 deals with optical distance measurements.

Chapter 16 gives a review about the tacheometric survey.

Chapter 17 describes the electronic distance measurements.

Chapter 18 deals with indirect measurements.

Chapter 19 treats the traverses.

Chapter 20 summarizes the trigonometric heighting.

Chapter 21 treats the tracing with clothoide.

Chapter 22 summarizes the two dimensional transformation.

Chapter 23 gives a brief view of the point determination by trilatéra-
tion and triangulation.

The book is clearly written and will help all geodesists both who are
young and practitioners.

J Somogyi

T J BLACHUT and R BURKHARD: Historical Development of Photogrammetric
Methods and Instruments. American Society for Photogrammetry and Remote
Sensing, 1989. 157 pp, 84 figs, 8 tables

This book deals with the history of the development of the photogram-
metric discipline. The knowledge of the past is very important for the
future. Many of the historical details are contained in old publications of
various languages. This book summarizes the history of photogrammetry.

Chapter 1 deals with the early days of photogrammetry, prior to the
application of airplanes.
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Chapter 2 gives a very comprehensive overview of analogue methods and
instruments.

0 Somogyi

E GROTEN, R STRAUSS eds: GPS-Techniques Applied to Geodesy and Surveying.
Lecture Notes in Earth Sciences 19. Springer-Verlag, Berlin, Heidelberg,
1988. 532 pp, 163 figs, 106 tables

This book contains the proceedings of the International GPS-Workshop
Darmstadt, April 10 to 13, 1988. The articles join the following sessions:
General Aspects
Application of GPS
GPS-Campaigns
Kinematic Applications
Software
Geodynamics
Special Applications and Orbits

Session 1 contains 4 lectures with the following topics: Geodetic
Applications with GPS, GPS Geodesy with Centimeter Accuracy, Relativistic
Effects in GPS.

Session 2 collects 5 lectures about the different applications of GPS.

12 lectures deal with the GPS campaigns. The session Kinematic
Applications comprises 9 lectures with the following topics: Status of Dual
Frequency GPS Development, Kinematic Surveying.

The session Software collects 4lectures with different program
developments.

The session Geodynamicsgive 5 lectures about the geodynamical
applications.

The session Special Applications and Orbits contains 6 lectures with
the topics of Determination of Azimuths from GPS. European Tracking
Network. World Geodetic System.

At the end of the book one can find a brief summary of the panel dis-
cussion and the recommendations.

The book is an up-to-date work and gives a useful help to the readers
involved in these subjects.

3 Somogyi

S HEITZ: Coordinates in Geodesy. Springer-Verlag, Berlin, Heidelberg, New
York, London, Paris, Tokyo, 1988. 255 pp, 20 figs

The points of the earth's surface are represented in earth-fixed
three-dimensional coordinate systems, so they play an important role in the
geodesy. This kind of coordinate systems are generally related to a
reference surface, which roughly represents equipotential surfaces near the
earth's surface. The book deals with the geometric principles of the
coordinates of this coordinate systems.

Chapter 1 as introduction gives a general view about the regional and
global representation of point fields of the earth surface in three
dimensional curvilinear coordinates.

Chapter 2 deals with the general fundamentals of surface coordinates.
The definition and construction of surface coordinate systems are the
fundamental problems in the theory of surfaces therefore it is presented
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the bases of this theory.

Chapter 3 deals with the application of power series representing the
transformation equations between surface coordinates. It gives a review on
constructing surface coordinates, representing power series and
transformation between different geodetic coordinates and arbitrary surface
coordinates.

Surface coordinates on ellipsoids of revolution are dealt with in
Chapter 4. Beside a description of the general principles, nearly all the
interesting possibilities for application in practical geodetic surveying
are included.

Chapter 5 deals with three-dimensional coordinates in Euclidean
spaces, first in general form, then specialized to surface-normal
coordinates.

Finally the book ends by references and index.

The book is an English translation of the original German edition
Koordinaten auf geodaetischen Bezugsflaechen with certain changes.

The book is an op-to-date, well compiled, clearly written work. It
gives useful help to scientists who are interested in this problem.

3 Somogyi

H M KARARA ed.-in-Chief: Non-Topographic Photogrammetry. American Society
for Photogrammetry and Remote Sensing, second edition 1989. 443 pp, 457
figs, 17 plates, 16 tables

This book is the first in the new "Science and Engineering Series"
from the American Society for Photogrammetry and Remote Sensing. As
compared to the first edition (1979) the scope is greatly expanded,
reflecting many new devices and techniques developed since 1979.

Chapter 1 (author: H M Karara) gives a short introduction to non-
topographic photogrammetry.

Chapter 2 (author: E M Mikhail) deals with metrology concepts.

Chapter 3 (author: K B Atkinson) summarizes the instrumentation for
non-topographic photogrammetry.

Chapter 4 (author: 3 C McGlone) includes the analytic data-reduction
schemes in non-topographic photogrammetry.

Chapter 5 (author: 3 G Fryger) is focussed on problems of camera
calibration.

Chapter 6 (author: W Faig) deals with non-metric and semi-metric
cameras: data reduction.

Chapter 7 (author: K 3 Torlegard) treats the theory of image
coordinate errors.

The topic of Chapter 8 (author: C S Fraser) is the optimalization of
networks in non-topographic photogrammetry.

Chapter 9 (author: V Kratky) deals with on-line non-topographic photo-

grammetry.

Chapter 10 (author: H Ruther) gives an overview of software.

Chapter 11 (author: | Newton) summarizes the problems of underwater
photogrammetry.

Chapter 12 (author: S A Veres) treats the X-ray photogrammetry,
systems and applications.

Chapter 13 (author: S K Ghosh) gives a detailed description of
electron microscopy: systems and applications.

Chapter 14 (author: R 3 Pryputniewitz) deals with hologrammetry:
systems and applications.
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Chapter 15 (co-authors: J R Pekelsky, M C Van Wijk) gives a brief
account on Moire topography: systems and applications.

Chapter 16 (author: E Hierholzer) treats the raster photogrammetry.

Chapter 17 (co-authors: S F El-Hakim, A Bruner and R R Real) deals
with video technology and real-time photogrammetry.

Chapter 18 (author: G R Robertson) collects the problems of ultrasonic
technology: systems and applications.

Chapter 19 (author: M Carbonnel) gives a survey of architectural
photogrammetry.

Chapter 20 (author: L P Adams) deals with industrial photogrammetry.

Chapter 21 (co-authors: O B Sheffer and R Eitterron) gives a brief
view about biostereometrics.

Chapter 22 (author: D C Brown) analyses the emerging trends in non-
topographic photogrammetry.

Chapter 23 (author: W Wester-Ehlinghaus) discusses the trends in non-
topographic photogrammetrie systems.

Appendix A (co-authors: J Whitnall, F H Moffit) treats the reverse
projection technique in forensic photogrammetry.

Appendix B (co-authors: 3 R Pekelsky, M C Van Wijk) gives a detailed
analysis of Moire topography: systems and applications.

The text book is a clearly edited up-to-date work. One can find
detailed bibliography and reference at the end of the chapters.

J Somogyi

I |  MUELLER, S ZERBINI eds: The Interdisciplinary Role of Space Geodesy.
Springer-Verlag, Berlin, Heidelberg, New York, London, Paris, Tokyo,
Hongkong, 1988. 300 pp, 51 figs, 27 tables

This book is Vol. 22 of Lecture Notes in Earth Sciences and collects
the proceedings of an International Workshop held at International School
of Geodesy, Italy, July 23-29, 1988.

The purpose of the workshop was to recommend geodetic and geomagnetic
programs and missions, and the development of methods and instrumentation
for their implementation. The lectures have been grouped under the next
main topics.

Chapter 1 Introduction gives a brief summary of the Earth's rotation
and core-mantle interaction, mantle convection, regional tectonics and
earthquakes, ocean dynamics and Venus-Earth differences.

Chapter 2 Short-Term Dynamics of the Solid Earth includes the follow-
ing themes. Precession and nutation, polar motion, axial rate of spin of
the earth, earth tides and time variation in the gravity field.

Chapter 3 deals with the Long-Term Dynamics of the Solid Earth involv-
ing the following topics. Implication of precise positioning, gravity and
geoid, topography and bathymetry.

Chapter 4 Interaction with other disciplines and programs includes
geodynamics, earth structure, ocean physics, atmosphere and climate, exten-
sion to the planets and fundamental physics.

Chapter 5 summarizes the instrumentation related to the problems.
There are discussed the scientific and measurement requirements, laser
ranging techniques, microwave techniques, topographic mapping techniques,
potential field measurement systems, data management systems, conclusions
and recommendations.

Chapter 6 collects the problem of data analysis.

Chapter 7 deals with the Reference Coordinate Systems. One can read
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about Conventional Inertial Systems (CIS), Conventional Terrestrial Systems
(CTS), Reference Frame Ties, Reference Frame Requirements.

Chapter 8 gives short information about education.

At the end of the book the appendices contain useful information.
Among others information about the Earth Observation Activities of the
European Space Agency, role of NASA in geodynamics research, the Glonass
Satelite Navigation System, space geodesy in France, the Lageos |l program
and the Wegener programme.

Every chapter ends with references. It is well compiled and gives a
useful help to scientists who are interested in the problems of different
areas of geosciences.

J Somogyi

Photogrammetry. Volume 1. Baltimore, Maryland, April 2-7, 243 pp, 74 figs,
45 tables

This book is the first volume of the Proceedings of the Technical
Sessions of the 1989 Annual Convention of the American Society for
Photogrammetry and Remote Sensing and the American Congress on Surveying
and Mapping held in Baltimore, Maryland.

The book collects the papers presented on photogrammetry.

There are 8 papers on the topic of photogrammetric systems, among
others a PC based version of the planicomp analytical plotter, a modern
analytical stereoplotter integrated in a GIS, digital monoplotting.

The second topic was focussed on the problem of photogrammetric
control extensions. There are several papers on the problem of robust
estimation.

The third topic dealt with close range photogrammetry focussed on
engineering problems.

Some papers dealt with general information, data processing and ACID
deposition.

The proceedings are well-edited and the papers refer to very actual
problems.

J Somogyi

Image Data Processing. Volume 2. Baltimore, Maryland. 171 pp, 76 figs, 14
tables

This book is the second Proceedings of the Technical Sessions of the
1989 Annual Convention of the American Society for Photogrammetry and
Remote Sensing and the American Congress on Surveying and Mapping held in
Baltimore, Maryland.

The book collects the papers on image data processing with the fol-
lowing topic:
A) Spatial Processing and Applications
B) Image Transforms
C) Data Display
D) Computer Aided Mapping
E) Digital Imaging Systems.

The collected 16 papers deal with the actual problems of image data
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processing and could be very useful who are interested on this topic.

0 Somogyi

Remote Sensing. Volume 3. Baltimore, Maryland, April 2-7, 437 pp, 129 figs,
59 tables

The book is the third volume of the Proceedings of the Technical
Session of the 1989 Annual Convention of the American Society for
Photogrammetry and Remote Sensing and the American Congress on Surveying
and Mapping held in Baltimore, Maryland.

This volume contains the papers dealing with remote sensing divided
into the following topics:

I. Ground Processing with 11 papers
Il. Plant Sciences with 7 papers
II'l. Environmental Management with 3 papers
IV. Thermal Infrared: History and Application with 7 papers
V. Knowledge Based Expert Systems with 4 papers
V1. Coastal Environments with 7 papers
V II. Geology and Engineering with 5 papers.

The Proceedings give a very informative summary about the remote

sensing problems in USA.

J Somogyi

GIS/LIS. Volume 4. Baltimore, Maryland, April 2-7. 292 pp, 75 figs, 22
tables

The book is the fourth volume of the Proceedings of the Technical
Session of the 1989 Annual Convention of the American Society for
Photogrammetry and Remote Sensing and the American Congress on Surveying
and Mapping held in Baltimore, Maryland. It collects the papers dealing
with Geographic Information Systems and Land Information Systems. The
reader gets information about the GIS techniques and applications, GIS/LIS

and geodetic control, GIS development designs, data structures and data
bases, GIS/LIS in the military, a LIS network joint partnership between
local, state, regional and federal governments and the private sector, and

about the Land Informations Systems.
The proceedings contain 39 papers from the listed topics.

J Somogyi

Surveying and Cartography. Volume 5. Baltimore, Maryland, April 2-7, 369
pp, 64 figs, 43 tables

The book is the fifth volume of the Proceedings of the Technical
Session of the 1989 Annual Convention of the American Society for
Photogrammetry and Remote Sensing and the American Congress on Surveying
and Mapping held in Baltimore, Maryland. The topics of the papers are the
following:

1. Training, Education and Privatization: A Look at the Agenda for the

90's.

2. AM/FM Automated Mapping-Facilities Management



BOOK REVIEWS 465

Cartography and A rtificial Intelligence
Multipurpose Cadastral Systems
Cartography, Mapping and Graphics in Transition
The Proposed D igital Cartographic Data Standard and Results of Testing
Engineering, Land Surveys and Adjustments
Transportation Surveys
Workshop: Understanding Modern Total Station use
10. Recent Results in the Mapping Sciences at the Ohio State University
11. Charting the Coast and Coastal Waters
12. Concerns of the Legal Profession in regard to Surveying Procedures,
Practices and Standards.
The proceedings contain 56 papers from the listed topics. The papers
deal with very interesting up-to-date geodetic problems.

J Somogyi

Auto-Carto 9, Proceedings, Ninth International Symposium on Computer-
Assisted Cartography. Baltimore, Maryland, April 2-7. Sponsored by American
Society for Photogrammetry and Remote Sensing, American Congress on
Surveying and Mapping. 1989. 879 pp, 280 figs, 44 tables

This book contains papers from the Ninth International Symposium on
Computer-Assisted Cartography held in Baltimore, Maryland.

The topic of the papers are the following: Advanced Data Display, Data
Bases, GIS Education and Training, Generalization, Data Structures and
Parallel Processing, Data Structures and Post-Processing for Digital
Terrain, Topics in GIS and Automated Cartography, AGIS Curriculum for
Universities, Automated Names Placement, Digital Terrain, GIS Design:
Examing the Alternatives, Algorithms, Three Dimensional GIS, Data Capture
Techniques, Environmental Applications of GIS, Data Structures and Spatial
Query Techniques, Structuring Large Spatial Data Bases, GIS Applications,
International Perspectives, Quality Control Issues, Spatial Relations and
Data Base Models, Object-Oriented Approaches to GIS, Educational Tools for
GIS, Challenges for the Future, Automated Mapping Applications, Standards
and Their Use, GIS: Direction for the Future, GIS Performance, System
Design, AM/IFM and GIS, Displays for Spatial Data.

In the last few years the GIS has played a very important role in geo-
sciences. The Proceedings summarize the present day situation and gives a
very useful help to people who are working in this field.

J Somogyi

NAVGRAV Navigation and Gravimetric Experiment at the North Sea. Netherlands
Geodetic Commission. Publication on Geodesy. New Series, Number 32, 1988.
135 pp, 83 figs, 8 tables

The publication contains five papers which summarize the results of
test measurements. The experiment was carried out with the aim of getting
accurate gravity information at sea. Gravity measurements at sea are not
too easy. It is complicated to separate the disturbing effects from
measurements while moving. Modern gravitymeters largely eliminate these
disturbances, however, there remains an effect that cannot be eliminated
instrumentally, the EOtvds correction. It can only be determined if very



466 BOOK REVIEWS

precise navigation is available. With the Global Positioning System (GPS),
precise navigation became feasible.

0 Somogyi

W H CAMPBELL ed.: Quiet Day Geomagnetic Fields. Reprinted from Pure and
Applied Geophysics, Vol. 131, No. 3. Birkhauser, Basel, 1989, 230 pp, many
figs

Birkhduser has continued with this book a most valuable series of
reprints from Pure and Applied Geophysics. These volumes cover some smaller
fields of geophysics which can thoroughly discussed in a collection of
papers like this. Quiet day geomagnetic field has been a favourite for geo-
magnetic research in the first half of this century, as many techniques
developed for analysis (e.g. spherical harmonics, Fourier transform,
special methods for lunar variations etc.) could be very well exercised on
this problem. In spite of the very detailed investigations, many questions
remained open, not to mention else then the day-to-day variability of the
focus position at low-latitudes. Thus it was really time to summarize
recent results in this field and as the volume shows it was worth
summarizing.

After a historic introduction (W Campbell), the selection criteria of
quiet days is discussed by Jocelyn and Hruska & Hruska. These papers show
that the selection is far from being unambiguous. Spherical harmonic
analysis methods are treated by Kawasaki, Matsushita and Cain.

Polar region Sg problems are the topic of papers by Xu and Kroehl.
They summarize current ideas on the different components of Sq in polar
regions which have special significance in connection with the
interplanetary magnetic field.

Mid-latitude Sg problems start with Richmond's review on modeling the
ionosphere with wind dynamo, then Fukushima discusses the effect of the
dawn-to-dusk electric field in the magnetosphere through the day/night
asymmetry on the Sq-field. Olson presents a paper on the contribution of
magnetospheric currents to Sq. Butcher deduces the abnormal Sq from small
amplitude substorms appearing at times outside the normal maximum range of
Sq. This interpretation may be partly valid, but if one looks at his figure
(p. 464) one asks if the decrease of the Sqg-amplitude is also caused by
this substorm? And if not, what is the cause for the change of the Sq
amplitude from one day to the other? Or what is the cause for the change of
the focus position? | think that some other influence should be added to
the small substorm.

The equatorial electrojet is discussed by Reddy and by Onwumechili &
Ozoemena. As last topics, Ilunar daily variations are treated in three
papers by Xu, Tschu and Winch. In the case of the last paper, the very
illustrative representation of the lunar variation, more exactly of its
effect on the solar Sq and the separation of the 27-day solar rotation from
the lunar daily variation are of special interest.

This book gives a complete and uptodate review on problems connected
to Sq and thus it deserves attention of all who are interested in geo-
magnetism and magnetospheric physics.

J Verd



BOOK REVIEWS 467

H HOLDER: Kurze Geschichte der Geologie und Paldontologie. Ein Lesebuch.
Springer, Berlin, 244 pp, 39 figs

This is a most interesting book on the history of geology and
paleontology, but it is also worth reading for other geoscientists and even
for a wider circle of interested people. The author has chosen an ingenuous
method to present different chapters from the broad field of geology: he
starts from a problem which is crucial for the understanding of the process
or situation, then it traces the later history evolving from the given
problem. Such central problems are Glossopteri, shark teeth which opened
the way for the correct organic interpretation of fossils; the
"Greifensteine"” in the Saxonian Ore Mts which were supposed witnesses of
the deluge, and later initiated detailed investigations on the origin of
granite; the basaltic cone of the Scheibenberg which played a central role
in the discussions about the origin of basalt; Goethe's ideas on the origin
of trapp-basalts; faults near Lake Vierwaldstatter, starting point for the
discovery of tectonic events; Escher von der Linth's observation on the
Glarn overthrust; Glen Roads, a place where the glaciation in Europe became
evident; salt domes in Northern Germany, as example of a non-volcanic
intrusion; Wegener's fitting of the shorelines of Africa and America as the
starting point of plate tectonics; the NO&Ordlinger Ries, one of the first
meteoric craters found on the Earth - to list only a few of the many
stories told in the book, in most cases accompanied by original texts,
fulfilling what is promised in the title "Lesebuch". Witty and ingenious
drawings, mostly from original sources help the understanding of the text,
and even add in many cases to the joy of reading.

J Veré
Scattering and Attenuation of Seismic Waves

Part I, KEIITI AKlI and RU-SHAN WJ eds, Reprint from Pure and Applied Geo-
physics (PAGEOPH), Vol. 128, No. 1/2, 1988. 447 pp, 168 figs, 16 tables

Part Il, RUSHAN WJ and KEIITI AKI eds, Reprint from Pure and Applied Geo-
physics (PAGEOPH), Vol. 131, No. 4, 1989. 551-739 pp, 53 figs, 6 tables
Part I1l, RU-SHAN WJ and KEIITI AKIl eds, Reprint from Pure and Applied Geo-

physics (PAGEOPH), Vol. 132, No. 1/2, 1990. 437 pp, 170 figs, 26 tables
Birkhduser Verlag, Basel, Boston, Berlin

The interest of geophysicists in seismic wave scattering and
attenuation has grown rapidly. This reflects the broad applications and
great potential of this field for many geophysical problems, such as the
lithospheric and mantle heterogeneities, identification and monitoring
underground nuclear explosions, oil and mineral exploration, earthquake
prediction and hazard. The three-volume special issue of PAGEOPH entitled
"Scattering and attenuation of seismic waves" contains a total of 18
invited review papers and 28 contributed papers, all the contributed papers
in volumes | and Ill most of the review papers in volume II.

The special issue covers a wide range of the field of seismic
scattering and attenuation. They include:

- elastic wave perturbation theory and methods for weak scattering

- time domain and space domain multiple scattering theory

- high frequency asymptotic and approximate theory and methods

- crack and wedge scattering

- coda generation, coda envelope decay and coda Q (including local and
regional phases)
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- phase and amplitude fluctuations of transmitted waves

- scattering from the core-mantle boundary

- 1-D scattering and the stratigraphic filtering

- array processing and polarization analysis

- numerical simulation of seismic scattering

- laboratory model experiment on seismic scattering

- wave scattering in composite media and the effective parameters
- crack scattering and the effective anisotropy

- scattering and nonlinearity

- scattering attenuation and the separation from intrinsic attenuation
- laboratory Q measurements of rock samples

- anelastic attenuation mechanism

- elastic medium full-wave inversion theory (including attenuation)
- travel time and amplitude inversion.

Gy Szeidovitz

K R KOCH: Parameter Estimation and Hypothesis testing in Linear Models.
Springer Verlag, Berlin, Heidelberg, New York, London, Paris, Tokyo, 1988,
378 pp, 17 figs

This is the English translation of the author's book published in
German by Dummlers Verlag, 1987.

In Chapter 1 (Vector and Matrix Algebra) and Chapter 2 (Probability,
Theory) introductory knowledge is discussed rather clearly and at the same
time exactly.

In Chapter 3 the parameter estimation in linear models based on the
method of least squares and maximum-likelihood is treated. The author gives
definition of the Gauss-Markoff model with full rank and presents a
numerical computation of the estimates and their covariances. He gives the
relationships of the best linear unbiased estimation in a Gauss-Markoff
model with constraints.

The establishment of the Gauss-Markoff model not of full rank, just as
the completion of this with linear constraints makes complete the treatment
of this theme.

Especially, the application of the Gauss-Markoff theory is demonstrat-
ed on the example of polynomial interpolation.

If the unknown parameters are considered as random variables in a
Gauss-Markoff model then generalized linear models are obtained which go
over in special cases into regression models. If the error vector in the
Gauss-Markoff model is interpreted by linear combination, then one becomes
the mixed model which contains the Gauss-Helmert model, in particular.

In this chapter the fundamental formulas of the estimation of variance
and covariance components are given in the case of the best invariant
quadratic unbiased estimation and of locally best estimation.

In course of the multivariate parameter estimation it is dealt with
the multivariate Gauss-Markoff model. We find the estimation of the vectors
of parameters and their covariance matrix.

The title of Chapter 4 is: Hypothesis testing, interval estimation and
test for outliers in the Gauss-Markoff model. In connection with this
chapter I cannot contest my subjectivity, my interest was totally
captivated by it. The observations can be grossly falsified by outliers.
Our task is to find and eliminate false observations, in order to estimate
the parameters without distortion. | should Ilike to emphasize the
statistical test of the author for one outlier and the percentage points of
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the outliers.

In  Chapter 5 the discriminant analysis is dealt with if the observa-
tions belong to different populations. The goal is to classify the
observations. The author discusses the Bayes strategy and gives the
classifier algorithms based on the normal distribution with known and
unknown parameters. The book is closed with rich references and contains an
index for the search of the frequently occurring ideas.

Recently more books have been published on the field of the adjust-
ment. However, | recommend this book to a serious researcher or aspirant, |
hold it for the best suitable subject-matter to study a powerful topic,
further to master deep technics.

Structure, clear style and correct draft of the book make private
learning possible. The book surely counts on wide interest among students,
engineers, and researchers, too.

3 Zavoti

S MEIER and WKELLER: Geostatistics. Introduction to the theory of random
processes. Akademie Verlag, Berlin, 1990, 206 pp, 34 figs (in German)

There has been available a rather small number of books on random pro-
cesses that deal with both one-dimensional and multi-dimensional processes
accessible for practising geophysicists. The present volume is an
introductory work for not only geophysicists and space researchers but
readers from other fields. Examples are from at least two geosciences.

To read the book, the usual basic knowledge in analysis, mathematics
and mathematical statistics are assumed.

The first chapter outlines the topic of random processes in geo-
sciences as well as a historical reflexion.

The second chapter assembles the necessary matematical tools for the
remaining part (distributions, correlations, special functions and
transformations etc.). With these means it is possible to describe one-
-dimensional random processes (Chapter 3) e.g. stationary processes, band
filters. More important for use are the processes in the Euclidean space
and those on the sphere (Chapter 4).

The discussed special problems concerning Markoff processes and
partial differential equations are of special interest e.g. the statistical
derivation of the heat convection equation or that of Wiener's equation.

The last chapter is about the statistics of random processes. The
concept of ergodicity, signal reconstruction from digital samples and
distinguishing signal and noise are useful for all practising specialists.

lhe main text is completed with an appendix of the discussed models.

The structure of the text is logical, the rather mathematical approach
subtracts nothing from its wusefulness. The book gives a clear, brief
insight into nature and application.

T Steiner

R A PLUMB and R A VINCENI eds: Middle Atmosphere. Birkhauser, Basel, 1989,
616 pp, SFR 74

lhis volume contains papers presented at workshops held consecutively
at the University of Adelaide in May 1987 and published now as a special
issue of PAGEOPH (Pure and Applied Geophysics). lhe articles deal with the
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results of investigations carried out in the framework of the MAP (Middle
Atmosphere Program) subprograms GRATMAP (Gravity Waves and Turbulence) and
MASH (Middle Atmosphere of the Southern Hemisphere). Thus, the volume can
be considered as an up-to-date picture of our knowledge concerning these
two important areas of the dynamics of the stratosphere and mesosphere.

The series of papers is introduced by a retrospect by C 0 Hines in
which the history of gravity wave research is outlined. In the paper by HR
Phillpot some early radiosonde temperature observations in the Antarctic
lower stratosphere are discussed in connection with the springtime warming,
which  was more regular in 1959 similarly to the years 1985 and 1986. A
stratospheric circulation statistics for the Southern Hemisphere including
mean fields, transient eddy statistics, Eliassen-Palm flux diagnostics and
vorticity fields is presented by D J Karoly. WL Grose and A O'Neill
compare data of different satellites and quantities derived from them for
the middle atmosphere of the Southern Hemisphere finding substantial
quantitative differences in fields of Eliassen-Palm flux divergence and
Ertel's potential vorticity. In the paper of 0 G Andrews the zonal-mean
climatological state, stationary and transient waves of different types,
stratospheric warmings and polar ozon minima in the Southern and Northern
Hemispheres are compared. The seasonal cycle of stratospheric planetary
waves is discussed by R A Plumb showing that contrary to the Northern
Hemisphere, in the Southern Hemisphere there is a midwinter minimum due to
the opacity to stationary wave propagation caused by strong westerlies. The
body force circulation problem of Eliassen is generalized to include the
effects of mechanical friction and Newtonian cooling in the paper by T J
Dunkerton. The ozone differences in the Northern and Southern Hemispheres
are analyzed by means of satellite data in the paper by MA Geller, M F W
and E Nash. They found that the interhemispheric differences in the annual
variation of total ozone can well be explained by the interhemispheric
differences in stationary planetary waves. T Hirooka and | Hirota present
further evidence of normal mode Rossby waves in their paper. Monthly mean
winds in the mesosphere measured at 78 S are compared with the results of
simultaneous measurements at 44 S by GJ Fraser. A Phillips and R A Vincent
report on radar observations of prevailing winds and waves in the Southern
Hemisphere mesosphere and lower thermosphere and compare them with Northern
Hemisphere data and satellite-derived circulation models. Geostrophic and
nonlinear balanced winds from LIMS data are compared in the paper by T
Miles and WL Grose. Gravity wave saturation processes, their effects (on
wave amplitude, momentum and energy fluxes, the diffusion of heat and
constituents, the establishment of the vertical wave number spectrum) and
variability in the middle atmosphere are discussed by D C Fritts and
several saturation mechanisms, as well as their effects (convection, H
instability, vortical mode, parametric subharmonic instabilities, mean flow
interaction) by T J Dunkerton. A theory of enhanced saturation of the
gravity wave spectrum due to increases in atmospheric stability are
expounded in the paper by Th E van Zandt and D C Fritts. Effects of
horizontal resolution on internal gravity waves simulated by the 40 level
GFDL "SKYHI" general circulation model are studied by Y Hayashi, D G
Golder, J D Mahlman and S Miyahara. D P Delisi and T J Dunkerton report on
laboratory observations of gravity wave critical-layer flows showing in the
early evolution turbulent wavebreaking, as well as mean flow modifications
and in the late-time ~critical layer flow internal mixing regions phase
locked to the incoming gravity wave. S Fukao, M D Yamanaka, H Matsumoto, T
Sato, T Tsuda and S Kato describe wind fluctuations near a cold vortex-
tropopause funnel system observed by an MST radar, while wavelike wind
variations in the lower stratosphere are analyzed by M D Yamanaka, S Fukao,
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H Matsumoto, T Sato, T Tsuda and S Kato assuming monochromatic internal
inertio-gravity wave generation. T Tsuda, Y Masuda, H Inuki, K Takahasi, T
Takarni, T Sato, S Fukao and S Kato report on a high time resolution
monitoring of tropospheric temperature with a radio acoustic sounding
system. Falling sphere observations of anisotropic gravity wave motions in
the upper stratosphere over Australia are analyzed by S O Eckermann and R A
Vincent suggesting that the dissipation of gravity waves in a significant
source of momentum residuals found in studies of satellite data. A review
of important constraints on gravity wave induced diffusion of minor
constituents (H"O, CO), heat and momentum is given in the paper by D F

Strobel. C Sidi and F Dalaudier publish results of a study of temperature
and heat flux spectra in the buoyancy subrange indicating the need for an
anisotropic theory of buoyancy range of turbulence. Interpretation,

reliability and accuracies of parameters deduced by the spaced antenna
method in the middle atmosphere are discussed by WK Hocking, P May and
J Rottger and it is shown that the spaced antenna technique gives reliable
estimates of the neutral air motion enabling also the measurement of
pattern scale, rate of fading and angle of arrival. Finally, in the paper
by M Yamamoto, T Sato, T Tsuda, S Fukao and S Kato a full correlation
analysis of turbulent scattering layers in the mesosphere is presented,
which has been applied to echo power fluctuations observed by a MST radar.

P Bencze

W SCHRODER ed.: Past, present and future trends in geophysical research.
Interdivisional commission on history of IAGA, Bremen-Roennebeck, 1988

This book contains 14 papers presented at historical symposia of the
Vancouver IUGG General Assembly. A part of the papers deal with purely
historical topics, e.g. Bdrner commemorates Ludwig Biermann, the discoverer
of the solar wind; Wiederkehr reports on the activity of Georg Neumayer, a
pioneer of geomagnetic observation in Australia. Gadsden presents some
remarks on Kepler's atmospheric physics, elucidating the source of some
interesting ideas by Kepler.

Brush and Bannerjee give a most comprehensive review on the history of
the theories of geomagnetic secular variation. This is an excellent survey
till the very first ideas of the phenomenon of the secular variation which
was counted for some time as one of the greatest enigmas of modern physics.
Heikkila describes the history of magnetic reconnection at the
magnetospheric boundary. It is important to read this story from one of the
participants in the discussion.

The second half of the book goes over pure history and tries to use
historical data for collecting information on processes being active in
some field of the Earth's environment.

A group of papers deals with historical auroras, mainly those observed
during the Maunder minimum, and other aspects of the recent history of
solar activity (Kopecky and Kuklin, Ribes, Ribes and Berthalot, Debarbat,
Legrand and Simon). Hersé's paper on bright nights, a nearly forgotten
phenomenon concludes this series.

A very active Italian group presented four papers, partly dealing with
the methods to interpréte historical point-like data, partly they use the
methods presented here for several meteorological data sets, e.g. on the
floods of the rivers Tevere and Tanaro. Due to the activity of this group,
historical sources from Italy get more and more accessible to research, a
fact which is welcome in this field where primary data and methods for
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their processing are of vital importance.
The editor of the book, W Schroder should be congratulated to this
wide-ranging selection of historical papers.

J Ver6
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