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SUMMARY

Microflora —and fauna — studies of schlier and Rzehakian strata of Carpathian age 
are dealt with, carried out on the surface as well as on deep drilling profiles of the Salgó
tarján basin and of the area of Northern-Mátra. It has been stated that both overlying coal 
bed and the schlier should be placed into the NN 4 nannozone. Within the Carpathian fora- 
miniferal fauna four associations have been separated, these being also indicators of facies. 
On the basis of the studies the Garáb Schlier can be well correlated with several Austrian 
and Slovakian sites.

1. Introduction

Some surface localities and borehole profiles of Karpatian age from the 
territory of the Northern-Mátra and the Salgótarján basin were examined 
in the last years.

The geological features and occurence of these formations are relati
vely wellknown, but paleontologically they are rather poorly investigated. 
Though a great number of authors have been dealing with the macrofauna 
of the Salgótarján Brown-coal Formation, of the Cardium-, Rzehakia- and 
Chlamys-bearing sandstones and of the Garáb Sch'ier (without a claim for 
completeness: Bartkó L., 1961 —02; Csepreghyné Mezne- 
r i c s I., 1951, 1954, 1960; Horuschitzky F., 1939; id. N о s z к у 
J., 1930; Schréter Z., 1910, the number of the publications on the 
foraminiferafauna of these formations is negligible. (The comprehensive 
list of the foraminifera species and their references are collected in 
Balogh et al. 1966. pp. 52 — 65, and A 1 f ö 1 d у L. et al. 1975. pp. 
140—150.). The nannofloras of Karpatian age of North-Hungary were 
described by Báldi-Beke M. (1960) from point-like exposures. 
Besides those mentioned above a lot of unpublished paleontological data 
can be found in the documentations of the deep-drilling profiles.

Our paper will give some nannofloras and foraminiferafaunas of the 
Rzehakia-beds and the Garáb Schlier, and we make an attempt to emplace 
these formations in the Standard Neogene Nannoplankton Zonation.
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2. The geology of the territory and profiles studied

2.1. The higher regressive part of the Nógrád Glauconitic Sandstone 
is overlain by the Zagyva oálfalva Red Beds in the Salgótarján Basin and 
in the surroundings of Mátraalmás. In the Recsk area the latter formation 
does not occur. The Gyulakeszi Rhyolith-Tuff Formation (lower rhyolith
tuff) is covered by the Sa gótarján Brown-Coal Formation, which is wed
ged out towards the basin edges. The Brown-Coal Formation is overlain
by the brackish water Care 
bearing sandstones, finally 
far beyond the borders of 
higher regressive part of ;

ium- and Rzehakia-bearing and marin Chlamys- 
by the pelitic Garáb Schlier, which is expanded 
the territory dealt with. The stratigraphicallv 

;he Schlier is covered by the Tar Rhyolith-Tuff
Formation (middle rhyolith tuff) and Mátra Andesite Formation of Ba
denian age.

According to the ste tement of the Miocene Subcommission of the
Hungarian Stratigraphical Committee — proposition of G. Hámor 1977- 
the age of the lower rhyolith tuff, the brown-coal series and the Cardium 
Rzehakia beds is Ottnangian, the age of the Chlamys-bearing sandstone 
and of the Schlier is Karpatian.

2.2. The borehole profiles studied in the Mátraalmás area (Fig. 1 )

The T —9. borehole, which penetrated the most complete profile, ter
minated in the Ilonavöl^y Sandstone (a part of Nógrád Sandstone) of 
Eggenburgian age. It is fo lowed upwards by a thin red bed, which is lack-

Ъе lower rhyolith tuff is supposed to be not de- 
the higher part of borehole T —4. it shows some 
and yie1ds conglomerates. The brown coal series 
•basin development — has only one coal layer 
nsist of tuff, tuffit, tuffitic sandstone with a 

ing in the other profiles. r 
posited into water, but in 
traces of water movement 
— in contrary to its mid 
The overlying stratas co
thickness between 20 — 51 meters, which yield only few fossils. These 
stratas are covered by the thick sandy, clayey silt (Garáb Schlier Forma-
tion), which in its lower (transgressive) and higher (regressive) part has
Area- and Corbula-bearing middle- and fine-grained sandstone-inter
beddings. (The genus were determined by Mrs. Bo hn —Havas ). None
of the three boreholes in 
series of Badenian age.

Mátraalmás penetrated the covering volcano-

2.3. The profiles of tin Recsk —103, -109 and the Sirok — 1 boreholes

The most complete profiles in the Recsk area were penetrated by the
Rm —103 borehole, but the profile of the Rm —109 is also very similar
Both profiles are yie'dhg the complete Oligocene series with faunas and 
nannofloras. The Oligoce ie stratas are covered by the Ilonavölgy Sand
stone (Nógrád Glauconitic Sandstone) of Eggenburgian age and further by 
the lower rhyolith tuff. Th s red beds in the Recsk area are lacking. The trans
gressive basal stratas of the Tertiary in the borehole Sirok — 1 are laying
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10. G, MIDDLE RHYOLITE TUFF.

Fig. 1. Profiles of the T—3, T —4 and T —9 boreholes from the Mátraalmás, 
Rm— 103, Rm— 109 boreholes from the Recsk area.

immediately on the diabase of the mesozoic basement and are consisting 
of reworked clastics of sandy rhyolith tuff.

All of the three boreholes penetrated the Garáb Schlier in different 
thicknesses (270 meter in the Rm —103, 180 meter in the Rm—109, 130 
meter in the Sirok —1 boreholes). The Schlier has some thin sandy inter
beddings and is penetrated by some thin andesite-dykes too. The covering 
layers of middle rhyolith tuff are 70 m thick in the profile Sirok —1 and 
150 meter thick in the Rm —103 section. The youngest formation of the 
area, the Mátra Andesite was observed only in the Sirok — 1 profile.
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2.4. The “Ottnangian exposure of Kazár

The covering formatio 
Garáb Schlier crop out in a 
village. The profile is descr
(in Papp et al. 1973, pp

> is of the Salgótarján Brown Coal Series and the 
thickness of 34 m east of the gipsy’s row Kazár 
bed and represented in details by G. Hámor

The deepest members
. 206-209.).
of the series on the surface at this moment are

a 50 centimeters thick coa 'se grained sandstone and over this the brown
coal bed No —1. (First nannoplankton sample.) Upwards from this point 
the profile is composed by the alteration of fine grained clayey silt and
sandstone. An abundant Cardium- and Rzehakia-fauna was observed
between 13 — 16 meters. (Nannoplankton samples No —2 —7.) In dip di
rection the sandstone bancs became absent and the grain structure turns 
to be finer. The series goes over gradually into the Garáb Schlier Forma-
tion. (Nannoplankton sam ales No —8 —14.)

3. Nannoplankton studies

In the last decade tie regional stages of the Central Paratethys be
came more accepted and used also in Hungary. The definitions of the stage
boundaries are based on the entrance or exctinction datas of mollusc or 
foraminifera species and assemblages. It follows, that the zone boundaries 
of the Standard Nannoplankton Zonation of Martini and Worsley 
(1970) do not coincide with the boundaries of the regional stages. There
fore it is necessary to parallelize the regional stage stratotypes and the
nannozonation precisely.

Martini et M ü 1 ler (1975a, 1975b) studying the type-profiles
of the Ottnangian and Karpatian stages in Austria came to the conclusion,
that the Ottnangian stage 
and 4, while the Karpatia

corresponds to a part of the nannozones NN 3
i corresponds to a part of the nannozones NN 4

and 5. The absence of Sphenoiithus belemnos В r a m 1 e 11 e and W i 1-
c о x о n raised some diff culties, because its extinction defines the boun-
dary between the zones NN 3 and 4. Consequently the relation between
the stage Ottnangian and 
heteromorphus В r a m 1 e

the nannozonation is unsolved. The Sphenoiithus

NN 4 and 5, occurs only 
Karpatian. Based on the: 
pointed out, that the SpL
only in the late Karpatiar.

11 e and Wilcoxon existing in the zones 
in some of the examined type localities of the 
se results, the above mentioned authors have 
enolithus heteromorphus invaded the Paratethys

3.1. The Mátraalmás area (Tables I —II)

The profi'es of boreh ales T — 3, —4, —9 were sampled at about 10 m
intervals. All samples of 1 — 9 borehole (containing the most complete pro
file) were examined, whi e a sufficient number of samples were studied
from the ’owest and highest parts of T —3 and —4 for to enable to place
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Table II.
The nannoplakton in the profiles of the boreholes T —J. and T —4.

Reticulofenestra minuta.....................................  
R. pseudoumbilica................................................  
Coccolithue miopelagicus ................................... 
C. pelagicus.............................................................  
C. sp............................................................................. 
Cyclococcolithua floridanue ..............................  
C. leptoporus .........................................................  
Helicopontosphaera ampliaperta......................  
H. kamptneri .........................................................  
H. cf. wallichi.........................................................  
Sphenolithus cf. conicue ...................................... 
Sph. heteromorphus..............................................  
Sph. moriformie .....................................................
Discoaster cf. aulakos ..........................................  
D. divaricatus.......................................................... 
Cricolithus jonesi ...................................................  
Redeposition from Oligocene ............................. 
Redeposition from Eocene .................................  
Redeposition from Cretaceous ...........................

Rare ......
Some........  
Common ........  
Abundant ........  

these into the nannoplankton zonation correctly. The nannofloras are in 
general less diverse, than the nannofloras of similar facies of Badenian 
age, but more diverse than those of the Upper Oligocene and Lower Mio
cene of Hungary. The placoliths (for example Coccolithus pelagicus, Reticulo
fenestra pseudoumbilica, etc.) and Helicopontosphaeras are frequent, as 
well as some other forms (for example Cricolithus jonesi, Sphenolithus 
moriformis). The Sphenolithus and Discoaster species, characterizing the 
tropical climate occur only in a restricted number, in contrary to the nanno
floras of Badenian age. In our studied material three types of nannoplank
ton assemblages can be enumerated:

— Samples being practically free of nannofossils or containing only 
a single redeposited Eocene or Cretaceous species. This represents mainly 
the 30 meter thick coarse grained clastics covering immediately the brown 
coal. These sediments are probably of fresh- or brackish water origin (303 
280 meters in the T —3, 190 — 280 meters in the T —4, 464 — 415 meters in 
the T — 9 boreholes).

— A probablv slightly brackish-water nannoplankton assemblage 
occurs in the 10—20 meter thick transition between the coarse grained 
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clastics and the Garáb Schlier. The nannofloras are poor, but the first 
datum indicator species are found in these samples. (280 — 264 meters in
T —4, 164 — 155 meters in T —9, 415 — 391 meters in T — 3 boreholes.)

— Marine nannopla lton assemblage with a high diversity and ab
undance. Their embedding rock is Garáb Schlier, its more pelitic parts
yield more rich, its sandy 
meters in T — 3, 155—11

interbeddings yie’d poorer nannofloras. (264 — 6 
meters in T —4, 391 — 15 meters in T —9 bore

holes.)

All of the three borehole-profiles can be placed into the NN 4 zone 
whose upper boundary is defined by the extinction of Helicopontosphaera 
ampliaperta, and its lower boundary is defined by the extinction of Spheno- 
lithus belemnos. In our sa nples there was no S. belemnos, so these samples 
are younger than zone 5N 3. (We did not want to state zone boundary 
based on a single specimen of an uncertain Sphenolithus sp. conicus-
belemnos group found ii the 405 — 407 and 357 — 358 meter intervals of
the borehole T — 9.)

The presence of Helu 
in all of the three profiles
belongs to the zone NN

op'mtosphaera, ampliaperta, in the highest samples 
makes clear, that the highest part of all sections

o; the same is supported by the coexistence of H.
ampliaperta and S. heteromorphus in some of the samples. The whole section 
of Garáb Schlier exposed by the borings in Mátraalmás can be placed into 
the nannozone NN 4. The zone boundary between NN 4 and 5 was not 
traceable in these profile;.

3.2. The Recsk area

We do not want to d ral with the Karpatian nannofloras of the borings
Rm —103 and —109 here These are very poor not only from point of view 
of diversity but also of abundance. These nannoplankton assemblages do 
not yield datum indicator forms at all.

3.3. Other samples (Iable III.)

The age of a sample from an exposure of the Garáb Schlier in Nagy- 
bátony—Szorospatak-y Valley, also correponds to the zone NN 4.

In the Middle —Cserhát, in the section of the gravel pit in Papucs 
Hill — Acsa Village, ths Garáb Schlier of Karpatian age covers coarse 
grained sandy conglomerates (oral communication of T. В ál d i). Some 
samples taken about the boundary of the conglomerate and schlier contain 
the coexistence of the sp ;cies Helicopontospharea ampliaperta and Spheno-
Uthus heteromorphus. Thu 
here in the time interval

i;, the deposition of the Garáb Schlier had to began 
I )f the zone NN 4.

The stratigraphical 1 
Rzehakia beds conventio

terature has been considered the age of the Kazár 
mally as Ottnangian, because of the presence of 

the characteristic Rzehakia assemblage. The foraminifera faunas of the 
so called Rzehakia-beds i i North Hungary and South Slowakia are however
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containing taxa, which г■ ;fer rather to a Karpatian age (K a n t о г о v á,
Ondrej icková, Vass in Papp et al. 1973).

The planktonic foraminifera found in the Rzehakia beds of the Salgó
tarján Basin (Korecz-Laky in Papp et al. 1973), furthermore 
the Teredos and the shar i-teeth in the Kazár outcrop are indicating a not 
negligible connection between the brackish-water Rzehakia lagoon and 
the open sea with normal salinity. This connection explains the presence 
of stenohalyn calcareous nannofossils in the otherwise brackish-water 
Rzehakia beds. The concurrent occurence of H. ampliaperta and N. hetero- 
morphus in these impoverished nannoplankton assemblages proves zone 
NN 4. The age of the marine Schlier, overlying the Rzehakia beds, also 
belongs to the zone NN I.

In the berehole Sajóvelezd-(Sv)-42 in the Sajó—Valley (North Hun
gary) at a level of 390 m the Rzehakia-bearing beds overlying the brown 
coal formation contain a similar nannoplankton assemblage. Its age is also
NN 4, based on the coexistence of the two above mentioned species.

4. Foraminifera investigations 

4.1. The Mátraalmás area

The most complete foraminifera faunas were found in the profile T — 9. 
Complete faunas have been investigated, i. e. all specimens in half a kilo
gram of rock were selected and determined. (Denotations figured in the
tables indicate the numb or of the specimens as follows:
о = 1—5 specimens, X =6 —10 specimens, 0=11—20 specimens, ® = 
= 21 — 50 specimens, □ = 51 —100 specimens.)

The layers covering 
aminifera fauna, the first

immediatly the coal beds did not yield any fer- 
faunas occur only 30 — 50 m higher, than the coal

beds. The following foraminifera fauna assemblages have been separated 
in the Garáb Schilier from the bottom upwards:

— Ammonia beccarii — Florilus boueanus assemblage (T —4 and —9 
boreholes). These two species are very frequent, accompanied by some 
agglutinant forms (Spiroplectammina carinata, Spirosigmoilina tenuis), as
well as by few specimens
sponge spicules is signific ; 
The maximum thickness <

of calcareous benthonic forms. The quantity of
ant, in addition few spatangides and ostracodas. 
of the stratas yielding this kind of assemblage is

90 m in the borehole T — 9. The Ammonia fauna can be correlated with the
Spirosigmoilina tenuis a 
Spiroplectammina carina

ssemblage in the borehole T —3, which yields 
'a, Textularia lanceolata and Florilus boueanus

beside the Spirosigmoilin i tenuis.
— Uvigerina gracilij mnis assemblage is characterized by the abundant 

occurence of U. graciliformis. Also Spiroplectammina carinata, Lenticulina
inornata, Florilus bouean 
in the profiles T 3 and

is are frequent. This assemblage can be detected 
— 4, the thickness of the stratas yielding such
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faunas is 10 — 30 m, it occurs in the T —9 profile too, as an interbedding in 
the next assemblage-type described below.

— Agglutinated assemblage (“agglutinated level”) follows upwards 
immediatly the Ammonia — Florilus assemblage in the profile T —9, while 
it follows the Ü vigerina graciliformis assemblage in the profiles T —3 and 
— 4. The mainly agglutinated-fauna-bearing beds are 190 m thick in the 
T — 9, 180 m thick in the T — 3, 100 m thick in the T — 4 profiles. (The upper 
part of the latter is supposedly eroded.) The “agglutinated level” is charac
terized the frequency of the Textularia lanceolata, Cyclammina karpatica, 
Reticoluphragmium cf. venezuelanum, Budashevella wilsoni, etc. The com
position of the fauna is not uniform within the whole profile, there is an 
oscillation both in diversity and abundance. This oscillation can be attri
buted to ecological changes, to alterations of the intensity of water move
ment or to the diminishing of the amount of terrigenous material. Such 
“oscillation” is indicated by the great quantity of plankton in the profile 
T — 9 between 205 — 204 m, by the great abundance of Valvulineria 
complanata between 200 — 170 m, or by the high frequency of Heterolepa 
dutemplei and Cibicidoies pseudoungerianus in the profile T — 3 between 
110-80 m.

In the profiles T — 3 and —4 the agglutinated level can be divided 
into sublevels, based on frequency conditions. The lower part of the agglu
tinated level can be characterized by a Textularia lanceolata assemblage 
(60 — 70 m thick interval), its upper part can be characterized by a Cyclam
mina karpatica assemblage (180 30 m thick interval).

The “agglutinated level” can be correlated with the Corbula—Area 
bearing intervals, further the Ophiuroidea sp. found in T —3 borehole be
longs to this level to.

— A Globigerina assemblage occurs in the profiles T —3 and —9, with 
a high frequency of planktonic forms, i. e. Globigerina praebulloides prae- 
bulloides, Gg. ciperoensis ottnangensis. Globig erinoides sicanus ( = G. bis- 
phaericus) however is lacking. In the T —9 profile a rich Uvigerina- and 
Bolivina-fauna was observed within the Globigerina-level, with the great 
abundance of Uvigerina graciliformis, U. bononiensis primiformis, Bolivina 
plicatella, B. plicatella тега, B. scalprata miocenica and B. pokornyi pokor- 
nyi. This assemblage represents the deepest water environment.

(The arrangement of assemblages in the profiles and their related po
sition can be seen on Fig. 2.)

4.2. The Recsk area

The Garáb Schlier detected in the Recsk area can be characterized by 
an Ammonia beccarii — Florilus boueanus assemblage. The agglutinated 
forms occur only in single intervals, mainly with frequent Reticulophrag- 
mium species (R. venezuelanum, R. carpaticum).

The malacological investigations of T. В á 1 d i (1970, 1971) support 
our statement: these foraminifera faunas do not represent a typical schlier
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Table V.
The foraminife ra-fauna in the profile of the borehole T —3.
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The foraminifera-fauna in the profile of the borehole T — 9.
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II. . ................................................................................................................
Bathysiphon filiforinis .........................................................................
B. taurinense ..........................................................................................
B. sp..............................................................................................................
Hyperammina sp......................................................................................

Reophax pilulifera............................... ..................................................
Cribrostomoides coluinbiensis moravica.......................................... 
Cyclammina karpatica ........................................................................  
C. sp.............................................................................................................. 
Alveolophragmium cf. crassum .........................................................  
Reticulophragmium cf. venezuelanum............................................  
R. carpaticnm ........................................................................................  
Ammomarginulina sp.............................................................................. 
Spiroplectammina carinata..................................................................
Я cf pectinata........................................................................................
Textularia lanceolata ...........................................................................

Budashevella wilsoni.............................................................................
Martinottiella communis.......................................................................

Q. semimila.............................................................................................

Triloculina consobrina...........................................................................
gp .....................................................................................................

Lenticulina inornata .............................................................................  
Pseudonodosaria aequalis....................................................................  
Plectofrondicularia digitalis ................................................................  
P. racicosta............................................................................................... 
P. sp..............................................................................................................  
Amphimorphina hauerina..................................................................... 
Globulina gibba ...................................................................................... 
Guttullna probléma...............................................................................  
Fissurina laevigata ............................................................................. ..
Bolivina antiqua ....................................................................................  
B. dilatata dilatata ...............................................................................  
B. fastigia .................................................................................................  
B. plicatella ............................................................................................. 
B. plica tela mera .................................................................................... 
B. pokornyi pokornyi ...........................................................................  
B. cf. reticulata ......................................................................................  
B. scalprata miocenica ........................................................................  
Uvigerina cf. acuminata ......................................................................  
U. bononiensis primiformis ................................................................

U parkért breviformis .........................................................................
Stilostomella approximate ..................................................................
S. consobrina ..........................................................................................
S. pyrula ...............................................;..................................................
Riilimina affinis......................................................................................
В striata...................................................................................................
Praeglobobulimina ovata ..................................................................  
P. pupoides ..............................................................................................  
Stainforthia sclireibersiana ..................................................................  
Reuselia spinulosa .................................................................................  
Trifarina angulosa .................................................................................
Valvulineria complanata....................................................................... 
Asterigerinata planorbis ....................................................................... 
Ammonia beccarii .................................................................................. 
Elphidium flexuosum subtypicum ...................................................  
Globigerina cf. angustiumbilicata .....................................................  
G. bollii lentiana ....................................................................................  
G. cf. bulloides ........................................................................................  
G. cf. ciperoensis ....................................................................................  
G. ciperoensis ottnangensis ................................................................  
G. concinna...............................................................................................
G. foliata....................................................................................................
G. praebulloides occlusa .......................................................................
G. praebulloides praebulloides............................................................
G. sp. by Rögl .........................................................................................
G. sp. ......................................................................................................
G. noides quadrilobatulus primordius ............................................
G noides trilobiiR trilobns ..................................................................

Fish tooth ......... .........................................................................
Fjn ........... . ..............................................................

Ostraeoda .................................................................................................
Sponge pin .................... ..................................................................

Number of specimens between 1—5 о 
0-10 x 

11-20 0
21 — 50 •
50-100 □
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I E
* 25

 m
44

 m
85

 m
10

2 m
11

6 
П

1 1
13

5 m
15

4 m

£

«о

s

- 18
8 m

99
4 m

20
3 m

21
5 m S

Qd

23
2 m

24
3 m

25
3 m

 1

Guttmina probléma.............................
Bolivina hebes ...................................... о

B. scalprat a miocenica ...................... о о

B. sp........................................................... о

Uvigerina cf. acuminata.................... о о

U. bononiensis primiformis ............. о о о

U. gracniformis ................................... о ® о X о ® о о □

Stilostomella elegáns........................... 0 о

Bulimina striata................................... о о о
Stainforthia schrei bersiana............... X ® о о о

Valvulineria complanata.................... X о

Ammonia beccarii ............................... о о о о о о

Elphidium fiexuosum subtypicum . о

Giobigerina bollii lentiana ................ ® ® О

G. ciperoensis ottnengensis............... • • о о о о

G. obesa................................................... • • о

G. praebulloides occlusa.................... ® X О

G. praebulloides praebulloides .... ® • о о

G. cf. scalena ........................................ 0

G. sp........................................................... о о

Globigerinoides trilobus trnobus . . . о

Globorotalia foliata ............................. ® X
Planulina wuelierstorfi ......................
Cibicides lobatulus omatus ............. о о

Caucasina elongata ............................. о X ®
C. subulata .......................................... V

Cassidulina laevigata........................... о О

Globocassidulina ob.onga . ................ о

Florilus boueanus................................. □ □ ® • • О о О X X о о о X о 0

Pullenia bulloides................................. 0 о о о X
Gyroidina soldanii............................... о X о о
Cibicidoides ungerianus .................... о

Cibicidoides pseudoungerianus......... о о о ® • о
Hanzawaia boueana .......................... о о о

H. boueana erassiseptata .................. о о

Heterolepa dutemp.ei ........................ • ® ® □ □ о ® о о о X
Melonis soldanii ...................................
Spatangida ............................................ о о о о о о о о о о о о о о о О

Ost rácod a .............................................. о о о о о о о о о о о

Fin........................................................... о о

Echinida shell elements .................... о о о о о

Sponge pin ............................................ о о о о о о

Fish tooth.............................................. О
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Table VI.
The foraminife ^a-fauna in the profile of the borehole T — 4.

Bathysiphon filiformis.........
Hyperammina sp.
Reophax pilulifera..................
Cribrostomoides columbiensis 
Cyclammina karpatica ......... 
C. div. sp.....................................
Alveolophragnium of. crassum 
Reticulophragmium carpaticu 
R. of. venezuelanum .............  
Ammomarginulina sp..............
Spiroplectammina carinata . .
S. pectinata...............................
Textularia lanceolata ...........
Budashevella wilsoni .............
Sigmoilopsis celata..................
Spirosigmoilina tenuis...........
Lenticulina inornata .............
Marginulina hirsuta................
Pseudonodosaria aequalis . . .
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Fin...........................................................  
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Fish tooth.............................................. 
Sponge pin ............................................
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fauna. They indicate a restively constant facies. No series of assemblages 
representing even deeper and deeper facies can be detected here, as it 
was observed the borehole profiles of Mátraalmás.

Y//A Ammonia beccarii-Florilus boueanus association

Cyclammina-Textularia lanceolate association

S Uvigerina-planktonic Foraminifera association 

ШИЛ Bolivina-planktonic Foraminifera association 

^3 Spirosigmoilina tenuis association

Uvigerina graciliformis association

[ЯЯ Textularia lanceolata association with Cyclammina

Bl 111 Florilus boueanus-planktonic Foraminifera association

Fig. 2. The position of the foraminifera! assemblages 
in the Mátraalmás boreholes

4.3. Ecological characteristics

The microfauna of the Garáb Schlier in the Mátraalmás area proves 
the gradual transgression. The shallow-water, littoral Ammonia — Florilus 
fauna turns into Uvigerina assemblage upwards. The optimal biotop of the 
recent Uvigerinas is 100 meters below the sea-level. In our case the presence

2 ANNALES — Sectio Geo’ogica — lomue XX.
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of such water dept h can not be supposed owing to the monotonous charac
ter of the fauna. The Reticulophragmiums being frequent in agglutinated 
faunas indicate a sandy, soft sea bottom in shallow-sublitoral, sublitoral 
facies, while Cyclammina karpatica indicates deeper, neritic biotop. The 
presence of agglutinated faunas correlated with the malacological investi
gations proves probably a water-depth about 50 — 60 meters.

The greatest water-depth is indicated by the Globigerina assemblage, 
where Uvigerinas and Bolivinas proves a 100 m deep sea water with normal 
salinity.

The foraminifera assemblages of the Recsk area show the stabilized 
shallow-sublitoral environment. Only the faunas of the profile Sirok —1 
indicate the transgressive and regressive moments of the formation of the 
Garáb Schlier, though the water-depth could not surpass the 50 m even 
at the times of maximum transgression.

4.4. Stratigraphic position of the foraminifera fauna

The foraminifera faunas of both area investigated are indicating a 
Karpatian age. There are some species, whose time range is restricted to 
the Karpatian stage (e. g. Cyclammina kárpátién, Textularia lanceolata): 
a lot of species appear in the Ottnangian and reach their maximum fre
quency in the Karpatian (e. g. Uvigerina graciliformis): further those spe
cies were also found, which appear in the Karpatian and became charac
teristic in the agglutinated assemblages of the Karpatian and Badenian 
(Cyclammina kárpátién, Reticulofenestra carpaticum, R. venezuelanum ).

The time range of the Globigerina ciperoensis ottnangensis Rogi et 
al. (1975) being frequent in the plankton fauna described here, lasts from 
the Upper Egerian up to the Middle Karpatian. The Globigerina prae- 
bulloides praebulloides is one of the Tertiary taxas having the longest time 
range. The species Globigerinoides sicanus was not found in the faunas 
described above. This taxon appears in the Middle Karpatian and occurs 
in the Lower Lagenidae Zone too. Its absence can be explained by the ero
sion of the upper section of the SchHer, or by the biotop of Recsk area, 
yielding no trace of sea currents.

5. Summary

5.1. We can state, that the Rzehakia (Oncophora) beds and the grea
test part of the covering Garáb Schlier belong to the nannozone NN 4.

Though we can not exclude the possibility of the occurence of Spheno
lithus belemnos in the Central Paraterhys, this species has not been found 
so far. Therefore in our region it is not suitable to indicate datum level. We 
join to the opinion of BUKRY (1973), who proposed the redefinition of 
the upper limit of the Sphenolithus belemnos zone by the first appearence of 
Sphenolithus heteromorphus, which coincides approximately with the ex
tinction datum of Sphenolithus belemnos.

2*
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Sphenolithus heteromorphus occurred in the Hungarian Miocene as 
early as in zone NN 4.

5.2. The study of the i oraminifera fauna of the Garáb Schlier gave the
first information about th« presence of the “agglutinated level” in addition
to the Uvigerina-faunas being known earlier already. Such Uvigerina as
semblages were described írom the Vienne Basin by C i c h a et al. (1967)
(Závod — Laksar strata, I
the same authors have me

Laksarská Nova Ves —1, —2 boreholes). Also
> itioned Uvigerina- and Globigerina assemblages 

from Dolna Pribe’ce and Uurkovce (South Slovakia), which area represents
the northern continuation of the Hungarian Schlier-series.

5.3. Based on the recently investigated profiles and on the earlier da- 
tas of the geological literature we can state, that the brown coal covering 
brackish-water and marine Karpatian layers of the East (Sajó —Valley 
and Egercsehi) are substituted in the West (Sirok, Recsk) by a less sandy,
pelitic shallow-sublitoral Schlier. The Karpatian Schlier of the borehole
Rm —103 (according to T. Báldi 1975) has deposited in a water with 
maximum 30 — 40 m water depth. This gives an explanation to the great 
frequency of the Ammonia-Florilus assemblages and to the low abundance 
and diversity of the nannoflcra.

The Karpatian schlier of Mátraalmás could be deposited in a deeper,
more pe'agic part of the 
Recsk area — altough it
the fauna- and flora assemblages.

Karpatian sedimentary basin, than that of the 
is not represented in the rock-quality, only in
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ABSTRACT

The acid leaching of sphalerite with sulphuric acid has been investigated. It was found 
that the leaching efficiency of zinc increased with temperature and, acid concentration 
and attains a maximum of 93.6% at 200 °C using dilute acid. This method avoids zinc ferrite 
and silicate formation provides accomplishment of the precess in a single stage, and is eco
nomic.

РЕЗЮМЕ

В работе проводилось исследование кислотной обработки сфалерита с помощью 
серной кислоты. Было найдено, что способность цинка к щелочению увеличивается 
с повышением температуры и концентрации кислоты и достигает максимума при 
93.6% концентрации и при температуре в 200°С. Этот метод не влияет на цинковый 
феррит и на образование силикатов, а осуществление процесса просто и экономично.

Introduction

Sphalerite is present in economic amounts in many localities of the 
Eastern Desert of Egypt. Here, zinc deposits include polymetallic sulphide 
deposits (zinc and copper sulphides, and, to a lesser extent, lead and iron) 
and lead-zinc mineralization (composed mainly of galena and sphalerite 
with some pyrite). Oxidation and alteration products of the sulphides 
include smithsonite, cerussite, hemimorphite, zinc sulphate and limonitic 
and hematitic ochres. Studies on extraction processes of zinc received 
little attention (Amin 1955; Barakat — El-Shazly 1956; El- 
Shazly 1957; El-Shazly — Afia 1958; Hume 1934; Said 1962).

Technological processing methods of sphalerite for extraction of zinc 
from it includes the following stages: roasting of the concentrate, leaching 
of the roasted mass with sulphuric acid and then electrolysis. The main 
disadvantages of roasting of sphalerite concentrate are the formation of 
zinc ferrite, especially when the concentrate contains high amount of iron, 
and also the formation of some silicates. The zinc ferrite is insoluble during 
acid leaching and causes considerable loss of zinc. As a result of silicate 
formation, the obtained solutions contain considerable amount of silicic 
acid, which greatly influences their settling and filteration. Also, these 
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methods include two stages, roasting cf the ere and acidic leaching, which is 
uneconomic in industry (Forward - Veltman 1959; Plaksin 
1963; Ralston 1941; Yaroslavtsev — Smirnov 1964).

The direct acid leachiig cf sphalerite concentrate with sulphuric acid 
is mere suitable. This process is carried out in various ways under oxidi
zing conditions at atmospheric pressure or in autoclaves (Bjorling 
1954; Ellis 1959; Forward 1953; Forward Veltman 1959: 
Forward — Halpern 1956/57) Forward — Mackiw 1955; 
Plaksin 1963; Ralston 1941, Snurmikov et. al. 1969; 
Tronev — Baudin J939; Yaroslavtsev — Smirnov 1964).

The present work repiesents a study cf a single stage leaching cf spha
lerite concentrate with sulphuric acid cf different concentrations in air 
current at different temp< ratures.

Experimental work:

This research was curried out with sphalerite concentrate, having 
mineralogical and chemics l composition as given in Tables I and II res
pectively.

Table I.

Mineral ogical composition of zinc concentrate

Mineral Content %

Sphalerite ............................................................
Galena................................. .................................
Pyrite....................................................................
Chalcopyrite .....................................................
Hematite ...........................................................
Others (carbonates, silicates,) ......................

71.6
6.4
8.3
2.2
2.4
9.1

Table II.

Chemic al composition of zinc concentrate

Cl emical component Percentage

Zn ........................................................ 47.64
Pb 5.80
Fe 8.52
Cu 0.81
S . ..................................................... 30.45
Al2< >3................................................. 1.12
Cat .................................................1.40
SiO 2.83

О/
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From table I. the sphalerite content in the concentrate is 71.6%, while 
the other subordinate minerals are galena, pyrite, chalcopyrite, quartz 
and some carbonates and other minerals. These mineral impurities are 
genetically connected with the formation of sphalerite.

Techniques of work:

The initial sphalerite concentrate used is of grain size 98% — 200 mesh. 
The weight of the concentrate ranges from 5 — 10 gm. The sphalerite was 
mixed with sulphuric acid of particular amount and concentration and 
heated in electric furnace to a fixed temperature in dried air current.

The temperature was regulated automatically with accuracy ±3 °C. 
Leaching experiments were carried out at different temperatures and 
times. Dissolution of the sulphate mass with water was carried out in a 
beaker with magnetic stirrer at room temperature. The solution was filte
red under vacuum and the obtained cake was washed with water. Filterate 
and washed water were combined together and analysed for the total 
zinc content & then the leaching efficiency of zinc was calculated.

Results and Discussion

A series of experiments were carried out to study the essential factors 
acting upon leaching of sphalerite (amount and concentration of sulphuric 
acid, tepperature and time) and to determine its optimum conditions of 
acid leaching.

1 — Effect of acid concentration:

Experiments were carried out at amount of sulphuric acid 120% of 
theoretical amount for dissolution of concentrate and oxidation of hydro
gen sulphide, at temperatures 125° —200 °C, duration of one hour and at 
different concentrations of acid.

As shown in Fig. 1, at 125° and 150 °C, leaching of sphalerite is rapidly 
increased, as the acid concentration increases. Maximum leaching of sphale
rite (91.5%) at 150 °C reaches only using concentrated acid, while at 125 °C 
complete leaching of sphalerite does not take place.

At 200 °C, sharp increase of leaching is observed at low acid concen
trations, then there is a gradual increase. In general, as the acid concen
tration and temperature increase, dissolution of sphalerite increases.

The suitable acid concentration was selected, taking into considera
tion the possibility of using the return zinc electrolyte solution is the leach
ing process. This may be considered as 20%, the nearest one to free 
acid content in the return zinc electrolyte and at which nearly complete 
leaching of sphalerite ( ~93.6%) is reached at 200 °C.
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between the leaching eff iciency of sphalerite 
n of sulphuric acid at different temperatures. 
1— at 125, 150 & 200 °C respectively.

Fig. 1. Relatior 
and concent rat i< 

1, 2, & 3

2 — Effect of acid amount:
It is necessary to carry out leaching of sphalerite with some excess 

of sulphuric acid, as lead sulphide reacts more rapidly than zinc sulphide 
(F orward — V e 11 n a n 1959). Experiments were carried out using 
different amounts of sulphuric acid, ranging from 100 to 150% of theo-
retieal value and at diffei ■ent acid concentrations and temperatures.

From the obtained results (Fig. 2) it is observed that the conversion 
of zinc sulphide to zinc sulphate is sharply increased, as the amount of 
acid increased from 100 to 120%, then it is slightly increased especially at 
higher temperature. The eaching efficiency of sphalerite is low at tempera
tures 125 — 150 °C, ever at acid expense 150% of theoretical amount.
This may be due to the low velocity of sulphatization at low temperature.
On the other hand, at 200 °C, high leaching efficiency of sphalerite was 
obtained at acid amount 120% which can be considered as suitable 
amount for leaching. Thus, the extent of dissolution of sphalerite is di
rectly proportional to the amount of sulphuric acid added.

3 — Effect of temperature and time:
To study the action of both temperature and time on leaching of 

sphalerite, experiments were carried out a fixed amount of acid 120% of 
theoretical amount and its concentration 20,50% of concentrated acid 
and at different temperalures 125 — 300 °C, and time from 5 to 75 min.
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Fig. 2. Relation between leaching efficiency of sphalerite 
& amount of sulphuric acid at different concentrations & temperatures.

1,3,6 — 50% sulphuric acid at 125,150 & 200 °C
2,5 — 20% sulphuric,acid at 150 & 200 °C
4,7 —concentrated acid at 125 & 200 °C

From the obtained results (Fig. 3), the following conclusions have 
been drawn:

a) In general, as the temperature increases, the dissolution of sphalerite 
increases with time, except at 250 — 300 °C, where it decreases after a 
particular time of leaching.

b) At 125 °C it was found that the conversion of sphalerite to zinc 
sulphate though rapid initially in the first half hour, after that is slowly 
increased. At this temperature, complete leaching of sphalerite dees not 
take place even at long time.

c) At 150 °C, sharp increase in dissolution of sphalerite with time was 
observed, and the higher the acid concentration, the greager would be the 
leaching efficiency. At this temperature, nearly complete leaching of sphale
rite was reached using concentrated sulphuric acid.

d) At 200 °C, leaching efficiency of sphalerite is though very sharp 
during the first half hour for all acid concentrations, but after that it is 
gradual. At this temperature, complete leaching of sphalerite (98.7%) 
was reached during one hour using concentrated acid.

e) At 250 — 300 °C, high conversion of sphalerite to zinc sulphate 
was observed during the first twenty min. and co mplete leaching was re
ached after 30—20 min. respectively. At these temperatures, after rea
ching maximum and after particular time, the leaching efficiency of-
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Fig. 3. Relation between leaching efficiency of sphalerite 
& time at different temperatures.

1,2 & 3 — 20% sulphuric acid, at 125,150 & 200 °C
4,5 & 6 —£0% sulphuric acid, at 125,150 & 200 °C

7,8,9 & 10 —concenti ated acid at 150, 200, 250 and 300 °C respectively.

sphalerite decreases with time at different rates, depending upon the tem
perature of leaching. Thз higher the temperature, the more decrease of 
leaching efficiency of zinc will be observed. This decrease may be due to 
to not only the evaporation of water from reaction pulp, but also due to 
the increase of volatilizat on of sulphuric acid.

Conclusions

1—The possibility of acid leaching of sphalerite with sulphuric acid 
has been studied, from which it was found that as the acid concentration 
and temperature increass, the leaching efficiency of sphalerite increases 
with time. At high temperatures, after reaching complete dissolution and 
after a particular time of leaching, it decreases at different rates, depen
ding upon the temperatr re.

2 — Sphalerite can эе leached by dilute sulphuric acid solutions of 
amount 120% of theoretical value, at 200 °C and time 1 hour. At these 
conditions, nearly complete leaching of sphalerite (93.6%) was reached.

3 — The main advs 
are the following:

ntages of the direct acid leaching of sphalerite
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a — Avoiding of zinc loss due to zinc ferrite formation during roasting 
of sphalerite concentrate. Also, avoiding of the formation of some silicates 
and consequent difficulty of settling and filteration of the obtained solu
tions.

b — Accomplishment of the process in a single stage.
c — High extraction of zinc regardless of the iron content of the con

centrate.
d — The process is simple and economic.
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Summary

Observations on natural mercury mineralizations provide controversial data about 
the formation a — /? mercury sulfides (cinnabar-metacinnabar) as Ьоф modifications can 
exist in same genetical type of mineralization, which is characterised by enantiotropic 
temperature range. Both cubic (metacinnabar) and trigonal (cinnabar) have been recorded 
as first precipitations.

During the laboratory experiments sustems HgCl2 — H2S — H2O and HgNO3 — H2S — 
— H2O have been studied in temperature range between 25° — 100 °C. Structural and mor
phological deformations of cubic modification formed on 25 °C have been investigated in 
temperatures between 50° — 300 °C.

The role of As, Sb, T1 trace elements in the formation of cinnabar-metacinnabar have 
also been studied.

These chemical, crystal-chemical investigations provide additional data to the genetic 
interprtation of mercury deposits.

Introduction

Mercury deposits have generally simple mineralogical composition, 
mainly consisting of HgS —Hg—Sb2S3 and few other associated elements. 
The deposits are characterised by the dominance od S, Ca, Si (Fe, Mg) and 
О elements, As, Sb and Cu chalcophile elements, occasional concentrations 
of Au, Ag, Bi, Pb, Zn.

The average concentration of mercury in the Earth’s crust is 0, OX 
ppm:

Vinogradov 
Taylor

(1949, 1963) = 0,07-0,083 ppm
(1964) = 0,08 ppm

The concentration is not affected by the acidity of igneous rocks 
(Turekian — Wedepohl, 1961, Vinogradov, 1962 third 
column: E h m a n n — L о v e r i n g 1967):

ultrabasites
basic
intermediate (syenite) 
acid (granite)

= 0,01 -0.0X
= 0,09
= o,ox
= 0,08

ppm (4 ppb) 
ppm (7 ppb) 
ppm (4 ppb) 
ppm (39 ppb)
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During the late crysi alization phases, the amount of Hg in pegmatites 
less than 0,0X ppm, increasing in kata-and mesothermalites and reaches 
its peak at epithermal renditions. Volcanic exhalations generally have 
significant mercury content.

The Hg concentrate ns is sedimentary environment:

a) shales
Ъ) sandstones 
c) carobnateu 
d) pelites

0,40 ppm
0,03 ppm
0,04—0,OX ppm
0,X ppm

Usually high Hg co rcentration is recorded in the air above mercur 
deposits. This fact isused as exploration tool. Organisms (algae, fishes) 
show few tenth of у /kg hg content.

The most importart minerals of mercury are the a — ß — у — HgS, 
cinnabar and metacinnarar and the native mercury. Schwazite (HgS np
to 24 per cent Hg), livingstonite ((HgSb4Sg), mentroydite (HgO), guadal- 
cazzarite (HgZn) (S, Se), onophrite Hg(S, Se), coloradoite (HgTe), tieman
nite (HgSe), kleinite H 
linguaite (2HgO • Hg2Cl2

i2N(C1, SOJ • nH20, mosesite (Hg2NCl-H2O, ter- 
, eglestonite (Hg0Cl4O) are rare accessories in 

mercury deposits. The oxide-chicrides are possible products of the vapcr 
phase.

There are several opinions about the formation of cinnabar-metacin
nabar:

— metacinnabar crystallises prior to cinnabar (aHgS)
— metacinnabar ard cinnabar are crystallising syngenetically
— formation of metacinnabar follows that of aHgS
— metacinnabar precipitates from solutions and is not an alteration 

product of cinnabar
— metacinnabar hr s supergene origin.

In hot brines of Ama lee Hot Spring, California, and В о u i - 
king Spring, Idaho, metacinnabar (/?HgS) crystallises, subsequent 
to cinnabar. There are examples for reversed precipitation sequences too.
The formation of metacinnabar is probably affected by temperature, and 
probably, the pH conditions and the chemical assemblage, however the 
effects of there latter facter has not been experimentally proved yet. Near 
the month of Amadee Hot Spring precipitations, of cinnabar, metacinna
bar, in onter zones drops of native mercury has been observed from the 
alkaline hot brines. Fro n hot brines at Sulphur Bank California, similar 
phenomena have been recorded.

At В о u i 1 i n g S 
of Mn-rich metacinnaba •

pring (Valley County, Idaho) crystallisation 
have been described, at 7 — 8 m distance from the

mouth of the Spring. Cinnabar has formed near the mouth, associated 
with calomel, Hg-oxide 
alunite.

-chloride, chalcedony, quartz, montmorillonite,
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Krauskopf (1951) has suggested a temperature range 80° — 250 °C 
at 30 at pressure for the formation of cinnabar. Dickson (1964) has 
given 100 — 230 °C temperature at 30 at pressure. The solubility of HgS in 
Na2S solution had first studued by Knox (1906), then Dickson 
(1964), W hite et al (1967) at 3 • 5 — 7 • 5 pH, 25° — 200 °C temperatures, 
4 — 140 at pressures.

Based on conclusions about the HgS—H2O—Na2S system, it seems 
that alkalinity has favourable effect on the formation of HgS. The (SO4)2“ 
content of alkaline hot brines (Na2SO4)indicates that Na2S has an important 
role in solubility and transport of HgS. Based on

HgS+Na2S(o9) NaHgS2 reaction,

К is equal to

hence Na2S increases the solubity of HgS. Whit increasing temperature 
the solubity of silicates (e. g. quartz) is also increasing. This gives an ex
planation for the relationship of HgS mineralization and siliceous environ
ment. The coefficients of solibility:

Cinnabar К = 10~3’50(10~3’51) (Schwarzenbach — Widmer) 
Metacinnabar К = 10“59(10“3’60) (S c h w ar z e n b a c h — Widmer) The 
solubility of HgS in the HgS(s)—Na2S(o9) system is increasing from 20 °C 
to 100 °C, decreasing between 100° —150 °C, then gradually increasing. 
At room temperature the solubility of metacinnabar is 30 per cent larger 
than that of cinnabar. Until the inversion teperature for metacinnabar
cinnabar (344 °C) is not reached 30 per cent of the crystalline phase is cin
nabar.

3 ANNALES — Sectio Geologica — Toni us XX.

The irreversibility of HgS(s) + Na2S(aQ) Na2HgS2 system is highly 
influenced by the CO2 content and oxygene saturation of the solution. This 
phenomene plays inportant role in the formation of HgS and mercury de
posits in carbonate environment (Algeria, New Idria—USA, 
Rókahegy —Hungary)

In the HgS(s) 4-2H2S(oq) HgS(H2S)2(og) system at 20 °C temperature

К = 10“4’2S cinnabar
К = 10 ~4’31 metacinnabar

In the HgS-f-S2“ = Hg2“ system Barnes (1976) suggested

К = 10+°>57 = metacinnabar
К = 10+0’48 = cinnabar

These data indicate that formation of deposits composed of Hg —HgS 
are associated by alkaline + HgS|“ — hydrotermal solutions.

Dreyer (1940) concluded that most HgS deposits form at near- 
surface conditions, on normal pressure. Dickson (1964) stated that 
HgS mineralizations could form at low pressure (1 —30 at) and temperature
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or slighthy alkaline solutions, because sta- 
are determined by the above-mentioned

100° —230 °C from neutra — 
biliy ranges of Hg-complexes 
physico-chemical paramet jrs.

5 pH = Hg(HS), 
6-8 pH = Hg(HS)

9 pH = HgS2"

less important in transport of Hg 

most abundant Hgr-complex

In sulfide-complexes mercury is linked to chains with 2 or 4 coordina
tion, these govern the development of chainstructures of cinnabar cr 
framework structure of metacinnabar (Barnes et al. 1967. Fig. 1).

Fig. 1. Co-ordinating ligands of the HgS ( В a r n e s et al.)

As indicated by several Hg-chloride minerals, transfer cf mercury
so a possibility. The stability of Hg-chlcrides is 
indent, these minerals occur rarely compared 
(Krauskopf 1951).

in chloride-complexes is al; 
strongly temperature dep< 
to the HgS modifications,

The equlibrium constants of Hg-chloride complexes:

Hg2+ HCl (HgCl)+:K = ~ 107'3 
Hg2+ H4Cl(HgCl)2-:K = ~ 1010,1

H ydrothermal experiments

Laboratory experim mts have been carried cut in liquid-vapor and 
solid-liquid phase systems:

a) Synthesis of HgS monophase from solutions containing Hg+ and
— 100°C temperaturesHg2 + ions at 25° — 50° — 7 5°

1. (0.1 mol HgNO3() + H2S(g)
2. 0.1 mol HgCl2W bH2S(g)
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b) Effects of As3+, Sb3+, T1 + on the formation of HgS (by Hg:R ra
tios of 100:1 and 1000:1):

1. 0,1 mol HgCl2( j + AsClg + H^ )
2. 0.1 mol HgCl2f ) + SbCl3 + H2S( )
3. 0.1 mol HgCl2W + TlCl + H2S(g)

As, Sb, Tl have been chosen as “impurities”, because the stabilities of 
their sulfide-complexes are similar to that of HgS, atomic radii are near 
to that of Hg, and occur in epithermal ore deposit.

c) HgS ( =/?HgS-metacinnabar) + H2O and /3HgS(űg) + Na2S(g) systems 
between 252 — 300 °C. HgS is synthetised from HgCl2;s)+H2S( , system 
at 25 °C.

d) Metacinnabar (/IHgS) in solutions with composition 
Hg:R =100:1 between 50°-300 °C. (R = As3 + , Sb3;, T1+). 
Laboratory experiments are calculated with mercury ions migrating in 
chloride-complexes, from wich HgS phases can be formed irreversibly by 
the effect of H2S —Na2 S hydrotermal solutions.
Hg-ions in nitrate complexes have been investigated to study the effect of 
synchronous or differentiated formation of a — and /IHgS.

1) 0.1 mol HgNO3(<4)-H2S(g) system

The experiments have been carried out from 0.1 mol mercury (I) nit
rate solution with initial pH 2.3. The pH value of the solution have been 
modified during the reactions:

* The use of mercury (I)-nitrate is supported by two factor» 
a) very low solubility of Hg2Cl2,
b) anion effects on the formation of HgS modifications.

25 °C 15 min 1.00 pH metacinnabar crystallites
60 min 0.84 pH metacinnabar crystallites

8 hours 0,85 pH cinnabar
20 hours 0.85 pH cinnabar
30 hours 0.85 pH cinnabar

50 °C 60 min 0.85 pH cinnabar
8 hours 0.85 pH cinnabar 4-Hg-drops

65 °C
75 °C

8 hours 1,19 pH ^HgS>aHgS
60 min 1.05 pH /?HgS crystallites 

4 hours 1.06 pH /JHgS crystallites 
8 hours 1.21 pH HgS —aHgS ?

12 hours 1.19 pH /3HgS
100 °C 10 min 1.01 pH —

60 min 1.00 pH /?HgS crystallites
8 hours (?) 1.0 pH /?HgS>aHgS
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1 hat acidity of solutions formed within the same 
is larger for aHgS (pH 0.85) than for /3HgS 

- L.21 pH). Different time intervals (15 min — 

These data indicate ■ 
time-intervals (8 hours) 
and £HgS>aHgS(1.08-
30 hours) have been used for observations of transitional and accessorial 
phases during the experim mts. It was found that formation of stabile sulphi
de phases is preceded bj multi-phase precipitation of white or greyish- 
white //(/-compounds: (Í gNO3-2H2O; NHg2OH-2H2O and NHg2(NO3). 
The advance of the procsss is marked by the increasing, appearance of 
black and brownis-red pn cipitation of HgS (Table I.)

Crystallin« phases of the HgN03(a?) — H2S(„)-system

Table I.

Temperature Time
Col< ur of reaction 

product Crystalline phases

25°C 15 min. dark g ay £HgS crystallites +Hg3, Hg4, Hg„, Hg,
25°C 60 min. black /?HgS+Hg4
25°C 8 hours reddisl -brown aHgS 4-metallic Hg drops
25°C 20 hours brown aHgS + Hg +
25°C 30 hours reddisl -brown aHgS +
50°C 60 min. black nd gray aHgS, Hg,
50°C 8 hours brown "eddish brown aHgS + ( -)
65°C 8 hours dark-g ■ay ßHgS» aHgS + Hg + Hg3S2(NO3) ?
75°C 60 min. black J amellae, gray ^HgS+Hg3, Hg„
75°C 4 hours gray ^HgS + Hgs, Hg4, Hg3S2(NO3)
75°C 8 hours gray,£ rayish white £HgS, a —HgS( ?)+HgNO3, Hg4
75°C 10 hours black i nd gray 0HgS+Hg3> Hg,
75°C 12 hours black ß HgS» aHgS + Hg,

100°C 60 min. gray, 1 lack jőHgS crystallites + Hg3, Hg4, Hg7
100°C 8 hours black, pale gray jőHgS» aHgS + Hg3 + Hg4 + Hg,

Hg3 = HgNO3
Hg4 = Hg(NOP)2-2 H„O
HgG = Hg2S2(NO3)
Hg7 = NHg2(OH)-2 H2O

In the Hg(N03)(aQ) 
first at all temperatures, i

H2S system the cubic /?HgS had been formed 
ong whit HgNO3, HgN03 • 2H2O, Hg(NO3)2 • 2H2O

and possibly Hg2S2(NO3). Following the formation of Hg2S2(NO3) the 
HgNO3bonds can split, Hg(HS), Hg(HS)2, HgS|~ complexes and finally 
the poorly soluble HgS ct n form. No other final phases exist beside cinnabar 
(aHgS). The solution exhibits the greatest acidity (0.85 pH).

Pure HgS phases hive been obtained at 25° — 50 °C temperature, 8
hours. At 75 °C in diffe ■ent time intervals (4 — 8 hours) both /?HgS and 
aHgS+ ? had been foimed, herefore experiments have been repeated
at 65 °C (8 hours to ol 
tion. These experiment! 
temperature interval foi 
is 50°-65 °C:

tain more exact data about /?HgSx«HgS reac- 
indicated that in the HgNO3 + H2S system the 
contemporaneous formation of ^HgS and aHgS

ß HgS-aHgS-^ HgS + aHgS]»a HgS.
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The sulphur-content of the crystalline phases in the HgNO3 —H2S 
system is highly variable due to formation of mercury:

25 °C/8 hours = + 0.91% Hg and
-5.65% S '

25 °C/20 hours = +3,28% Hg(Hg — drops have been separated) 
— 20.51% S(!)

50 °/8 hours = + 3.74% Hg (Hg-drops have been separated) 
-30.44% S(!)

Stochiometric ratios of HgS are shown in Table VI. Stochiometric ratios 
(Hg:S) could not be determined precisely due to formation of metallic H<j 
and different //gr-nitrate complexes. (/3HgS>aHgS phases formed during 
reactions at 65° — 75° —100 °C/8 hours have not been analysed du to inade
quate quantities of material obtained).

The cu/a0 cell parameters of aHgS formed at 25° — 50 °C = 2.2891 — 
— 2.2945 Á, at 75° —100° theses values change to 2.3015 and 2.3064 Á 
respectively, indicating that the cell become more elongated. The a0 = 
= 5.8682 — 5.8752 Á of /?HgS crystallites formed at 75 °C/60 min and 
100 °C/60 min indicate less packed, while a0 = 5.8466—5.8597 Á para
meters obtained from ecperiments of 8 — 12 hours duration show tightly 
packed cells as compared indicating that the cell become more elongated. 
The a0 = 5.8682 — 5.8752 Á of /5HgS crystallites formed at 75 °C/60 min 
and 100 °C/60 min indicate (Table II and Fig. 2)

Chemical composition of the crystalline phases of the HgNO3(a?j V ILS^-system
Table II

rpo Hg s

25°C 73,63-79,63% 11,02- 9,74%
50°C 81,70-89,43% 9,77- 9,60%
75°C 82,80-88,75% 5,83- 7,73%

100°C 71,13-78,89% 6,88-10,21%

2) Hgcl2(0Q) - H2S(g0S) system

The initial solution was 0.1 mol Hg (II) chloride with 4.1 pH, charac
terised by the following thermodinamical parameters:

F° = —42.2 Kcal/mol
F° = -50.53 Kcal/mol

Robert (1971)
Robert (1971)

In every case 500 ml solution have been used, reactions at 25°, 50°, 
75°, 100 °C with durations of 8 hours- 45 min have been studied. During 
the experiments acidity have significantly decreased with time and tem
perature (pH = 0.70 — 1.90).
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254 50°C

•<
5,8500'

га 
I 

CO

5,8600-
И _____ — о

Co / a о

a

5,8700 -

65° C 75° C 100°C

5,8460

2,29

<0 
CD
I
*

-2,28

-2,30

в
® = 8"
□ = 6')'

25 °C 60 min 2.35 pH

Fig. 2. c0/a0 + a0 data о ’ the crystalline pha ses of the HgNO3(o9) — H2S-system.

95 min
8 hours

1.75 pH
0.84 pH

/3HgS crystallites 
£HgS

50 °C 8 hours 0.82 pH №S
75 °C 8 hours 0.80 pH /?HgS»a HgS

100 °C 45 min 1.90 pH
100 °C 8 hours 0,70 pH /9HgS»a HgS

precipitationDuring the reaction of white colour (a — yHgS3S2Cl2)
have been formed first, 
50 °C metacinnabar,

followed by greyish and black products. At 25°— 
it 75° —100° /3HgS + aHgS phases (with /JHgS

dominance) precipitated, associated by the following accessories:
25 °C 60 min

25 °C -95 min

25 °C 8 hours
50 °C - 8 hours
75 °C - 8 hours

gray a - ^Hg3S2Cl2
greyish white
a) greenish-grey /?HgS crystallites and
b) pale-grey a - yHg3S2Cl2
c) grey
black />HgS + yHg3S2Cl2
black /3HgS 4-yHg3S2Cl2
black ^HgS 4-xHgS 4-

yHgS3S2Cl2
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100 °C —45 min

100 °C — 8 hours

a) greenish grey
b) pale-grey x — y Hg3S2Cl2‘
с) grey

bl ack ß > aHgS + Hg3S2Cl2

The initial products cf reactions in the HgCl2(og) — H2S(g) system are 
the a — and yHg3S2Cl2. From the two the modification has larger stabi
lity, however its presence in products of reactions at 75° —100 °C was not 
observed. Unlike in the Hg(I)-nitrate — H2S(g) -system, ^HgS with 
sphalerite-type structure has been formed at 25° — 50°C temperature. At 
57° —100 °C /SHgS was the dominant product, but aHgS has also ben 
recorded.

This indicates that in solution-vapor system the /SHgS^aHgS 
reaction takes place between 50°-and 65 °C. This has an implied explana
tion for controversial observations in natural systems, regarding the 
^HgS and aHgS precipitation sequence, (in several cases the black /?HgS, 
in other cases the purple aHgS was recordedas first precipitation).

The formation of ^HgS begin after the saturation of the solution 
with respect to sulphur has reached 60 per cent. Below this value of sul
phur-saturation yHg3S2Cl2 have been produced.

The chemical composition of crystalline phases of the HgCl2(O7) — HgS(g) 
system (from expriments of 8 hours duration) are “richer” in Hg and S than 
the the products of Hg (I)-nitrate —H2S(g) — system (Table III. and Fig. 3).

The data obtained from the analyses indicate that the HgS formed 
in the Hg(II)-chloride — H2S system depleted in cations (Hg). but all the 
S-pcsitions have been filled (?j (Table IV and VI).

Table III.

Chemical composition of the crystalline phases 
of the HgCl2(ag) - H2S(g)-system

T° Hg s Cl H2O

25°C 85,84% 13,98% 0,26% 0,00%
50°C 84,79% 14,00% 0,15% 0,03%
75°C 85,04% 13,96% 0,41% 0,07%

100°C 84,56% 13,10% 2,19% 0,04%

The a0 structural parameter of /?HgS is decreasing with the rising 
temperature. The c0/a0 parameters of the aHgS have not calculated, as 
only few d/A data has been obtained.

25°/8h : a0 = 5.8610 Á
50°/8h : a0 = 5.8408 Á
75°/8h : a0 = 5.8011 A

100°/8h : a0 = 5.7441 A



40 KISS — A. ABDEL REHIM

5,8000> I

5,8400> г

5,8500, A-

crystalline

<5,8000

F%, 3. Chemical composition of the
phases of the HgCl2(s) — H2S^) — system.

The decreasing cell-parameters of /SHgS 
to the initial formation of aHgS structure.

at 75°-100 °< can be related
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3. Experiments for recrystallization of ßHgS formed at 25 °C in the tempera
0°C

3.1. HgS(s}-H2O
ture range between 25 — 3L i

The structural invei 
H2S system has characte 
framework diagenesis).

The crystalline proc 
composition:

sion of /JHgS, which was formed in //</-chloride- 
•istic features (posthydrothermal effect structural

luct, formed at 25°C/8 hours has the following

Hg = 85.79%
S = 14.00%
Cl = 0.26%
H2O = 0,00%

100,05%
wich is equal to

/?HgS =97.31% 
dg3S2Cl2 = 2.69%

100.00%
phase-composition. The c 
300°C temperature range

ompcsiticnal changes of this product in the 25° — 
are shown in Fig. 4. (30 days at 25°C, 24 hours

at 50° - 300°C)
The Hg content is decree 
content remains practice 
mum” and three Hg-“ mi

///-“maximum” = a 
//(/-“minimum” = a

sing with an average 1.77 per cent, while the S 
illy unchanged ( + 0.01%). The four //^-“maxi- 
limum” varies with the temperature:
) 25°; b) 75°; c) 175°-200°; d) 350°C 
/50°; b) 100°’—150°; c) 250°-300°C.

The Cl content is reducing with an average of 0,09 per cent, with the
largest amount at 125° — 
at 200°C. Approximately

150°C ( =0,04%, 85 per cent of Cl content) and 
40 per cenf of total Cl content can be removed

without any sign of destiuction. The pH factor of the solution have been 
stabilized at 4.82 — 3.9 between 25° — 75°C, above temperature it has be
come more acid at an average pH 2.24 (in the range of 2.10 — 2.37).

The inversion of ДН 
25° — 150°C the ßHgS is 
proportion shows an oj

gS to cinnabar starts at 25 °C/30 days. Between 
still the dominant phase (^HgS>aHgS), their 
posite change between 175° —250°C, and only 

mono-phase aHgS have been observed at 300° —350° C (Fig. 5 and 6).
Using these results in the interpretation of mineral genesis it can be 

concluded the /SHgS (metacinnabar) wich have initially crystalised from 
the hydrothermal solutic ns, can be altered to aHgS (cinnabar) at low
temperatures by the effect of post-ore solutions. At higher temperatures 
the rate of inversion in ir 
nant crystal-phase. We d: 
175°C (It is possible that

creasing, and from 175°C the aHgS is the domi- 
ont have data about the rate of inversion below 
/SHgS—aHgS precipitations in eocene Nummu- 

lite-limestone at Rókahegy— Budapest can be explained with this pro
cesses).
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Fig. 4. The composition of HgS(s) + H2O and HgS(s) + Xa2S(o„) crystal phases as a function 
of T°

METACINNABAR ^HgS)-CINNABAR ИНд)

SYSTEM 25'C 50’C 75C loot 125'C 150'C 175*C 200*C 25бС 3OCÍC 35О’С

/3> /3>
>oC

/з>

>cX
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> cX

ß>
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о<>
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HgS,)- Na^ /3>
><X

/3>
>d.
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>/3

o( o< oi Л « Л
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Л >

>ß

<*>
(X Л

.HgS^ -SbCi3(aq) fl fl
ß >

>ß

<х >
>/3
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> Ä

/3>
>о< >ß
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Fig. 5. Phase relations of HgS + solution systems.
The upper line refers to the HgSf/i) — H2O system
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In the non-stochio metric compositions of the /ŐHgS>aHgS (at 25° — 
150°C), the aHgS>/?HgS (at 175°-250°C) and aHgS (300°-360°C) 
crystalline phases the following relationships have been observed (Table
V and VI).
a) ^HgS>aHgS = — 0.15— 3.33%///-deficiency and +0.944-4.06% <8
b) aHgS>/? HgS = — 0> 9—2.88%///-deficiency and +0.65 +1.16% 8
c) aHgS = —1>8 —3.52%///-deficiency and +5.58 +1.52% 8

Mean values

a) 
b) 
c)

/3HgS>aHgS 
aHgS>/?HgS 
aHgS

2.46% Hg + 2.02% 8
2.37% Hg +0.84% 8
2.70% Hg +1,05% 8

It seems that aHgS is no the average more deficient in cations than ßHgS
(However Barnes and Scott suggested the ß HgS as 8-deficient)

3.2. HgS^-Na^S^
Literature data show 

tion of Na2S ( D i с к s о ] 
pro к —1967). Solubility

;hat the best solvent for HgS is the aqueus solu- 
n 1964 Barnes - Ro m berge r-Stem-

250°C and 1800 bar has a 
mentioned except that .at 
aHgS was formed.

is related to the contrentration of Na2S, at 
value of 30 g/1. Phase-alterations has not been 
temperatures below 344°C approximately 30%

The experiments in the HgS(s) — Na2S — H2O system have been initiated 
by the following problems:

b) 

c) 

d)

the saturation of /deficient position can take place diagenetically 
if chlorine is removed the transitional reaction predict, yHg3S2Cl8 
alters to HgS, 
what is the alteralion temperature of complete inversion of /?HgS 
to aHgS,
How the cell-parameters are changing during the /9HgS —aHgS 
alterations.

0.1 mol Na2S solutio i has been used for the expreriments with the 
HgS(s)—Na2S — H2O systen. Experiments have been carried out in Py
rex-phials, in closed system. (The duration of experiments was 30 days 
at 25°C, 24 hours at 50°- 150°C).

The chemical compos ition of the initial HgS(s) showed the following 
variations during the phas 5 alterations at 25° — 350°C (average values):

25°-50°
75°-300°

350°

= -1.51% Hg,
= -2.23% Hg,
= -1.54% Hg,

-0.22% 8
-0.15% 8
-0.21% 8

The following Cl cont mts have been analysed:
15(° — 200°C = 0.20-0.25% Cl
2i° —125°C = 0-0.10% Cl

25(°-350°C =0-0.15% Cl
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The pH of the solution showed slightly decreasing tendency:
25° —200°C = 9.86-10.35

250° —300°C =9.58-8.24

The /IHgS phase alterations in the HgS—Na2S—H2O system indicate 
that Na2S + H2O solution (post-ore hydrothermal solution) accelerates the 
formation of aHgS and at 100° —350° exlusively mono-phase cinnabar 
structure is formed:

a) 25° —50°C = black, /5HgS> aHgS + yHg3S2Cl2
b) 75°C = brownish-red aHgS > ^HgS + ?Hg3S2Cl2
c) 100° — 175°C = purple aHgS + NaHgCl3-2H2O
d) 200° — 350°C = purple aHgS + yHg3S2Cl2 

(Table V., VI. and Fig 4.)
The non-stochiometric compositions of /3HgS>aHgS; 
aHgS>/?HgS and aHgS:

25°- 50°C = /?HgS>aHgS = -2.09-2.35% Hg, 1.16-1.52% S
75°C =aHgS>/3HgS = -1.53-2.23%#^ — 0.65 + 4.9% >8

100° — 350°C = aHgS =-2.26 3.40% Hg, -0,07 + 1.52% <8

Mean values:
25° - 50°C =/3HgS>aHgS = -2.22% Hg - 0.36% 8

- 50°C = /SHgS>aHgS = -2.22% Hg-0.36% 8
75°C =aHgS>/?HgS = 2.18%//</ + 2.56%/8*

* From data of 8 — 24 — 30 hours experiments.

100° —350°C = aHgS " = -2.98% Hg-0.80% 6'

On the average aHgS shows larger Hg and smaller >8 deficiency than 
/?HgS, the Hg~8 ratio of aHgS approximates the ideal 1:1 value better than 
that of /?HgS. The celle parameter for /5HgS a0 = 5.8521 ±0.0007 Á, is 
unaffected by temperature changes. The c0/a0 value of aHgS differs from 
literature data (2.30 Ä) with —0.01 Á (Fig. 6).

a) The results given by the experiments in the HgS(s)—Na.2S( 5 
system indicate that effects of H2S solutions promote splitting of [HgSj- 
tetrahedra of pHgS and their chain like linear rearangement (cinnabar 
structure). It also causes the alteration of accessorial yHg3S2Cl2 phase to 
aHgS by removing Cl. The non-stochiometric character of aHgS becames 
smaller despite the number of unfilled /S-positions being larger than of 
^HgS.

b) The initially formed less stabile /IHgS phase alters to cinnabar 
quite easily, therefore aHgS is more abundant in nature. Coexisting a — ß 
HgS indicates meta-phase transitional stage, which can explain the con
troversial conclusions in previous studies about the phenomene that both 
meta-cinnabar adn cinnabar have been observed as first precipitation.
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Fig. 6. Structural parameter variations of crystalphases of HgS(s) — H2O and HgS(sj — Na2S(Oi)
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4. Experiments with the formation of ( Hg, R) S from HgCl2(aq) + R-Moride + 
H^S and HgS^+R-cEoride system (R = As, Sb, Tl)

4.1. HgCl2(o9)—AsCl3 —HjS(s) (25°, 50°, 75°, 100°C)
a) Hg : As = 100 : 1
b) Hg: As = 1000 : 1

HgCI 2(aq) ASCI ,^aqj H2S
1000:1

■0,010

■0,020

•0,030

-0,040 
w
< 
E
a

Fig. 7.Anal; 'sis data of HgCl2(ű(?) —AsC13(ű9) —H2S system
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The crystalline product both systems (100:1, 1000.T) is powder-like 
black. The crystalline phase is /3HgS, wich contained about 2 — 3 per cent 
yHg3S2Cl2 impurities. It seems that with rising temperature the Hg, As 
and exhibit little of any variation. Data of analyses are summarised in 
Fig. 7. The largest differences were recorded in ^-content in the experi
ments at 25°C and 100°C. The closest correlation of Hg-As-S have been 
observed in the 1000 : 1 = Hg:As system (Fig. 7).

The average values of the analysis:

100:1 83.56% Hg-, 14.38% S, 0.032% As
1000 : 1 83.38% Hg; 14.30% S; 0.012% As

(pH of the solution: 0.64 — 0.61)

The non-stochiometric distribution of Hg—S in crystalline phase is al
most unaffected by the As content (Table IV., and VI).

100 : 1 Hg = -3.11% S = +4.20% As = 0.03%
1000:1 Hg = -3.27% 5 = +3.64% As = 0.01%

The largest Hg deficiency is in the 100:1 system at 100°C and in the 1000 : 1 
system at 25°C, in ^HgS phases. The /SHgS cell-parameters are the smal
lest in this system, (average values)

100 : 1 = 327,5 ppm As, a0 = 5.8396 Á
1000 : 1 = 122,5 ppm As, a0 = 5.8415 Á

The difference between Hg° = 1.51 A and As° = 1.48 Á is small, hence 
substition does not necessarily cause change in the cell parameters. Howe
ver, the larger difference between Hg+ = 1.10 Á and As3+ = 0.58 Á cau
sed cell contraction at 100 — 300 ppm As content.

The 100 : 1 system contains 327.5 ppm As, this explains the small ave
rage a0 values in )3HgS. Fig 8. shows that a0 values are smaller than lite
rature data and among the experimental data the smallest values have been 
obtained by no means in this system.

4.2 HgS^+AeC^-100:1

The crystalised products of the HgS(s)—AsC13(ű9) system can be grou
ped in distinct temperature intervals. The mean values of analysis are 
arranged according the increasing temperature (Fig. 9).

a) 25 —150°C = /3HgS
b) 175°C = ^HgS>aHgS
c) 200 —250°C = aHgS>0HgS
d) 300°C = ocHgS

a) 25° - 150°C = 84.08% Hg, 14.08% S, 20 ppm As 
(pH = 1.56 — 1.67)

b) 175°C = 84.93% Hg, 14.14% S, 15 ppm As
(pH =1.36)

4 ANNALES — Sectio Geoio^ica - Tom us XX.
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■Á

HgCI.2(eq) -A^l 3(aq) -HaS

100:1

5,8500-

5,8300 5,82748( ? )

50е C 100°C

5,8300

5,8400

5,8400 3o

AsCI3(aq7H2S

1000:1

5,8500

Fig. 8. Cell-p irameters in HgCl2(ű(?) — AsC18(q^ — system

c)

d)

200 —250°C = 84.26% Hg, 14.86% S, 12,5 ppm As
(pH = 1.36)

300°C = 85.49% Hg,
(pH — 1.45)

14.33% S, 10.0 ppm As

With increasing temperature the crystalline phases which contain 97 — 98% 
HgS show relative increase of HgS content and decreasing of As. The Hg- 
deficiency is decreasing the ^-surplus is increasing contemporaneously, 
with the following average values in aHgS — ßHgS phases:

a) 25° —150°C = --2.46% Hg, 
b) 175°C = --1.47% Hg, 
c) 200° —250°C = -2.26% Hg,
d) 300°C = -0.82% Hg,

(from Table V).

+ 4.61% 8 20 ppm As,
+ 2.96% 8 15 ppm As, 
+ 7.64% 8 12.5 ppm As,
+ 3.84% 8 10.0 ppm As,
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with 1—2 per cent of yHg3S2Cl2 impurities. /?HgS>aHgS has been ter
med at 175°C, aHgS>/?HgS between 200°C and 250°C, pure aHgS at 
300°C. From the pure phases, /3HgS is an average more deficient in Hg — S
than aHgS (Table VI).

The cell-dimensions о 
The a0 value of /5HgS form
in literature. After recryst: 
to these data. The values

100 : 1 I(25°
1000 : 1 |25°

' /SHgS are probably effected by the As content, 
ed from solutions is smaller than those published
alisation of the HgS(s; —AsCl3(Qg) system fall closer 
are increasing on higher temperatures:

-100°C) = a0 = 5.8396 Á
-100°C) = a0 = 5.8415 Á

(175°C) = a0 = 5.8545 Á

The cell of aHgS forned along with /SHgS is more elongated than 
the c0/a0 of that one formed as mono-phase.

HgS = c0/a0 = 2.2918 A 
HgS = c0/a0 = 2.2909 A 

= 2.2885 A

£HgS>or 
aHgS > . 
aHgS

Results are summarized in Fig. 10.

4.3. HgCl^ -SbC^ - 1 12S(25° -50° - 75° - 100°C)
a) Hg : Sb = 100:1
b) Hg : Sb = 1000 : 1
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The antimony is the most abundant element associated with mercury 
mineralizations. Thus it seems reasonable to study the relationships of 
//(/-sulphides and antimony. The differences of atomic and ionic radii of 
the two elements:

/1 = 0.15 Á (atomic radii)
Л = 0.34 Ä (ionic radii)*

The metallic bonds of the two element might not cause considerable 
change in the structural framework while with ionic linkage structural 
distortions possibly arise.

Black, isometric, nearly square- or diamond shaped crystallites have 
been formed in the systems 100 : 1 and 1000 : 1 = Hg : Sb

100 : 1

* = 0,22 Á at Whittaker — Muntus (1970)

25°C black ^HgS pH = 0.2
50°C black ßHgS pH = 0.2
75°C black £HgS pH = 0.2

100°C black /SxxHgS pH = 0.2
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1000 : 1
25°C
50’C
75°C

100°C

bla 
bla 
bla 
bla

ok 
, ok 
ok 
ok

^HgS

£>aHgS
/?>aHgS

pH = 0.2 
pH = 0.2 
pH = 0.2 
pH = 0.2

The monophase character of
to the HgCl2( )-SbCl3( )-
From 75°C aHgS has ah

/3HgS formed at 25° — 50°C is typical
H2S system (Similar to the HgCl2 —H2S system), 
о appeared, unlike with As. The amount of

yHg3S2Cl2 phase was ordes smaller than in the HgCl2(o?) —AsCl3(^ — H2S 
system. The analysis of crystalline phases are shown in Fig. 11. This in
dicates that there is close relationship between Sb — S in both system and 
among Hg—Sb—Sm the 1000 : 1 = Hg : Sb system.

The Hg'-deficiency of 
system than in the 1000 :

the crystalline phase is larger in the 100 : 1 
system. Significant variation in 8 content has

been observed (Fig. 11., Table IV). The average non-stochiometric com-
positions.

100 : 1 = 82.62% H^;
1000 : 1 = 84.67% Hg; 

with differences of
100 : 1 = -4.15% Eg;

1000 : 1 = -1.47% Eg;

14.71% 8;
13.93% 8;

+ 6.66% 8
+ 1.06% 8

0,77% Sb
0.05% Sb

ency has been resulted in 100 : 1 system at 25°C 
100°C. The 8 content in the 100 : 1 system has 
07, +10,94 (Table IV., and VI).
25° — 100°C show cell dimensions nearly similar

The greatest Hg'-defic 
and in 1000 : 1 system at 
varied lin the range of — 0.

The /?HgS formed at
to literature data (being smaller, differs only in the third decimal):

100 : 1 = /?HgS = a,
1000 : 1 = /?HgS = a.

= 5.8472 A = 7700 ppm Sb 
= 5.8483 A — 500 ppm Sb

The deformational effect + antimony can not be proved here. The distri
butions of cell parameters of /?HgS follow similar trends both in system 
(100 : 1 and 1000 : 1), and show minimum at 100°C. (Fig. 12.) 

4.4 HgS^-SbC^-100

Mono-phase /9HgS hos formed at 25° — 100°C, aHgS between 250° —
300°C, and mixed phases in 100°C —250°C temperature range.

aj 
b) 
c) 
d)

25 —100°C 
125 —150°C 
175 —200°C 
250 - 300°C

= £FgS>aHgS 
= aFgS>/?HgS
= aF

=

* Formation of aHgS in form of crystal nuclei has probably started at 50 °C, but its 
presence is still uncertaii at 75 °C.
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HgCl^-SbCI^-HjS
1000:1

Fig. 11. Analysis data of HgCl^^) — SbCl3(ű?j — H2S systems

1 —2% Hg3S2Cl2 is permanently present. From 75°C Sb2S3 was obser
ved.

The Hg : Sb ratio in the composition of crystallized material showed 
inverse relationships, antimony crystallises dominantly as separate phase 
(Sb2S3), and its incorporation to the HgS structure is restricted.
The average of analysis results based in the distubution of ß- and aHgS 
phases:

a) 25° - 100°C = 85.74% Hg, 
b) 125° —150°C = 83.95% Hg, 
c) 175° —200°C = 85.74% Hg, 
d) 250° —300°C = 85.28% Hg,

13.86% S, 2800 ppm Sb
13.89% S, 300 ppm Sb
13.83% S, 30 ppm Sb
13.85% S, 10 ppm Sb (Fig. 13.)
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5,8500-

5,8400

HgCI2 (aq)— SbCI 3(aq) - H2S

100:1

5,8300

5,8400-

5,8500

HgCl2(oqrSbci 3(aq) “ H2$
1000:1

I 
/ 

/a.

10(5 C
—-4b—

7
I

rig. 12. HgS cell-parameters 
in the HgCl2(a<^ — SbCl3(űt7) — H2S systems

The HgS(s) —SbCl3 system shows the smallest Hg- and deficiency. The 
Hg : S ratio exhibits close relationship with stochiometric values (based on 
data from Table V and VIL).

a) 
b) 
c) 
d)

25°-100° 
125°- 150° 
175°--200° 
200°- 300°

= 0,76 Hg, +0.60 S 
= -2.61Hg, +0,64 S
= -0.53 Hg, +1.13 S 
= -1.00 Hg, -0.35 S

Above 200°C the HgS(s) + SbCl3(űg) system is characterised by a HgS phases 
having a special crystal-morphology. The average size of crystal grains 
is 0.2—0.5 mm with maximum of 1.0 mm. The antimony catalyses the 
inversion of /JHgS to cinnabar signyficantly. At 300°C the rate of Sb im
purity is only 10 ppm.
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The a0 parameter: of the metacinnabar (/SHgS) phases form HgS(s) — 
— SbCl3(oQ) system averaging the following values:

a) 25°C — 100°C = a0 = 5.8457 k, 2800 ppm Sb
b) 125°C —150°C = a0 = 5.8542 k, 200 ppm Sb
с) 175°C-200°C = a0 = 5.8563 k, 30 ppm Sb

It seems that aHgS contains less As and Sb than /SHgS with sphalerite- 
structure. The distributions of structural parameters of /SHgS and aHgS 
are summarized in Fig. 14.

4.5. HgCl^aq) - TlCl^-Н^(25° - 50° - 75° - 100°C)
a) Hg:Tl = 100 : 1
b) Hg : Tl = 1000 : 1

Both mercury and thallium tends to cancentrate in epithermal deposits 
but only few data had been published about their genetical, geo-chemical 
relationship. For crystal-chemical reasons thallium has favourable charac
teristics to be in close assotiation with mercury. There is only minute dif- 
ference between the atomic radii:

Hg° = 1.51 k, Tl° = 1.60 Á A = 0.09
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Fig. 14. Structural p irameters of phases in HgS(sj — SbCl3(a9) systems

The differences of ionic ra lii still permit isomorphous substitution:
Нд> + = 1.10 Á, Tl+ = 1.47 Ä d = 0.37 Ä*

* A = 0.48 Á at Whittaksr — Muntus (1970)

The products of 100 : 1 snd 1000 : 1 systems are black isometric, nearly 
square-sphaped grains and lamellae. At larger TV-content (100:1) only 
/IHgS has been formed. 1r 1000 : 1 — Hg : T1 system at 75° — 100°C aHgS 
has also appeared, similar у to the HgCl2 —H2S system:
100 : 1

25°C = black £HgS pH = 1.30
50°C = black pH = 1.31
75°C = black £HgS pH = 1.35

100°C = black pH = 1.25
1000 : 1

25°C = black ßHgS pH = 1.30
50°C = black ^HgS pH = 1.30
75°C = black £>aHgS pH = 1.29

100°C = black £>aHgS pH = 1.20
yHg3S2Cl2 as associated prase has appeared only at 100°C in the 1000 : 1 
system. In other cases only HgS has been crystallised. The chlorine content
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of the crystalline phases is averaging at 0.11%, in few cases 0.05% or less 
has been analysed. From all Hg-solution-vapor systems studied the HgS 
phases of the HgCl2(ai) - TlCl(ag) system showed the highest deficiency in 
Hg and S, though Hg : S ratio is more permanent in this system than in 
ohters.

Maximum Hy-content has been recorded in sulphide phases at 75°C. 
in both systems (100 ; 1 and 1000 : 1).
The Hg : S ratio is the closest to stochiometric ratios in this case. Analyses 
are summerised in Fig. 15.

HgCI2 -TICI - H2S
1000:1

Fig. 15. Analysis data of the phases 
from HgCl2(Q9) — T1C1(Q?) — H2S systems

The crystalline phases show Hg deficiency and Ä surplus with permanent 
difference. (Table IV).
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The average of analy sis data:
100 : 1 = 83.24% Ну, 14.25% 8 800 ppm Tl

1000 : 1 = 25°- 50° = 82.80% Hg, 14.12% 8, 460 ppm Tl
= 75° —1000° =83.17% Hg, 14.51% 8, 180 ppm Tl

wich is equal to:
100 : 1 = - 3.47% Hg, +3.34% 8

1000 : 1 = 25° — 50°3 = -3.99% H^ + 2.32% 8
75 —1000cC = -3.02% #/ + 2.68% S

deficiency and surplus.

The cell-parameter o: ’ ßHgS phase is averagely larger than the litera
ture data in the second decimal. As smallest a0 values have been obtained
with As, the largest ones with Tl, it is suggested that cell-deformation 
effect of ionic radii Tl>Sb> As, have been responsible for theses differen
ces in case of ionic bonds

100 : 1 = £HgS = г0
1000 : 1 = ßHgS = a0

= 5.8627 Á -800 ppm Tl
= 5.8506 A -460 ppm Tl

The variation of a0 values is shown in Fig. 16.

4.6 HgS(aq)-TlCl^-100 : 1
During the experime its mixed ß

formed in wide temperatu re interval (150° —250°C):
a. and a>/? HgS phases have been

a) 25°-125°C=£ 
b) 150° —200°C = ß'.
c) 250°C = al
d) 300° —350°C = /OgS

IgS pH = 4.56—2.56 (black)
IgS>aHgS pH = 2.65—2.52 (black)
IgS>/3HgS pH =2.50 (brownish-red)

pH = 2.57—2.60 (purple).

With rising temperature the acidity of the solution is increasing, /IHgS 
is converting to aHgS. The //(/-content of sulfide phases shows maximum 
100° —150°C and minimum at 200°C. (Fig. 17).

The Tl content is gi adu ally decreasing with temperature, while the 
amount of *9  remains prac ically unchanged. (Table V and VI).

* based on one analysis oi dy

The average values of analysis data shown in Fig. 17.
a) 25° -125°C = 84.33% Hg,
b) 150° —200°C = 84.55% Hg,
c) 250°C = 83.64% Hg, 
d) 300° —350°C = 84.01% Hg,

13.76% 8 400 ppm Tl
13.81% 8 200 ppm Tl
13.88% 5 70 ppm Tl
13.95% 8 100 ppm Tl

wich are equal to:
a) 25° - 125°C = 
b) 150° —200°C = 
c) 200°C =
d) 300° —350°C =

2.16% Hg 
1-91% Hg 
1-91% Hg 
2.55% Hg

-0.53% 6'
+ 0.04% 8 (*)
+ 0,04% S (*)
+ 1.08% S
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Fig. 16. Variation of cell-parameters 
in HgCl2(0(?) - T1C1(Q9) - H.S

These data indicated as temperature was increasing (150° —200°), 
the difference in Hg : Ä becoming smaller, then after aHgS became domi
nant, the difference was again larger (Table V.).

The cell-parameters of ^HgS has been the largest among the systems 
studied:

a) 25° —125°C = a0 = 5.8646 Á -400 ppm Tl
b) 150° —200°C = a0 = 5.8614 A -200 ppm Tl
c) 250°C = a0 = 5.8613 A - 70 ppm Tl

With rising temperature the a0 values are decreasing along with the Tl 
content.
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Fig. 17. Analysis date of crystalline phases of the HgS(sj — TlCl(a9) system 
as a function of T°

The a0 and c0 parameteis of ocHgS are larger then literature data ( = 2.91
Á), and indicate sligt elengation in c0 direction:
150°C —HgS. c0/a0 = 2.305; 175°C = 2.298; 200°C = 2.295 к
250°C —HgS, c0/a0 = 2.292; 300°C = 2.287; 350°C = 2.286 Á

The variations of /?HgS and ocHgS cell parameters are shown in Fig. 18.

5. Conclusions

The experiments h tve provided new explanations for the conditions 
of formation of /3HgS and <xHgS and the crystal-chemical mechanism of 
their conversion. The following problems had to be answered.

1. Why both modi ?ications were usually formed in one paragenetical 
sequence, and which is the primarily precipitated mercury-sulfide, /SHgS 
or aHgS.

2. Is the /5HgS о f shalerite-type structure the more metastabile
variety ?

3. Is there any possibility for conversion of cinnabar to metacinnabar 
below the temperature of the inversion point (344°C).

4. Which of the crystal-chemical data are caracteristic for ^HgS and 
aHgS phases.
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Fig. 18. Metacinnabar and cinnabar cell-parameters in the HgS(s) — TlCl^a^-system 
as a function of T°

5. Is there any role of the As, Sb, Tl impurities applied in the experi
ments on the formation of /?HgS and aHgS. Do they have any effect 
on the cell-parameters ?

6. What are the preconditions of alteration of />HgS to aHgS at room 
temperature. The aqueons media or the Na2S solution in wich /3HgS has 
higher solubility is the more favourable solvent for this alteration ?

This questions have been remained in most part unanswered in the 
previons literature of Hg-sulphide mineralization.

a) Between 25° — 75°C. The mercury, mobilized in form of complexes 
by chloride the most abundant anion of hydrothermal solutions crystalli
ses as /5HgS of sphalerite-type structure. The coexistent crystallistion of 
/jHgS and aHgS in the temperature range of 75° — 100°C indicates that 
the formation of the more stable cinnabar-structure dies not begin at room 
temperatures. In the 75° — 100°C experiments only /3HgS had been produ
ced in the first short intervals, i.e. 15 — 60 min. Only initial crystallites 
of aHgS has developed in the 8-hours experiments, as evidencenced by the 
presence of the most intense 3.59 d/A line and 1.735 d/A doublet close to 
the 1.764 d/A line of metacinnabar on the X-ray diffractograms.



. KISS — A. ABDEL REHIM

From mercury (I)-nitrate solutions however aHgS, cinnabar has been 
formed at 25° — 50°C, suggesting that the orbital character of the Hg/I/- 
nitrate complex has gov irning effect on the development of structural 
type of mercury-sulfide.

In the experiments with HgNO3(aQ) — H2S at 75° — 100°C abrupt chan
ges have been recorded in the proportion of mercury-sulfide polymorphs
( = £HgS>aHgS). The test had been repeated at 65°C and similar,
(?HgS>aHgS ratio has bien obtained. In nitrate-containing solution va
por systems the inversion point can be positioned in 50 — 65°C temperature
range, in which mixed phases, /3HgS>-aHgS are crystallising, after aHgS
was formed betwen 25° — iO°C. In the case of nitrate-containing hydrother-
mal solutions the cinnabar and not the metacinnabar crystallises prima
rily below 50°C.

b) The As3+ ions in solution-vapor hydrothermal systems (at 25°- 
— 100°C) prevent formatian of aHgS, while in cases of presence of äö3 + 
and Tl+ mono-phase /?HgS has formed betwen 25° — 50°C, and /?HgS>

aHgS polyphases at 75 ’ —100°C, similarly to the HgCl2 —H2S system.
c) The experiments 

solution-vapor systems, 
presence of nitrate ions, 
is stabile below 60°C. In 
formed below 50°C, above 
,/iHgS : aHgS ratio is 4 : 1

showed that the first crystallites, formed from 
lave always, /5HgS structure initially, then in 
these rapidly (5 — 6 hours) alter to aHgS, wich 
case of excess chloride-content, metacinnabar is 
this temperature coexisting <xHgS is also present.

d) Hg-depleted sulf ide-phases are formed from solution-gas system, 
which become structurally ordered in solid-liquid (HgS + metal-containing 
solutions) systems. The /^-deficiency is larger in phases of metacinnabar 
structure, the Hg : S' ratios show greater differences then in phases of cinna
barstructure. In solid-phase — solution systems the Hg : S values are clo
ser to the theoretical 1 : 1 ratio. This is most apparent for the cinnabar.

e) The recrystallisation of metacinnabar in solutions starts at room-
temperature (30 days), th
with cinnabar dominanc e 
300°C.

rough transitional mixed phases (aHgS > /5HgS)
at 175°C and to final mono-phase system at

f) In the HgS(s)-Na, 
duced. Its formation begi

8(s) system at 100°C mono-phase aHgS is pro- 
ns at room temperature.

g) The metacinnaba г to cinnabar alterations in Na2S are stimulated
by the presence of antimcny (/?63 + ) ions. The alteration begins at 125°C.

h) In HgS(s)—SbClgf^) systems large (few millimeters in size) crys
tals have formed.

i) At our experime ital conditions alteration of cinnabar to meta-
cinnabar has not been recorded. In close system this alteration takes place 
at 344°C. At present the‘e are no observations for alteration of cinnabar 
to metacinnabar during t irmometamorphosis.

j) In natural environment for the primary formation of metacinnabar 
chloridic hydrothermal solutions have been proved to be the most favorable 
with A<s3+ content below 100°C, TH content below 25°C, /S63 + content
below 50°C. The metacinnabar to cinnabar alteration may take place by
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post-ore hydrothermal effects depending on temperature and ion-concen
tration of the solution, and possibly follows one of these schematic proces
ses:

I. HgS + Нр
a) 25° —150°C = pHgS>aHgS 
b) 175° —250°C = aHgS>^HgS 
c) 300°C = aHgS

II. HgS+Naß+Hp
a) 25° — 50°C = £HgS>aHgS
b) 75°C = aHgS>/9HgS
c) 100° —350°C = aHgS

III. HgS+AsClpHp
a) 25° —150°C = £HgS,
b) 175°C = ^HgSxzHgS
c) 200° —250°C = aHgS>/3HgS, 
d) 300°C = aHgS

IV. HgS + SbCl& + lip
a) 25°-100°C =/5HgS
b) 125° -150°C = £HgS > aHgS, 
c) 175° - 200°C = aHgS > 0HgS 
d) 250°-300°C = aHgS

V. HgS+TlCl + Нр
a) 25°-125°C = £HgS,
b) 150° —200°C =ßHgS>aHgS,
c) 250°C = aHgS>/3HgS,
d) 300°-350°C =aHgS.

5 ANNALES — Sectio Geologien - Tomus XX.
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PLATE 1
1

4

1

2

3

4

= HgCl2+H2O + H2S - 50°C
Aggregates of square-like crystal grains of Metacinnabar 120 X.

= M etacinnabar + N a2S+H 2C 
Sub hexaedric, isometric g 
ierograph.

- 300°C
■ains of cinnabar with (0001) base plaines; 10,OOOx, electron-

= Metacinnabar + As(II I )Cl + H2O — 250°C.
Idiomorphic cinnabar wit 
tronmicrograph.

= Metacinnabar + As(IlI)Cl

fi (0001), (hOkl), (Ohkl), and (1010) forms; 20 OOOx, elec-

i-H20-300°C
Idiomorphic cinnabar with different proto- and deutero rombohedra and base-planes;
Twin-intergrowth. 3000 x; electronmicrograph.
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5 = Metacinnabar + Sb(III)Cl + H.iO-300°C.
Idiomorphic cinnabar (0001), (1010) planes. ЗОООх; electronmicrograph.

6 = Metacinnabar + Sb(III)Cl+H2O-250°C.
Powder-preparátum, cinnabar crystals ( = 0,6 mm) with crystal-growth characteris
tics; 80 x.

7 = Metacinnabar + Sb(III)Cl+H2O — 300°C.
Powder-praparatum. cinnabar crystals (=0,5 mm) with crystal-growth characteris
tics; 80 x.

5*
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SUMMARY

It can be stated on the whole that the standard deviation of the results of measurements 
around the average varies according to samples and elements. The accuracy of activation 
measurements equals in general that of the traditional analytical methods or even surpasses 
it in certain cases. In case of some elements of ore minerals we can state that the demands 
(concerning sensitivity, accuracy, serial feasibility, economy etc.) determining the choice of 
analytical methods and the value of the obtainable informations underline the advantages 
of the neutron activation method, e. g. in case of Se, Ag, As, Sb, Co, La.

Part of the traditional methods requires in the case of the above mentioned elements 
more intricate sample preparatory, wet chemical (eventually separational) processes and 
assures the same or even less reproducibility (wet chemical analysis, spectrophotometry, 
atomic absorption), or provides not so many informations (e. g. spectroscopy, mass — spect
rometry, X-ray fluorescence analysis). We may note that our analyses concerning the ele
ments mentioned above are comparable with earlier analyses and in some a good conformity 
can be found.

We hope for further possibilites in extending the number of measurable elements es
pecially concerning elements furnishing isotopes of shorter half-life (e. g. Ga, In, Mo, Re, 
Mn, Cl) as well as lanthanides (these latter as obtained from skarnic concentrates).

Applying epithermic activation the determination of e. g. Ni, Th and U becomes possib
le, further on the sensitivity and accuracy of Cd determination can be significantly increased.

Studies of this kind are going on, their results as well as interpretation of data will be 
dealt with in a later paper.

Introduction

Neutron activation analysis enables a sensitive and precise determina
tion of many elements in geological samples too. Analysis of many siliceous 
rocks [Moderntrends .. ., 1969; Allen — Haskin — Anderson — 
Müller, 1970; Brunfelt — Steinnes (Eds), 1971), meteorites, 
lunar samples ( В r u n f e 11 — S t e i n n e s, 1971; Levinson, 1970; 
Brunfelt — Steinnes — Sundroll, 1977] have been carried 
out, and as a result earlier Clark-distributions of some elements had to be 
corrected.

The extension oi irradiations to the epithermic domain increased the 
number of determinable elements and in some cases also the sensitivity and 
accuracy of the determinations too (Steinnes, 1971; Randa, 1976).
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The activation analy sis turned to be a useful method of investigation 
of standard reference-materials, so of the study of minerals and rocks, first 
of all in the domain of trice concentrations, (Gordon — Randle —
Goles — Corliss — Ráesőn — Oxley, 1968; Co jocaru — 
Ispas, 1971; В r ä 11 e r — L a u s c h — R ö s i c k, 1975).

Relatively few attention has been paid so far to a nondestructive 
multicomponent analysis of sulfide ores. At first Lamb et al. (1966) 
carried out such measurements by means of a Ge(Li) semiconductor detec
tor, in the course of which determinations of elements furnishing isotopes 
of small and medium half-life have been made. Later on, Steinnes et
al. (1973) and Randa ( 
and ore concentrates.

976) carried out instrumental analyses of sulfides

The paper presents t he results of nondestructive analyses carried out 
by means of neutron activation on “averaged” ores, monomineral fractions 
from the mineralization of Recsk serving for standardization purposes as 
well as on a few other о’es of diffent composition, genesis and place of 
occurrence. The investigetions have included first of all trace and secon
dary elements being important geochemically and practically, such as: Cu, 
Zn, Se, Ag, As, Cd, Sb, Co, Au, Sc, La.

Samples and standards

Samples under i ivestigation can be grouped as follows:
I. Polimetallic and monomineral fractions of the mineralization of 

Recsk used as reference material (according to the numbering of
Table II.):

1. Dispersed pyi
2. Dispersed ch
3. Chalcopyrite-

:Re ore
I dcopyrite-pyrite ore
-pyrite skarne-ore

4. Sphalerite-pyrite skarne-ore
5. Sphalerite-py
6. Polimetallic
7. Sphalerite
8. Pyrite

rite “metasomatic” ore 
‘metasomatic” ore

9. Galenite, sphalerite, chalcopyrite
10. Chalcopyrite pyrite

11. Other samples coming from the mineralization of Recsk:

11. Chalcopyrit), pyrite from skarn
12. Chalcopyrit
18. Pyrite from
20. Enargite
21. Luzonite

; j, pyrite from skarn 
I skarn

24. Skarnic vein
25. Skarnic vein
26. Skarnic veil
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III. Monomineralic fractions from various Hungarian finding places:
13. Chalcopyrite, pyrite, Gyöngyösoroszi
14. Chalcopyrite, pyrite, Rudabánya
15. Chalcopyrite, pyrite, Nagylápafő
19. Sphalerite, Nagylápafő
22. Galenite, Gyöngyösoroszi (flotationed ore)
23. Galenite, Nagybörzsöny.

IV. Samples from foreign finding places:
16. Chalcopyrite, pyrite, Texas Gulf, Canada
17. Chalcopyrite, pyrite, VrlyBrjag, Bulgaria.

For the quantitative determination solutions of p. a. or spectroscopic 
purity of the components were used.

Pretreatment of samples and standards for the irradiation

Quantities of the samples of about 100 mg (measured with analitical 
precision) were packed into small polyethylene boxes. In order to assure 
uniform measuring geometry, 100 pl quantities of the standard solution 
(measured by means of micropipette) were taken separately into similar 
boxes, then dropped into silica gel and dryed out using an infra lamp.

According to earlier observations the boxes contained the elements 
sought for under the limit of detectability, so that before the measure
ments a repacking became unnecessary.

Irradiation, measurements

Irradiation of the samples took place in the Training Reactor of the 
Technical University Budapest.

For Cu-determinations the pneumatic irradiation system of the reactor 
(<pterm = 2,8X 10итг cm-2«-1), for the production of isotopes of longer half
life one of the vertical irradiation channels) ^term = 2,4X10nn cm-2«"1) 
were used.

In case of irradiation by the pneumatic system times of 20 min, for 
channel irradiation times of 24 hours were applied.

Simultaneously with the samples and standards also copper flux- 
monitors were irradiated.

Measurements have taken place in case of the short time irradiations 
after 2 — 3 hours, while for the long time irradiations delays of 5 days and 
3 months were applied.

For the measurements a semiconductor detector “Princeton Gamma 
Technique Ge (Li) and joint KFKI made 4096 channel analyser was used. 
The resolution of the detector was 2.2 keV related to the 1332 keV peak 
of 60Co.
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For both samples and for both positions two parallel irradiations have 
been carried out, so we obtained for the elements furnishing radioisotopes 
of short half-life at least 2, for those with longer half-life 2 or 4 parallel 
data. (Several usable peaks, — e. g. in case of La, Cu, or several radioisoto
pes of various halflives such as 122Sb, 124Sb — even accordingly more). Irra- 
diational, cooling and measurement parameters as well as the most impor
tant physical constants of the radioisotopes used are contained in Table I.

Computation of the results of measurements

Spectra recorded on punch tape have been analysed by the computer 
RAZDAN — 3 of the Computer Center of the University. Besides the 
complete list of spectra the programm used contains the following data 
of higher importance:

— the place of the peak (the serial number of the channel),
— the value of gamma-energy belonging to the given channel num

ber,
— the area of the peak,
— the statistical error of the area of the peak,
— the statistical error in percent of the peak area.

In addition the programm determines in parts of the spectrum chosen 
in advance the volume of peak area still usable — in the given domain 
(in case of a given background) — for quantitative measurements or for de
tection of an isotope (Currie-levels, Currie, 1968). So we were able to 
give the lower concentration limit of the determinability also in cases, when 
the method was not sufficiently sensitive for a quantitative evaluation.

Given the knowledge of peak areas we computed corrections for uni
form irradiation — cooling — and measuring time intervals, for uniform 
neutron flux, geometric measuring positions as well as for standards and 
for the samples investigated. Calculations were carried out on the desk
top calculator, type: Hewlett-Packard 9810 of the Institute of Mineralogy 
of the University.

Gamma-spectra of some mineral fractions (pyrite, chalcopyrite, sphale
rite, galenite) are shown on Figs. 1, 2, 3 and 4.

Summary of the results of measurements

Results of measurements are assembled in Table 2. Mean concen
trations are shown as well as single standard deviations computed on the 
basis of parallel measurements are given expressed in the same units as the 
mean concentrations. When needed also detection limits computed on the 
base of Currie levels are given.
Copper. Measuring accuracy — besides simplicity and quickness — 

is comparable to that of conventional (electrogravimetric, 
photometric) methods, depending on concentration an 1



74 J. BÉRCZI — J. KISS

matrix material: 0.2% (relative) (29.28% Cu) — 15% (0.02% 
Cu). In ci.se of multicomponent serial measurements the 
method can be proposed as a method for the determination 

Zinc:
of macro respectively accesoric component.
Lower lirr it of quantitative evaluability (for the measuring 
parameteis) is about 0.008%. Measuring accuracy: 0.7% 
(65.03%2n) — 17% (0.123% Zn). Asregards applicability of
the methc 
copper.

the conditions are the same as given above with
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Selenium:

Silver:

Measuring accuracy: 2% (3397 ppm Se) —21% (14 ppm Se)- 
Selenium is one of the elements measurable with high sensiti
vity and accuracy (when needed the parameter can be sig
nificantly increased by changing of measuring conditions). 
It is recommended for quick and nondestructive trace 
analyses.
Lower limit of quantitative measureability is 4 ppm. By 
means of increase of irradiation, measuring and cooling



E J" (KeV)

Arsenic.

times, sensitivity and accuracy can be increased. Measuring 
accuracy: 6 5% (368 ppm Ag) —40% (4.4 ppm Ag).
It is an element with precise determinability. In case cf 
nondestruc ;ive measurement with the presence of antimony 
of higher quantity application of correction is needed.
Measuring accuracy: 0.6% (3616 ppm As) —11,8% (17 ppm
As).
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Cadmium:

Antimony:

On account of significant background interference it can be 
measured only with moderate accuracy and sensitivity. 
Lower limit of valuability is about 15 ppm.
Measuring accuracy: 0.9% (6363 ppm Cd) —48% (23 ppm 
Cd).
It can be measured without destruction sensitively and 
precisely. In case of the parameters applied the measuring 
accuracy is: 0.8% (5857 ppm Sb) —25% (0,8 ppm Sb).
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Cobalt:

Gold:

Scandium:

Lanthanum.

It can be measured simply, precisely and sensitively from 
any matrix material.
Measuring accuracy: 3.3% (264 ppm Co) —45% (3 ppm 
Co), limit of detectability about 1 ppm.
It can be measured with extremely high sensitivity and 
accuracy. Ils determination is not influenced by other ele
ments. Measuring accuracy: 8.6% (837 ppm Au) —20% (0.1 
ppm Au).
Owing to its favourable nuclear parameters its determina
tion can he made from any mineral or rock sensitively and 
precisely Limit of detectability is about 2 ppm Sc. 
Measuring accuracy: 5% (21 ppm Sc) —20% (5.5 ppm Sc). 
Remarks n ade for scandium are valid here too. Lantha
nides are with a few exceptions — well measurable by

Summary of results

Cu 
0/ /0

Zn 
%

Se 
ppm

Ag 
ppm

1
1739/71

Disseminated 
pyrite ore 0,59 ±0,09 < 0,008 23± 6 < 5

2 
1742/71

Disserminated chal
copyrite-pyrite or 1 1,35 ±0,19 0,09 ±0,01 26±10 5±2

3 
1740/71

Chalcopyrite-pyrit 
skarne-ore 3,19 ±0,26 0,023 ±0,004 155 ±21 05

4 
1741/71

Sphalerite-pyrite 
skarne-ore 0,26 ±0,01 6,94 ±0,08 742 ± 37 36 ±8

1743/71
Sphalerite-pyrite 

„metasomatic” 
ore 0,45 ±0,01 6,ll±0,12 55±11 < 5

6 
1744/71

Polymetallic „me
tasomatic” ore 6,60 ±0,11 9,86 ±0,20 271 ± 31 38±12

7
2634/1

ZnS 0,43 ±0,03 65,03 ±0,40 127 ±g2 84 ±22

8 
2634/3 FeS2 0,26 ±0,02 0,46 ±0,03 325 ±29 < 5

9 
2634/6 PbS < ZnS < CuFe 4,32 ±0,12 9,98 ±0,12 3397 ±68 368 ±24

10
2634/22 CuFeS2<FeS2 29,28 ±0,04 0,25 ±0,02 981 ±40 34±6

11 Recsk RM — 35,
CuFeS2< FeS2 j 11,85 ±0,03 0,001 575±131 25J?±3

12 Recsk RM — 32, 
CuFeS2<FeS2 ll,34±0,30 0,001 899±U5 69±5
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means of neutron activation method. Measurability limit: 
about 4 ppm.
Measuring accuracy: 6% (245 ppm La) —20% (5 ppm La).

In case of samples 20. and 21. (enargite, respectively luzonite) the 
background activity of As and Sb — being present as main components 
— is so high that determination of Cu and Cd is not possible, while the quan
tity of As is not comparable with the As content of the standard. Thus, 
their place has been left blank in the table.
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Table II.
of measurements

As
PPm

Cd
PPm

Sb
PPm

Co 
ppm

Au
PPm

1
Sc 

ppm

I La

PPm

626 ±10 < 15 4±1 14±3 0,2 ±0,02 14± 1 17±5
97 + 4
97±4 23 ± 11 9 ±2 30 ± 4 0,3 ±0,05 12 ±0,6 99 ±6

3616±21 20 ±8 8±2 23±5 0,6 ±0,1 8,5 ±0,5 245 ±15

868 ± 26 < 15 26 ±3 20 ±3 1,1 ±0,1 5,5 ±1,1 43±3

273±18 533±18 7 ±2,5 42 ±2 <0,1 21 ±1 95 ±4

1784±15 583 ±67 17±5 264±12 <0,1 <2 23± 1

331±29 6363±61 245±U 3±, 0,1 ±0,02 <2 <4

1184 ±32 <15 8±2 16±2 0,6 ±0,06 <2 <4

39±3 915±36 24 ±4 10±2 <0,1 <2 <4

598 ±65 182 ±26 36 ±3 42±4 2,0 ±0,1 <2 5±1

17±2 57 ±6 0,8 ±0,2 70 ±7 4,7 ±0,1 <2 <4

90±3 144±13 3,9 ±0,2 116±1 l,7±0,l <2 <4
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(conti

Í Cu
%

Zn 
%

Se 
ppm

Ag 
PPm

13 Gyöngy ösoroszi 
CuFeS2<FeS2 16,06 + 0,06 0,03 ±0,001 1669 ±53 394 ±21

14 Rudabánya, 
CuFeS2< FeS2 13,56 ±0,05 0,001 14±3 35 ±3

15 Nagylápafő, 
CuFeS2<FeS2 5,07 ±0,03 0,30 ±0,01 81 ±5 63 ±5

16 Texas Gulf, Canad 
CuFeS2< FeS2 12,19 ±0,05 0,56 ±0,02 845 ±12 71 ±8

17 Vrly Brjag-Burga
Bulgaria
CuFeS2< FeS2

3,

7,86 ±0,04 0,002 ±0,001 77±8 9±1

18 Recsk RM - 35, 
FeS2 0,53 ±0,01 0,001 336 74±12

19 Nagylápafő, 
ZnS 0,14 ±0,02 62,33 ±0,53 185±14 251 ±24

20 Recsk, enargite 0,10±0,01 231 ±8 586 ±15

21 Recsk, luzonite 0,08 ±0,01 1469 ±70 42 ±6

22 Gyöngyösoroszi
PbS(flotated or 0,12 ±0,01 0,16 ±0,01 32 ±4 9±1

23 Nagy börzsöny, 
PbS 0,22 ±0,02 0,04 ±0,01 16±2 227 ±8

24 Recsk, RM — 35 0,02 ±0,003 0,45 ±0,08 <10 < 5

25 Recsk, RM - 27 
952 — 953 m 0,20 ±0,01 0,28 ±0,05 115±10 28 ±10

26 Recsk, RM — 30
649 - 649,5 m 0,02 ±0,003 1,21 ±0,06 < 10 93±18
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Table II.
nued)

As 
ppm

Cd 
ppm

Sb
PPm

Co 
ppm

Au 
ppm

Sc 
ppm

La 
PPm

119 ±4 365 ±32 103 ±2 9±2 0,5 ±0,1 <2 <4

355±13 171 ±22 18 ± 1 68 ±3 0,5 ±0,1 <2 <4

103 ±9 144±21 6,3 ±0,5 68 ±3 0,3±0,l <2 <4

21±2 204±23 4,5 ±0,3 14±2 0,2 ±0,05 <2 <4

69±2 15 2,5 ±0,2 192±8 0,3 ±0,03 <2 <4

47±4 2466 ±370 156±5 1 0,1 ±0,025 <2 <4

4670 ±40 12 ± 1 540 ±43 <2 <4
5857 ±45 12± 1 837 ±72 <2 <4

246 ±29 138±12 2 ±0,5 8±1 0,4 ±0,1 <2 <4

3±0,3 233 ±34 l,7±0,2 39±6 0,2 ±0,05 <2 ±4

4,4±1,8 59±6 5 ±0,5 8±4 0,05 ±0,02 10,8± 1,4 28±2

5±2 48±5 5 ±0,4 18±5 0,4±0,04 13,2± 1,4 17 ± 1

139±4 173±13 6,3±0,4 8±3 0,03 ±0,04 32± 1 771±8

6 ANNALES Sectio Geologica — Tomiis XX.
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SUMMARY

Normal twin-laws according to (HO) and (130) respectively according to the left forms 
of these could be established for the first time for plagioclase twin-crystal groups figuring as 
andesite porphyric phenocrysts (1974). Although these twin-laws could be established from 
the measured optical data by means of vectorgeometrical computations, no composition 
— respectively twinning — planes could be determined with them. The plagioclase twin crys
tal dealt with in what follows occurred in one of the andesite samples collected in the Visegrad 
mountains. With this twin complex the composition — and twinning — plane of the Börzsöny, 
twin-law, (110), between two twinned parts being in immediate contact could well be detec
ted and measured. Values obtained with the measures are in good agreement with those 
obtained from computations, proving that normal twin laws according to (110) and (130), 
respectively according to their left forms can be present with plagioclase s found in nature.

The andesite sample comes from the Dömörkapu quarry (Visegrád 
mountains). The rock is a medium- or dark -grey, fresh pyroxene an
desite. Microscopically it contains microcavities the internal walls of 
which are lined at places by green nontronite. The texture of the pyroxene 
andesite is microhemicrystallic-porphyric. Its mineral components are: 
plagioclase, ortho-and clino-pyroxene and opaque mineral. The amount and 
crystallization degree of the matrix proves that it is an effusion rock and 
not a subvolcanic one. The porphyric components are: plagioclase, pyro
xene; their dimension is: 150 — 1700 y. Between plagioclase and pyroxene 
many oriented intergrowths can be seen, and they appear sometimes as 
inclusions within each other.

The rock is containing so called “cognate inclusions” also, i.e. in
clusions from the depth (gabbro, diabase).

On the evidence of the texture crystallization might have occurred 
in two magma chambers, but the solidification of the rock took place on the 
surface. Owing to the idiomorphic development of the porphyric pheno
crysts it is probable that the formation had been stagnant in a magma
chamber of high temperature and the outflow took place afterwards.

In the crystallization process of plagioclases two generations can be 
observed. The bulk of plagioclase crystals is of zonal structure, but zoneless 
sections can also be encountered. The anorthite content of zonal plagioclases 
varies between 70 and 86%.

6*
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of bladed, tabular habit according to the face 
s are very frequent, twin plates are rather wide.

The plagioclases are 
(010). Twinned formatier
Among the crystal faces lypes (110) and (110) can frequently be encoun
tered. Besides cleavages (301) and (010) also cleavages according to (110) 
and (110) are well measurable. Fredomimant composition faces are: the 
most frequent plane is (010) and some irregular composition planes among 
the multi-composed twin formations are also relatively frequent.

Many crystal groups 
present and their ratio as 
The complicate complexes 
times a well observable

consisting of a number of twin complexes are 
compared with that of “common” twins is high, 
consisting of several twin members show some- 

matrix inclusion structure, which seems to be 
uniform as if it surrounded a common core.

This rock was the source of the plagioclase twin crystal on the thin sec
tion of which one can measure the left form of the “Börzsöny-twin-law”, 
the (110) face as composit on and twin plane. The method of vector-geomet-
rieal computation for th 
twin crystals was discusse 
Mrs Örkényi — Bo

5 interpretation of observed data of plagioclase 
d in an article of mine published in common with 
ndor L. (1974).

Observed and computed data of the plagioclase twin crystal figuring 
in sample Sz. 2. are as fol ows:

Denotations used in the course of computation:
^/o = unit vector oi the (010) face normal in the first complex,

the (010) face normal in the second complex, 
the [001] zone axis in the first and second comp-

= unit vector oi
— unit vector o:’ 

lex,

0 = t nit vector of the “roc-tourné” twin axis,
(010)

= unit vector о" 
= unit vector о '«0 

«»О 

Co

the (110) face normal,
the direction of highest optical elasticity,

= unit vector of the direction of medium optical elasticity 
= unit vector of the direction of lowest optical elasticity.

figuring as index in the right lower corner of the 
represents the corresponding twin member. The 

The upper case letter 
letter denoting the vectc r
apostrophe in the right i pper corner denotes the transformed value of the 
vector. The marking (with letters) of the morphological directions agrees 
with the Goldschmidt marking system.

The measured data c f the twin crystals shown in Fig. 1. are as follows;
I. = first complex conta ning the members А, В, C.

Its cleavage and twinning face is:

M, = n = 113.5°, h = 17 7°.

II . = second complex containing the members D and E.
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Fig. 1. Plagioclase twin crystal 
in andesite of Dömörkapu.

Its cleavage and twinning face according to (010) is:
Mn = n = 237°, h = 4.5°.

The (110) twinning and composition plane appearing between the two com
plexes is as follows:

T = n = 177.5°, h = 26°.

The (110) direction appears in either twin members in the form of growth 
lines, crystal faces and parting too.

The (110) direction of the two complexes is alternatively parallel to the 
(010) direction of the other complex.

MIo = -0.87340 i-0.37976 j + 0.30486 к

MIIo = +0.83608 i-0.54295 j +0.37460 к

To = - 0.04043 i - 0.92629 j + 0.37460 k.

A twin-member:
n0 = 234° h6 = 3.5°

bAn = + 0.80750Í —0.58668J + 0.06104Z:

nQ = 326° ha = 30.5°

aAo = + 0.48181 i + 0.71431 J+0.50753A

cA„ = [6д0Хад0] = -0.34136 i -0.38042 J+0.85947 Ä-.
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В twin-member:

n^ = 236.5°

bBo = +0.824 

nc = 328°

Cß0 = + 0.51? 

ав„ = [bBoXc

h„ = 8.5°

fl i —0.54586;+0.14780 к

hc = 12°

13 £ +0.82950; + 0.20791 к

[lo] = -0.23608 £-0.09485; + 0.96703 к

C twin-member:

n6 = 180.5°

bCo = +0.008 

nc = 280°

cCo = +0.892

hft = 20°

19 i - 0.93965 j + 0.34202 к 

hc = 25°

52 i + 0.15737 j + 0.42261 к

aCo = [Mc< J = -0.45093 i + 0.30180; + 0.83994 к

D twin-member:

nb=™° 

bD„ = -0.071 

nc = 277° 

cB„ — + 0.90? 

«d„= [bDoXc,

= 24.5°

30 £-0.90649;+ 0.41469 к

nc = 24.5°

17 £ + 0.11089; + 0.41469£

,o] = -0.42189 £ + 0.40742; + 0.80992 A'

E twin-member:

n; = 18° hc = 18°

c£o = -0.29: 

n6 = 115°

bEo = -0.84!

«Eo = [CEtXbi

88 £ + 0.90450; +0.30901 к

h6 = 20.5°

90 i - 0.39585; + 0.35020 к

2o] = +0.43908 i -0.15940; + 0.88416 к

A and В : of Carlsbad; 
В and С : K, of Roc-Toui 
A and C : Albite M

D and E : Albite M7/. 
’né.

А ьnd E : twin T of Börzsöny.
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In every twin-member, the orthogonality of the two optical symmetry
axes must be examined. If the angle subtended by them is really 90°, then 
the product of their unit vectors is zero. This is, of course, impossible owing 
to the measurement errors. Up to a deviation of 0.5° the numerical data 
should not be changed, but in case of an error surpassing 0.5° one has to 
apply an adjusting procedure. Concerning the data published above no 
such deviations occurred, so that no use of adjusting was necessary.

Computing of the twin axes is carried out on the basis of bisector 
vectors of the optical directions. The computation of bisector vector takes 
place by means of addition, respectively subtraction of unit vectors of the 
corresponding directions. The obtained vector must be reduced to unit 
vector form.

The bisectors of optical symmetry-axes of A and В are:

ZIa„ = +0.15186 i +0.38281 J+ 0.91126 к
ZIbo = +0.17650 i +0.41870J +0.88993 к
ZICa = +0.15107 г + 0.38335J + 0.91116 к

Owing to the closeness of the two [w^j-s the mean value of the bisector of 
the directions [na] and [w,.] is computed and used in what follows:

Z/o = +0.15147 i+0.38308 j + 0 91121 U

The bisectors of optical directions of A and C twin-members are:

MIao = -0.86953 i-0.38456 J + 0.30988 к
MIbo = -0.87086 г’ —0.38457 J+ 0.30613 к
MICo = -0.87193 i-0.38003 j + 0.30871 k.

The unit vector computed on the basis of the measurements is:

= -0.87340 г-0.37976 j + 0.30486 U

For the subsequent computations the measured M, value will be used, 
because it is subtending an angle of 90° with the unit vector of Z,. From 
these two directions the unit vector of the twin-axis of Roc-Tourné will 
be computed by means of vectorial multiplication:

Kh = [Z/oX^f/o] = + 0.46283 г-0.84203 j + 0.27706 U

The twin axis of Roc-Tourné results from the optical data of В and C as 
follows:

KIao = +0.45843 г-0.84635 j + 0.27118 к
KIbo = +0.47000 г-0.83827 j + 0.27640 к
KICq = + 0.46852 г-0.84156 j +0.26882 U

Because the value obtained by means of vectorial multiplication is the 
more accurate one, we will use it instead of the measured values, but we see 
that the deviation is insignificant.
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The bisectors of the о ptical directions of twin-members D and E are:

MIIa„ = +0.83308 i-0.54846 > + 0.07183 к
M1Ibo = +0.83124 i-0.55154 > + 0.06965 к

= +0.83122 i —0.55108> + 0.07338 k.

The average value is:

MIIo = +0.83185 г-0.55036 > + 0.07162 к.

The unit vector computed From the measured direction is:

MIln = + 0.83608 г-0.54295 > + 0.07845

This latter value subtends the angle 89° 30', with the twin axis of Carlsbad 
and so it is just to be accepted.

The optical bisectors between twin-members A and E are:

Tao = — 0.04487 г —0.91739 > + 0.39546 £
Tbo = — 0.03884 г’ —0.92176 > + 0.38580 X’
TCo = -0.03395 г -0.91867 > + 0.39356 к

The unit vector computed from the mean value is:

To = -0.03922 -0.91928> + 0.39162 k.

The angle subtended by this with the twin-axis of Carslbad is 89° 56’, 
i.e. it is more accurate, t ran the To vector computed from the measure- 
ment.

The bisector of the (0 0) directions of the two complexes is:

Tm. = -0.03732 -0.92284 j + 0.38336. k.

Let us transform the vector To into the coordinate system XYZ (X-ax
is: twin-axis of Roc-Tour ié, Y-axis: Albite twin axis, Z-axis: twin-axis of
Carlsbad). We obtain:

X = -Kh
Y = +M,0 
z — +zIa

-0.46283 г + 0.84203 j-0.27706 k, 
-0.87340 г-0.37976> + 0.30486 к, 
+ 0.15147 г + 0.38308 > + 0.91121 к.

The sign of the axes of the coordinate system XYZ has been fixed 
basing on the Euler angles of first kind.

The transformed vah e of the T — twin-axis in system I. is:

= +0.86441 г'-С 50275 >’ + 0.00225 к'.

The Goldschmidt val res are:

(f/ = 120.5° q' = 89.9°.

Thus, between the tv in-members A and E twin-law according to (110) 
can be observed, i.e. the left form of the “Börzsöny” twin-law.

The observed data are shown in the annexed stereogram (Fig. 2.)
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Fig. 2. Stereogram of a plagioclase twin crystal observed in andesite of Dömörkapu.

The interpolated values for the case of an anorthite content of 85% are 
for (110) as follows:

= 119.5°, p = 90°.

The anorthite content of the twin crystal corresponds on the migration 
curve to 83 — 84%>, the observation points are lying along the HT curve 
within a distance of 1 mm.
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РЕЗЮМЕ

В работе проведено численное исследование потока вещества, вызванного 
движением опускающейся литосферной плиты. Математическое моделирование этого 
потока проводится в остром углу между горизонтальной литосферной плитой и 
опускающейся литосферой. Расчеты вынужденного потока двумерные, зависящие 
от времени, с вязкостью, зависящей от температуры. Расчеты очень чувствительны 
к реологическим свойствам материала в районе схождения двух литосферных плит. 
Моделирование вулканизма островных дуг, скорее всего, не может быть осуществлено 
без учета нелинейной реологии материала, а именно, прочности, пластичности и т. д. 
Вынужденный поток, исследованный в данной работе, является возможным объяс
нением вулканизма островных дуг, а также высокого теплового потока окраинных 
бассейнов.

Introduction

It is now well established in plate tectonics that the oceanic plates, 
continuously created at midoceanic ridges, descend into the mantle at 
ocean trenches as sketched in Figure 1. However, some of the processes 
occuring beneath such trenches and associated island arc — marginal basin 
systems have not yet been understood in all details. The observed large 
gravity anomalies (see in Fig. 2) near the trench systems are often attri
buted to the higher density of the relatively cold descending oceanic plates, 
however, it seems to be more probable that the regional positive anoma
lies extending from the island arc to, at least, the adjacent continental 
margin are produced by active upward emplacement of mantle material 
behind the subducting oceanic plates. The sometimes very detailed heat 
flow data of island arc areas show a very characteristic behaviour as 
presented in Figure 2. The heatflux from the oceanic plate as it entrers the 
subduction zone is sub-normal, there is a small decrease in the trench and 
the arc-trench gap but when the volcanic arc is reached the heat flow’ in
creases rapidly and relatively high values conserve for long distances be
hind the arc. At present there are two different approaches to the heat gene
ration problem. Turcotte and Ox burgh (1968, 1970) and others 
(e.g. Minear and Toksöz, 1970) have attributed the high surface 
heat flow to heat generation by viscous dissipation along a thin slip zone
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ISLAND ARC

Fig. 1. Sehe natic cross-section of an island arc area.

Puc. 1. Схемап-ческий профиль района островной дуги

В
. 4 

yical з 
cm sec 2

1

rench 
--

volcanic 
front

marginal 
basin

Fig. 2. Typical gr ivity anomaly distribution (A) and heat flow 
profile (B) in island arc-marginal basin systems.

Рис. 2. Типичнь й профиль гравитационных аномалий (А) 
и теплового потока (Е) в системе островная дуга- окраинный бассейн

between the descending slab and the overriding mantle. McKenzie 
and Sclater (1968) pointed out that that stress or frictional heating in 
the Benioff zone alone would require unrealistic temperatures (7000°C) 
and a long time for heat transfer to the surface (300 m. y.) for producing
the observed heat flow b 
Sleep (1974) in the case

shind the arcs. According to Andrews and 
of the mechanism of frictional heating the region 

above the slab must be fhliid enough to convect termally, and at the same 
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time yet so viscous that the descending slab can give rise to stress of about 
2 kilobars. An other approach to the problem is the idea of Andrews 
and Sleep (1974) and others (e. g. I s а с к s, Oliver and Sykes, 
1968; McKenzie, 1969), which suggests that high heat flow in mar
ginal seas and island arc volcanism may be explained by a mechanically in
duced circulation of material within the wedge between the two lithosp
heric plates. In this paper we investigate this later process with numerical 
calculations.

Geophysical model and numerical results

The hydrodynamic modelling of material flow in the wedge region 
between the slab and the adjacent continental lithospheric plate is descri
bed below. Our model is in general similar to that of Andrews and 
Sleep (1974), however, there are also some significant differences. 
Figure 3, a schematic diagram of the area of the convergent plate margins, 
shows the fixed landward plate, the moving slab, a thin slip zone between 
the two lithospheric plates and two wedge-shaped regions separated by

Puc. 3. Геометрия математической модели

the slab. It is obvious that only some particular regions of this complex sys
tem may be considered as viscous fluid. Observations of different types sug
gest that the independent lithospheric plates should be considered as rigid 
bodies affected by deformations only in thin zones near to their boundaries. 
This conclusion significantly determines the choosing of probable rheologi
cal models of the lithosphere and is against considering it as viscous fluid. 
According to hydrodynamic al considerations, in case of typical fluids the 
hydrodynamic equations may he applied to processes the periods of which 
are much greater than molecular times. When a very viscous fluid is 
considered the situation is quite different; these equations are not more 
valid even in case of much greater periods of motion. According to L a n- 

d a u and Lifshitz (1953) if the period of any force — is large in com- 
ш

parison with the т relaxation time, i. e. cot<k1, then the considered fluid 
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manifests itself as a typical viscous one. The r relaxation time for such 
fluids may be obtained from the following relation

(1)

where r/ is viscosity and p is shear modulus. Taking p = 0.5 • 1012 CGS, we 
find that in our case (the time step in the numerical procedure is 106 y)
the hydrodynamic equations may be valid up to viscosities у = IO24 — 1025 
poise. Therefore, as the calculation proceeded in time, the top of the fluid 
region might not lie abo^e the actual isoline of viscosity of 1024 poise.

Fig. 4. Temperature and vis sosity distribution in the initial, laterally uniform state.

Puc. 4. Распределен re температуры и вязкости в первоначальной 
ropi зонтально однородной стадии

Assuming an initial, laterally uniform temperature distribution as shown
in Figure 4, the correspo iding viscosity profile can be calculated by the 
simple relation (Zharkov et al., 1971)

П = hoexP
E

RT
(2)

where T is temperature in < 

deg. So, in the initial state 
is fluid enough to convec;

deg K, T)o = 1.104-108 poise and — = 4.758-104 
R

region b with an upper boundary depth of 60 km 
; thermally, while the overriding layer should be

considered as a solid. Sir ce the thermal conductivity of the down-going
slab is assumed to be neg i. 
tion should be used on its

igibly small, the zero heat flux boundary condi- 
i surface. It means that the moving slab will

retain its originally low te mperature even after it has sunk to considerable
depths. Since the maxima temperatures within the slab are not more than
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700 — 800°C (McKenzie, 1969), it can be considered as a solid during 
the whole period of calculation. So, the problem is the modelling of induced 
convection within a fluid wedge region bounded by two solid plates. The 
solution of the task, however, is rather problematic, since it was recog
nized in hydrodynamics long ago that sharp changes in the form of a surface 
boundaring any fluid region (in our case it is the corner of the wedge) give 
rise to large, even to infinite local stresses. The infinite incresae of stresses 
at such places is due to the more complicated (non-linear) rheological pro
perties of material, i.e. the linear Hooke’s law used for the determination 
of stesses is not more valid here. The discussion of causes of concentration 
of stresses is out of the scope of the present paper, we note only that in 
similar to this models it should be always taken into account that the lit
hospheric plates are characterized by rs finite yield stresses and while the 
stresses arising during any process do not exceed rs the plates remain elastic, 
or (in the first approximation) rigid bodies. An elementary calculation 
shows, however, that in our case the above mentioned non-linear rheologi
cal behaviour of material will take place in a zone of quite small extent, 
away from the corner the stresses will decrease rapidly. In the present 
study we assumed that in the region where the stresses exceed the critical 
value the lithosphere will transform to plastic state with properties similar 
to those of a viscous fluid of some r]e effective viscosity. This is equivalent 
to changing the lower boundary of the solid landward plate during the pro
cess of calculation. The critical stresses will, of course, exercise an influence 
also on the slab but because of the motion always new and new parts of the 
sinking slab will be affected by a certain level of stresses. Therefore its 
boundary wras considered as unchanged during the whole period of calcula
tion. A thin slip zone (denoted by a in Fig. 3) filled with oceanic crust is in
cluded between the two plates. The rocks of the oceanic crust are charac
terized by significantly less yield stresses than those of the lithosphere, 
therefore entered the zone of friction of the two plates it must entirely 
transform to plastic state with rheology similar to that of a viscous fluid 
included between the surface of two solids moving relatively to each other. 
The thermal and mechanical state of this zone has been investigated in de
tails by a number of authors (e. g. Turcotte and 0 x b u r g h, 1968; 
Turcotte and Schubert, 1973; J i s c h к e, 1975). The horizontal 
extent of the slip zone, however, is much less than that of our calculational 
region, therefore it appeared in our model as a thermal boundary condition 
on the solid landward plate. The induced tectonic flow in wedge Ъ has been 
calculated on the basis of equations of viscous motion and of thermal con
duction. The two-dimensional equation of motion was taken in the follow
ing form:

dx dy
d2S (J2 

dx dy . [ dy2
d2 W f d2 
dx2 J ( dy2

dT
+ Qo ffo — = ° > 

dx 
(3)
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where 8 is stream functic n, T is temperature, у is viscosity, a is thermal
expansivity, g0 is density md g0 is gravity acceleration. The equation above 
is in Boussinesq approxi nation which means that only the variation of 
density with temperature need be considered, and only in the body-force
term. The equation of heat conduction is

dT dS dT 
dy dx

ÍS i)T] 1--------- I -J--------
dy ) o0cp

( d2s v
1 d r dy J

+ 4>7
(d2S W 1+ d----------- +H
( dy2 dz2 J

(4)

where К is thermal conductivity and H is the rate of heat generation per 
unit volume. The adiabatic temperature changes have not been taken into 
account in equation (4).
The question of boundary conditions arises well known difficulties. Equati
on (3) has been solved in the wedge bounded by the slab and the landward 
plate. As already mentioned above, the lower boundary of the island arc 
plate was determined by isoline of г/ = 1024 poise. The boundary conditi
ons on the top of the wed ie are

and v = 0,

where
I dy dz I

(5)

On the slab boundary we have

and v =v0, (6)

where v0 is the slab veloci ;y, parallel to the surface of the slab which is dipped 
in our case at 45°. There are no lower and left-hand side boundaries to the
wedge in our model. In 
procedure was needed as

order to be able to obtain solution a re-zoning 
it has been applied by Andrews and Sleep

(1974) The calculation was started with a grid extending horizontally 800 
km from the corner and e xtending to a depth of 400 km with zones of 20 X 20 
km. The values of stream function on the critical boundaries of this grid 
were available from the analytic solution of Batchelor (1967). After 
having obtained the soh tion on the coarse grid, a finer grid extending to
600X300 km with zones 
stream function were ta«

10 by 10 km was used. Boundary values for the 
en from solution related to the coarse grid. The 

equation of the heat conduction has been solved in the whole region be
hind the slab. The thermal boundary conditions are

T(y = 0) = 273°K (7)
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throughout the free surface of the landward plate and

at all points of the astenosphere-slab boundary. Here ----- denotes diffe-
dn

rentiation in the direction of the outward normal to the surface of the slab. 
The temperature at each point on the surface of the slab was assumed to be 
equal to that of the fluid astenesphere, obtained from equation (4) with 
the boundary consition given above. The zero heat flux boundary condition 
however, is not more valid along the line of contact of the two lithospheric 
plates, since a thin slip zone of considerable conductivity is located bet
ween them. It was already mentioned above that because of the small hori
zontal extent of this zone, its presence has only been taken into account as a 
temperature boundary condition on the landward plate. The temperature 
on the right boundary of the solid landward plate was assumed to be con
stant and equal to 800°C.
Besides the stream function the stress components also have been computed 
during the iterative procedure. A yield condition was introduced according 
to which the stress components at the boundaries should not exceed some 
smax given value equal to 1 kb in our case. This condition can be formulated 
as

I^xxI ÄÄmax> l^yyl ^^max- (9)

If inequalities (9) are not satisfied, then the values of viscosity found from 
the constitutive relation are replaced by some effective viscosity and the 
boundary is changed correspondingly. The temperatures are computed only 
if equality holds in expressions (9) after convergence is achieved in the itera
tive procedure for equation (3). If the yield condition is not satisfied at any 
point of the grid, then some effective temperature corresponding to effec
tive viscosity Y)e is introduced there.
The calculated streamlines and isotherms are shown in Figures 5, 6 and 7 
at 1.0, 4.0 and 7.0 My from start of subduction respectively The following 
numerical values of parameters are used throughout these calculations:

Go — 3 4 g cm-3

g0 = 990 cm sec-2

a = 4 • 10-5deg-1

cp = 0.311 cal g-1 deg-1

T]e = 1 • 1024 poise.

The assumed dependence of thermal conductivity on temperature is

Л =a + b T\

7 ANNALES — Sectio Goologica — Tomus XX.
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where a =6-10

b =5-10

cal cm 1 sec 1 deg 1 and 

12cal cm'1 sec ~1deg-1.

The viscosity was calculated by formula (2), the slab dipped at 45° and 
was given a constant velocity of 10 cm yr-1. The temperature and the cor-
responding viscosity distri 
At 1.0 My from start of

■ibution in the initial state are laterally uniform, 
calculation the solution for the stream function

does not deviate significai itly from Batchelor’s wedge solution. Near to the
slab boundary, however, a hot zone appears with low viscosity. Stresses
arising at the corner, begin to exceed the critical value already at the first
steps of calculation. The horizontal stress near the corner is compressive,
the region of large stresses extends approximately to 40 km both along

DISTANCE, KM

STREAM FUNCTION
1.0 MY

Fig. 5. Streamlines and isotherms at 1.0 My from the beginning of subduction.

Puc. 5. Линии тока и изотермы через 1.0 млн. лет после начала субдукции
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Fig. в. Streamlines and isotherms at 4.0 My.

Puc. 6. Линии тока и изотермы в 4.0 млн. лет

the horizontal plate and the slab boundary. The lithosphere somewhat 
thinned at 1.0 My only in the zone of immediate contact of the two plates. 
As time progresses this zone spreads, so that at 7.0 My the region of thin
ned lithosphere extends up to 100 km. This result is quite realistic, since 
all of the stress components may be expressed as biharmonic functions and 
according to a fundamental property of these functions, the maximal va
lues of stress components are reached at the boundaries of the considered 
region. As it expected, the streamlines dublicate the shape of the boun- 
daring surfaces. As time proceeds, the temperature within the convecting 
region increases continuously, isotherms become nonhorizontal while 
within the plate they remain horizontal and there are not significant chan
ges of temperature. The calculated heat flow profile above the region at 
7.0 My is shown in Fig. 8. There is a high heat flow in the zone of the thin
ned lithosphere and it decreases away from this zone in both directions.

7*
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Remarkable similarity exists between this calculated profile and the me
asured one (see Fig. 2).
The following model of island arc volcanism is supported by these calcula
tions. The volcanic arc might occur closely above the corner of the slab 
with the horizontal lithosphere. Due to changes in rheology of material 
part of the lithosphere can become thinned, a certain portion of material 
of the landward plate is given the possibility to take part in the general 
convective motion that takes place in the wedge, so the portion of the plate 
adjacent to the slab is slowly subducted with the slab. As time progresses, 
the zone of thinned lithosphere expands so, that new volcanic arc may also 
occure at relatively larger distances away from the corner. The zone where 
the lithosphere continuously gets thicker is characterized by decreasing 
of the heat flow from high to normal values. Upwelling flow in this zone may 
in principle, induce spreading, somewhat similar to that at a mid-ocean 
ridge but it is non symmetrical here.

Conclusions

The wedge between the horizontal lithosphere plate and the subducting 
slab is fluid enough that induced convection can take place there for time 
of order of magnitude of My. The lithosphere plates should be considered 
as solids and at the zones of critical stresses non-linear rheology is to be 
applied.
Critical stresses arise near sharp changes of shapes boundaring the convec- 
ting fluid region. As time progresses, these zones will be extending and 
stresses certainly exceed in this region the yield stress of lithosphere.
The whole island arc area extends horizontally to some hundered kms, i. e. 
it almost entirely located in the zone of large stresses so it seems probable 
that models of island arcs can not be constructed without taking into acco
unt non-ljnear processes, like plasticity, yielding etc. The modelling of these 
later processes, however, is an extremely difficult task, the way suggested 
here for including them into the model is probably a crude approximation, 
however, it leads to realistic results in the greater, part of the investigated 
area.
However, even by this idealized modelling of the effects of lithisphere-as- 
tenosphere interactions some of processes occuring beneath island arcs 
may be explained satisfactorily. It seems to be probable that elasto-plastic 
behaviour of lithosphere may be responsible for processes arising asymmet
rically on both sides of the subduction zone, since stresses and consequently 
the effects of non-linear rheology arising on the corner of an obtuse-angled 
wedge probably significantly less then those on the other side of the slab.
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SUMMARY

Power spectra of magnetic field data have been used to estimate the average depth and 
some other parameters of magnetized bodies. In this paper, which consitutes Part I of a seri
es, the foundations and applicability of the method are discussed in some det ails. The loga
rithms of the radial spectra due to prismatic bodies are investigated. It is shown that al
though the dominating term in the spectra is the term — 4nhtOp fr, connected with the depth 
to the top of the magnetized bodies the influence of other parameters and their probability 
density functions can not be neglected.

The contribution of a deeper ensemble of prismatic bodies dissappears very rapidly 
with increasing fr thus in the estimation of the average depth to the top of deeper sources 
the first few spectral lines may be used, only. The depth extent could be determined very 
seldom even for the shallower ensemble of sources.

Introduction

Spectral analysis of potential field data has become a standard tool 
for geophysical interpretation in recent years. Frequency spectra of the 
gravity and magnetic fields have been derived for a number of geometrical 
bodies and for various distribution of certain types of bodies including two- 
and three-dimensional dykes, two-dimensional structures with polygonal 
cross sections, random distributions of sources in a given depth interval, 
monopole and dipole coating in equivalent strata etc. ( 0 d e g a r d and 
Berg, 1965, Bhattacharyya 1965,1966,1971, Spector and 
Bhattacharyya, 1966, Spector and Grant, 1970,Syberg, 
1972, Bhattacharyya and Leu, 1975, S e n g u p t a and Dar, 
1977 and others).

It has been found that the expressions of the spectra, besides other 
factors, consist of sums of exponentials with exponents which are linear 
functions of frequency. Therefore when plotted in a logarithmic scale the 
amplitude spectra or power spectra show frequency intervals, where the 
functions may well be approximated by straight lines. The slopes of these 
lines can be used to estimate certain characteristic parameters of the bodies 
(depths to the top of the prismatic bodies, or depths of the equivalent stra
ta or depths to the bottom etc).
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Analysis of measured gravity and magnetic field data have shown that
the theoretical foundatio is are sound. Power spectra almost always indi
cate two distinct depths which may be related to a set of deeper and a set 
of shallow sources. In so ne cases the depth extent of one set of sources
can also be estimated ( S pec tor and Grant 1970, Naidu, 1970,
Lehmann, 1970, S у j e r g, 1972, Bhattacharyya and Leu,
1975, Cianciara and Marcak, 1976, Hahn, Kind and
Mishra, 1976). Though the good separation of sources at different 
depths, especially in the case of the gravity anomalies, needs a more satis-
factory explanation than the one what the present theory provides, the
method could be consider id as well established in current practice.

The scope of this paper is to discuss the application and results of the 
method to vertical component anomalies of the magnetic field in the Pan
nonian Basin. Some of the preliminary results have been shortly sum
marized elsewhere (Meiskó and Kis, 1977). In Part I we discuss the 
underlying principles of t he method and report investigations by prismatic 
models.

Power spertrum of the magnetic field due to 
a vertical prismatic body

The vertical prism has been considered as the basic interpretational 
model of magnetic field components. This simple model has been used with 
success for estimating various parameters of the magnetized bodies from
the magnetic anomalies ( Peters, 1949, V a c q u i e r, 1951, Steen-
land, 1962, etc). Spector and Grant (1970) attribute the success 
to the fact that magnetic anomaly patterns are largely shaped by the depths 
and horizontal dimensions of the sources besides the directions of their
magnetization and they 
their boundaries. Thus we 
anomalies due to single v 

The expressions for

are influenced relatively little by the details of 
> consider first the power spectrum of the magnetic 
ertical prismatic bodies.
the magnetic field vector components due to a

vertical prismatic body es well as the corresponding Fourier spectra can
be found in the literature 
ral formula of the Fourier

(e. g. in Bhattacharyya, 1966). A gene
spectra including all cases of interest reads as

Ж, Л) =
2ab

T
sine (a/x) sine (bfy){e~2nh'fr — e~2nhifr). / (1)

The factor I depends on several variables and it is related to the type of the 
anomaly field considered. When g(x, y) describes total magnetic field ano
malies the factor I becom ;s

[ - ILf* - mMf* + nNf? - a12/x/y +j^3fxfr +j^3fyfr] ■
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The variables in the formulas denote the following quantities 

b

^2

L, M, N 
I, m, n 
fx ^fy

width of the body, 
length of the body, 
depth to the top of the body, 
depth to the bottom of the body, 
intensity of magnetization within the body, 
direction cosines of magnetization, 
direction cosines of the geomagnetic field, 
spatial frequencies (or wavenumbers) in the .r and у 
directions, respectively,

fr = (fx+fy)112 radial spatial frequency. 
The notations are explained in Fig I.

Fig 1. Notations used in the expressions describing 
the magnetic fields due to prismatic bodies

The functions oc12, a13 and aa are defined by

a12 = Lm + Ml,

a13 = Ln + Nl,

a23 = Mn + Nm.

(3.a)

(3.b)

(3.c)

When the body is magnetized in the direction of the geomagnetic 
field

I = L, m = M, n = N

and the formulas (3) become
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«12 = 2 Im, (4.a)

«13 = 2 In, (4.b)

a,3 = 2 mn. (4.c)

When we consider vertical anomalies I = m = 0 and the factor 1 be
comes

^[^+mr+jMfyfr]. (5)

The power spectrum can be derived by taking the squared modulus of 
the spectrum G(fx,fv). Let us introduce polar coordinates in the frequency 
domain by fx = fr cós a, fv = fr sin a. Then we may write for the general
case

\G(fr,

with

x) = KS\fr, о№2т(а)е~^'г(1-е~2”Уг)2, (6)

К = (2л )2 a2 b2 ml,

S2(fr, a) = sinc2(a/r cos a) sinc2(6/r sin a),

R'ria.) — n2 (I cos a. + m sin a.)2,

SmM = № 
/ = h2

! + (L cos a + M sin a)2, 

(depth extent).

The special cases, mentioned previously, are obtained by the following 
substitutions

7?r(a) = jRm(k)
(induced magnetization)

Br^) - 1-
(vertical component of tl e magnetic field).

The radial power spectrum is obtained by integrating over the variable 
a, and it has an even sim her shape as follows

where
E(fr) = Кг82(/г)е-^г(1-е-2^^ (7)

= 4-1
2л J 

о

2л

and h = h,.

2л

= — [ KR2t^) R2mM dx , 
2л J

0
2л

1 f x) da =----- / i
2л J 

о

(8)

cos a) sinc2(6/r sin a) da,

(9)
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Fig. Ü. Total magnetic field due to rectangular prisms with parameters
a = 4,6 = 6, Ä=l, t = ~ (top) and
a = 4, 6 = 6, 6=1, t=l (bottom)
(induced magnetization is assumed in both cases, the geomagnetic field vector has
inclination I = 60°, declination D = 0°)

The logarithm of the radial power spectrum than becomes

\nE(fr) = ^ + 21пад) + 21п(1-е-2"'/г)-4лЛ/г. (10)

The dominating term is the linear function — 4jthfr though In Sr (fr) 
and In (l-exp(-27ttfr)) may also modify the rate of linear decrease with 
increasing fr. The extent of the effect of these factors have been investi
gated by numerical models.
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Fig 3. Two-dimensional spectra on the left) and logarithmic radial spectra (on the right) 
of the magnetic field data shown in Fig. 2.

Investigations
d

of the logarithmic power spectra
lue to prismatic bodies

In order to imitate thi processing of real data as close as possible we
computed the magnetic fit Ids due to various prismatic bodies in 32 X 32 
points forming a regular square grid. The origin of the coordinate axis ж and 
у was placed above the center of the prism. The fourier transforms of the 
data have been determined by the FFT (Fast Fourier Transform) algorithm 
and radial power spectra he ve been derived by numerical integration of the 
squared modulus of the Fourier transforms. Data windows have not been 
applied.

Fig. 2. shows two examples of the computed magnetic anomaly due
to prisms with parameters a = 4, b = 6, h = 1, t = oo and a = 4, b =6,
h = 1, t =1 (dimensions are understood in the units of grid spacing) and
with inclination 60°, declir ation 0°, induced magnetization in both cases.
Computed data have been < ompared to magnetic fields for the same models
published in the literature I 
to estimate the accuracy c : 
approach. The two-dimens:

(Andreasen and Zietz, 1969) in order 
f our method based on the Fourier transform

pies are given in Fig. 3 tog< 
the right).

onal Fourier transforms of the previous exam- 
ether with the logarithmic power spectrum (on
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Fig. 4. Logarithmic radial spectra of magnetic fields (total field) 
due to prisms illustrating the effect of depth to the top of the 

bodies. Parameters are indicated. Map window is 32 X32

Figures 4 — 10 show some of the results of model investigations.
Figure 4 illustrates the logarithmic spectra for prisms and shows the 

effect of the depth to the top of the prism. The horizontal dimensions are 
a — b = 2 the vertical extents are infinite and the depths to the top are 
equal to 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 16 and 20. (All dimensions are expressed 
in units of grid spacing.) Fig. 5 shows the logarithmic spectra for prisms 
with the same horizontal cross section (2X2) but for Л2 =20 and /q = 0, 
0.5, 1, 2, 4, 6, 8, 10, 14 and 18.

These figures proves that the effect of the depths to the top dominates 
at least for cases when the horizontal cross section is small enough compared 
to the dimensions of the map window (2X2 compared to 32 X 32).
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Fig. 5. Logarithm ic radial spectra of magnetic fields (total filed) 
due to prisms, illust rating the effect of depth to the top of the bodies.

Parametc rs are indicated. Map window is 32 X 32

The disturbing effec t of larger horizontal dimensions could be evalu- 
ated by Figs. 6 and 7.

In Fig. 6 logarithm] Ic power spectra due to vertically infinite prisms

a = b = 0.5, 1,2, 4, 6, 8
with tops at 2 grid units are shown for various horizontal cross sections 

and 10. Fig. 7 depicts logarithmic spectra for the
that now bottom is at 20 grid units. Doubledsame parameters except

dashed lines in both figur js indicate the direction of the linear term — 4nhfr. 
As it can be seen the inc 'easing horizontal size tapers the spectra toward
higher wavenumbers, i. e 
derived from logarithmic

it makes the slope steeper. Thus depth estimates 
spectra of bodies with large horizontal dimensions

(large is understood again as compared to the size of the map) are too large. 
The influence, however, does not seen serious until «<2.



INTERPRETATION OF MAGNETIC ANOMALIES 111

lnE(fr)

Fig. 6. Logarithmic radial spectra of magnetic fields (total field) due to prisms, illustrating 
the effect of horizontal dimensions. Numbers at the end of the curves indicate the values 

a = b. Doubled dashed line shows the dominating term —

The effect of the depth extent is appreciable only, when both h and 
t = are small. Let us consider the last two factors in equation (7),

g(h,t,fr) — е_4лЛЛ (1 — e-2”^)2.

The product has a maximum, where 

--------= 0 

which leads to the equation
2ntfr = In Í— + 1 

I
and it gives for the position of the maximum

(/r)max — — In 
2nt

(10)

The radial power spectrum and correspondingly the logarithmic power 
spectrum may posess a maximum. Table 1 summarizes the (/r)max for some 
values of the parameters t and h. When t is small enough the combined effect
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Fig. 7. Logarithmic radial spectra of magnetic fields (total field) due to prisms, illustrating 
the effect of horizontal dimens ons. Numbers at the end of the curves indicate the values

a = b. Doubled d ished line shows the dominating term — f,

of t and h gives a pronounced peak in the logarithmic spectrum. With incre
asing t, however, the peak shifts toward smaller frequencies. We always

of data therefore when t becomes large the maxi- 
all. The spectrum lines are at (kin; l/df) к = 0, 
±1, ±2, ..., ±M]2 where N and M denote the 

deal with a finite number 
mum can not be seen at 
±1, ±2, . . ., NI2, I = 0
dimensions of the map given in grid units therefore (/r)n-.ax- min (l/N, 1/2И) 
can not be seen. In Tab e 1 (lower part) we also give the smallest (fr)max 
which possibly can be detected for some reasonable number of data.

Finite vertical size it illustrated by Figures 8, 9 and 10 for some realis
tic values of the parameters.

d Äj = 0, 0.5, 1.5, 2.0, 2.5, 4, 6 and 8. In Fig. 9 
.0, 1.5, 2.0, 2.5, 3, 3.5, 4 and in Fig. 10 t = 1.0, 
8, 1.0,1.2,1.4, . . ., 3.0. The horizontal dimensions 

In Fig. 8 t =0.1 ar< 
t = 0.4 and h = 0, 0.5, 1 
and h = 0, 0.2, 0.4, 0.6, 0 i
are for all the depicted cases a = b =2.

The places of the n axima computed from (10) and observed in the 
logarithmic spectra can I e compared in Table 2.
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Table 1.

The position of the spectral peak (/r)max for some values of 5 (depth of the top) and t (depth 
extent) 5 and I are given in km, fr in (km)-1 units

h

*
0.1 0.2 0.5 1.0 2.0 3.0 4.0 5.0 10.0

0.1 1.103 .645 .290 .152 .0776 .0522 .0393 .0315 .0158
0.2 .874 .552 .268 .145 .0758 .0514 .0388 .0312 .0158
0.25 .789 .516 .258 142 .0750 .0510 .0386 .0311 .0157
0.3 .735 .486 .249 .139 .0741 .0506 .0384 .0309 .0157
0.4 .640 .437 .234 .134 .0725 .0498 .0397 .0306 .0156
0.5 .570 .399 .221 .129 .0710 .0491 .0375 .0303 .0155
0,75 .454 .331 .194 .119 .0676 .0474 .0365 .0297 .0153
1.0 .382 .285 .175 .110 .0645 .0458 .0355 .0290 .0152
2.0 .272 .191 .128 .087 .0586 .0460 .0323 .0268 .0145
3.0 .182 .147 .103 .074 .0486 .0368 .0297 .0249 .0139
4.0 .148- .121 .087 .064 .0437 .0337 .0267 .0234 .0134
5.0 .125 .104 .076 .057 .0399 .0312 .0258 .0221 .0129
6.0 .109 .091 .068 .052 .0368 .0291 .0243 .0209 .0125
7.0 .097 .081 .062 .047 .0324 .0274 .0230 .0199 .0121
8.0 .087 .074 .056 .044 .0320 .0258 .0219 .0190 .0117
9.0 .080 .068 .052 .041 .0310 .0245 .0208 .0182 .0114

10.0 .073 .063 .048 .038 .0285 .0233 .0199 .0175 .0110
15.0 .053 .046 .036 .029 .0227 .0190 .0165 .0147 .0097
20.0 .042 .037 .303 .024 .0191 .0162 .0143 .0128 .0087
25.0 .035 .031 .025 .021 .0166 .0142 .0126 .0114 .0080
30.0 .030 .027 .022 .018 .0147 .0127 .0114 .0103 .0074

The smallest (/r)max (in km”1) which can be detected when number 
of data is N X N and grid spacing is s

N
0.5 kin 1 km 2 km 5 km 10 km

16 0.1250 0.0625 0.0313 0.0125 0.0063
32 0.0625 0.0313 0.0156 0.0063 0.0031
48 0.0417 0.0283 0.0104 0.0042 0.0021
64 0.0313 0.0156 0.0078 0.0031 0.0016

128 0.0156 0.0078 0.0039 0.0016 0.0008
256 0.0078 0.0099 0.0020 0.0008 0.0004

8 ANNALES — Sectio Geoiogtea — Tom us XX
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InE(fr)

5г

Fig. 8. Logarithmic radial spectra illustrating the effect 
of finite vertical size, t = 0.1 i.e. all cases correspond 
to very thin layers. Other parameters are indicated
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8*

Fig. 9. Logarithmic radial spectra illustrating the effect of finite vertical size. 
t = 0.4, other- parameters are indicated

Fig. 10. Logarithmic radial spectra illustrating the effect of finite vertical size, 
t = 1.0, other parameters are indicated
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Table II.

Position of the spectral peak computed from the
approxim tion of Eq(10) compared to the position of

spectral pea <s in the spectra of model bodies. The spectra
In E(f'r) ire shown in Figs. 8, 9 and 10 respectively

a = Ъ = 2
Äi

t = 0.1 
Л„

approximate 
(^.nax model
(Eq. 10)

0.5 0.6 0.2902 0.1717
1.0 1.1 0.1517 0.1231
1.5 1.6 0.1027 0.0934
2.0 2.1 0.0777 0.0717
2.5 2.6 0.0624 0.0629
4.0 4.1 0.0393 0.0371

a = b = 2 1 
h,

t = 0,.4 
Л.,

approximate
model

(Eq. 10)

0.5 0.9 0.2339 0.1562
1.0 1.4 0.1339 0.1125
1.5 1.9 0.0941 0.0872
2.0 2.4 0.0725 0.0645
2.5 2.9 0.0591 0.0605
3.0 3.4 0.0498 0.0468
3.5 3.9 0.0431 0.0380
4.0 4.4 0.0379 0.0269

a = b = 2
Äi

t = 1
Ло

approximate
model

(Eq. 10)

0.2 1.2 0.2852 0.1630
0.4 1.4 0.1994 0.1404
0.6 1.6 0.1561 0.1240
0.8 1.8 0.1291 0.1031
1.0 2.0 0.1103 0.0973
1.2 2.2 0.0965 0.0890
1.4 2.4 0.0858 0.0791
1.6 2.6 0.0773 0.0706
1.8 2.8 0.0703 0.0673
2.0 3.0 0.0645 0.0642
3.0 4.0 0.0458 0.0387
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Power density spectra of randomly distributed prisms

Let us consider now the power spectrum of several prismatic bodies. 
The Fourier spectrum of the magnetic field due to the bodies is

G(fx, fy) =
<=i

where G({fx, fy) denotes the spectrum of the ith prism and (xt, y^ denotes 
the center of the ith prism (n is the number of prisms).

The power spectrum as the squared modulus of Gi(fx,fy) becomes

n n n
E{fx, fy) = wx, = 2 l^(Á,/v)l2+2 2 Wx- fy)H^fx, fy)+ 

1=1 i=l k = li^k
n n

+ 2 ^н^х, лмт, fy)
1=1 k = \ 

i * к
where Щ (fx,fy) and 77im (fx,fy) are abbreviations for

Hri(fx> fy) = G\{fx, fy) cos 2я( fx xt +fy y() + G[m(fx, fy) sin 2n{fx xt +fy y^ 

and

Н^х, fy) = -Gri(fx,fy)sin27i(fxxi A-fyyt) + G‘m(fx, fy) cos 27t(fxXi+fyyi).

If the centers (x{, y^ are randomly distributed the cross-products can
cel each other or at least their contribution becomes negligibly small com
pared to the dominating term, i. e. compared to the sum of the power 
spectra due to individual prisms. This assumption fails when the number 
of prisms is small or there is some regularity in their distribution. Keeping 
this restriction in mind we proceed with the (approximate) equation

E(fr) = j^f,) = ^E^i^iJiiJ^f,). (11)
í=i í=i

Let us assume next that the parameters of the prisms are not arbitrary 
but follow some probability distribution. The sum may be replaced by the 
ensemble average multiplied by the number of prisms. The ensemble avera
ge, in turn, can be evaluated if we assume that the parameters are inde
pendent and we assign to each of them some probability distribution.

The joint probability density function, including all parameters be
comes a product of probability density functions each containing one para
meter, only

Pr{a, b, t, h, . . .) — Pr(a) Pr(b) Pr(t) Pr(h) . . . 

when the parameters are independent.
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A further assumpti эп may be that the average values of the inclina
tion and the declination of the magnetic moment vector, do not differ signi
ficantly from the inclinition and declination of the geomagnetic field. It 
involves that magnetization is essentially induced. This can be verified by 
the shape of individual anomalies. When the assumption seems to be justi
fied we can write for th) expected values

c^rfa)} = <ф&(а)}.

The probability dis ;ribution of the other parameters can not be dedu
ced from the data and various assumptions have to be made concerning the 
shape of the distributio is.

E. g. Spector and Grant (1970) assumed uniform distributions 
for all parameters. Other distributions e. g. Gaussian distribution may also 
be used.

The expected value of the power density spectrum becomes

A{E{fr, а)} = У. . . a)Pr(a)Pr(b) dadb . . .

Due to the simple structure of the assumed joint probability distribu
tion the multiple integ: al can be factored into a product of integrals, each 
containing the contribi tions of some characteristic parameters

ЩЕЦ, а } = 4я2 £ ó{e~4^h} • <5{( 1 - e~2^} •

4Ж«)}ф4На)}. (12)

where к denotes the expected value of abm0.
When we take the radial power spectra by averaging over the variable 

a the last term becomes a constant factor. After taking the logarithm the 
constant factors become additive constants having no bearing upon the 
shape of S(fr). Three ' erms remain containing the effects of depth, depth 
extent and horizontal sizes, respectively. Each term will be discussed sepa
rately.

The influence of the depth (to the top of the prism)

Assuming first th it h is uniformly distributed in the interval {h — Ah, 
h + Ah) the expected value is obtained as follows

= c-4^r

in fT Ah



INTERPRETATION OF MAGNETIC ANOMALIES 119

f,

0.4

0.3
0.2

0.3

0.2
0.4

0.1
0
0.3

0.4
0.2

0

0.2

Fig. 11. The expected value of the dominating term (— 4лА/г) if h follows 
a uniform distribution with expected value h and length Ah

h

0.2 
0.1
0

The first factor dominate when 4 nfr Ah is sufficiently small. The effect 
of the length of the distribution can be estimated from Fig. 11 which 
shows the logarithm of (13) for the average depths h — 1, 2, ..., 5 and 
relative lengths (Ah[h) of the uniform distribution Ahjh = 0.0, 0.1, 0.2, 
0.3 and 0.4.

Let us assume next that the probability of h is Gaussin with the para
meters (h, a). The expected value of the factor exp( — 4 nhfr) then becomes

<5{е-4^г} = e-4nhfr е-(Н-ЬУ/2а2 dh = g—4яЛ/г + 8я2с2/г2 (14)
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Fig. 12. The expected value of the dominating term ( — if h follows 
a norma] distribution with expected value h and standard deviation cr

The logarithm of the expected value contains nowaparabolically incre
asing term 87i2o2fr besices the linearly decreasing — 4:nhfr. Its effect is, 
again, negligible until a remains sufficiently small. Fig. 12 shows the lo
garithm of the expected v due of exp[ —4 nfrh ] for some values of the para
meters h and o/h.

The effect of the depth extent

The second factor, co itaining the variable t can be similarly evaluated. 
We obtain for £{(1 —e~2"lr)} with the uniform distribution
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Fig. 13. The expected value of the term describing the effect of depth extent 
if t follows a uniform distribution with expected value t and length At

t- At
г{( 1 - e"2^)2} = 6{C2u(fr)} = f (1 - 2e-^fr + e-^r) dt =

2d/ J
t+ At

_ ] e-2nffr sh(2nAtfr) ! е_4я<7г sh(4nAtfr) 
nAtfr 4л At fr

and for the Gaussian distribution

^KWr)} = (16)
The logarithms of the functions (15) and (16) are shown in Figs. 13 and 

14, respectively.
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fr'

-13-

Fig. 14. The expected v; due of the term describing the effect of depth extent 
if t follows a uniform dist 'ibution with expected value t and standard deviation ar

It is worth to note, that the functions describing the depth extent 
hardly depend on the len gth of the uniform distribution di or on the stan
dard deviation of the Ga issian distribution a except for very small values 
of t.

Doubh ensembles of prismatic bodies

Let us consider last a double ensemble of prismatic bodies. When the 
parameters h and H (depths to the tops) in the ensembles separates well, and 
the distributions of the centers of bodies are random without correlation 
between the two ensembles the expected value of the power spectrum 
of the magnetic field dm to all bodies can be approximated by
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Fig. 15. Logarithmic power spectra for some double ensembles of magnetized bodies. Fixed 
parameters are: depth extents T = 10 (for deeper sources) and t = 2 (for shallow sources) 
and depth of the top of the deeper sources (H = 10). The four sets of curves correspond 
to four different h (depth to top of shallower sources). In each set three energy ratios are 

shown 1:1, 1:10 and 1:100

£{E(fr a)} = 4л2 £{( 1 - e“2" T^} 6{Sl(fr, d)} +

+ 4л2 k*ő{e-Wr} £{{ 1 - e"^)2} £{Sl(fr, a)} (17)

where К, H, T and k, h, t denotes the expected value of the magnetic 
moment/unit depth, the depth to the top, the depth extent of the first 
and the second ensembles of bodies, respectively.
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Fig. 16. Logarithmic power spectri for some double ensembles of magnetized bodies. Fixed 

to four different H (depth to top of

parameters are: depth extents T - 10 (for deeper sources) and t = 2 (for shallow sources) 
and depth of the top of the shallcwer sources (h = 3). The four sets of curves correspond 

deeper sources). In each set three energy ratios are shown
1:1, 1:10 and 1:100
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6{Sl(fr, “)} and ^fr^} contain the effects of the horizontal sizes 
for the ensembles. In order to get an impression of the behaviour of this 
rather complicated expression let us assume thatK2 = (AZ:)2 a)} =
— {^Kfr’ a)} and ^le parameters H, T, h and t are deterministic. Then (17) 
simplifies to

Er(fr) = -e-^^r^ + e-^l-e-2^)2]. (18)

Figures 15 and 16 show the logarithm of the radial power spectra for 
some realistic combinations of the parameters А, H, T, h and t. In Fig. 15 
H — 10, T — 10, t — 2 and It varies, while in Fig. 16 h — 3, t = 2, T = 10 
and II varies. Both cases are depicted for three different values of the 
parameter A.

The most important conclusion which can be drawn from the sets of 
curves is, that the contribution of the deeper ensemble very rapidly dis
appears with increasing/,., i.e. in the estimation of the depth of the deeper 
sources the first few spectral lines can be used, only. The second conclusion 
is that t could be determined very rarely and the peak caused by the limi
ted extent of the deeper sources (T) appears at very small frequencies, thus 
it could be observed very rarely in the spectra of real magnetic data.
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РЕЗЮМЕ

В работе проведено исследование энергетических условий ограниченного 
пространства атмосферы, пригодного для исследования синоптических процессов. 
Были оценены польная потенциальная и кинетическая энергия исследуемого диа
пазона а также и та потенциальная энергия которой владеет кинетическая энергия 
и которая может преобразоваться в нее. Были определены соотношения отдельных 
видов энергии к кинетической и эти соотношения сравнивались с темп, которые 
характеризуют атмосферу в глобальном масштабе. Высшеупомянутые соотношения 
оказались больше соответствующих глобальных значений, и это объясняется тем, 
что в исследуемом отрезке времени в данном диапазоне происходила интенсивная 
деятельность циклонов. На это указывают и величины «активности кинетической 
энергии» и «времени затухания»-параметров, введенных для характеристики интен
сивности процессов в атмосфере. Был определен и переход резервированной потен
циальной энергии в кинетическую на примере образования и развития одного среди
земноморского циклона. Величины, характеризующие процессы перехода, были 
определены с применением детального вертикального подразделения, но в работе 
приводим только результаты, характеризующие процессы во всей тольщине данного 
диапазона. Результаты приведены в виде изображения на картах.

The intensity and stability of the general circulation depends on the equi
librium between the production and dissipation of the kinetic energy. The 
only source of the kinetic energy is the available potential energy, defined 
bv Lorenz (1955) as the deviation between the total potential energies 
of the natural state of the atmosphere and of a reference state formed in 
the course of an adiabatic rearrangement of the air masses, (total potential 
energy = gravitational potential energy + internal energy + latent en
ergy). By the introduction of this concept Lorenz gave the connection bet
ween the driving mechanism and the atmospheric energy cycle. In viscous 
fluids part of the mechanical energy dissipates into heat and this process 
leads to a gradual loss of the kinetic energy. Thus there must be a continuous 
energy production, if we want that the kinetic energy should be maintai
ned. The mean order of magnitude of energy transformation is known, but 
we have very few knowledge of the extent of connection between the para
meters of friction and macrosynoptical flow.

According the estimation of Lorenz the ration of the average available 
potential energy of the Earth and of the total potential energy is 1/200, 
that of the kinetic energy and of the available potential energy is 1/10. But
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because the total potenti 
netic energy of it — the

11 energy of the atmosphere exceeds well the ki-

the ration between pre dr
order of which is 1 /2000 —, when investigating 
ction and dissipation of the kinetic energy it is

practical to compare the I inetic energy with the available potential energy. 
If we represent the sumn ed up values of the potential, internal and latent
energy for a given atmospheric domain, we know only the energy store of 
the domain. Such a representation has no significance in itself, but it
plays an accentuated role in case of an investigation of the general circula-
tion processes, when we want to know, which regions of the Earth possess 
a big energy store and where can we find the deficient domains. In this 
sense, namely, the unevenly distributed energy content may be handled as 
a katalitic effect producing primarily available energy and stimulating
the atmosphere towards movements in order to solve the contradiction
being inherent is the differences of non-adiabatic warmings up. The mo-
bility represented by the total energy store of a domain can be estimated
only by a comparison with other domains. According to the computations
of Dutton and J о hnson (1969) the total potential energy can
be estimated in the summer months to 2.58-IO12 ergem 2, while in the
winter months we have an estimated amount of 2.51-IO12 ergem 2. At
the same time the available potential energy in the winter months was
estimated to 4.46 • 108 erg
only to 1.57-10е ergem 
our disposal, owing to the

cm-2, while in the summer monthy it amounted
. Though we have the total potential energy at 

: above considerations we will pay attention only
to the connection between the available potential energy and the produc
tion and dissipation of the kinetic energy.

In a previous study we investigated the role of the efficiency factor
and the non-adiabatic heiting between 00 GMT on the 19th October 1970
and 12 GMT on the 21th when in the course of a slow eastwards shifting
of a large North-Europian cyclone and its filling up a cyclone of smaller
dimension appeared over 
territory of the Soviet Un и

the Mediterranean and later over the Europian 
ion. Our energy-calculations were made also on the

basis of the said time interval, but owing to the largeness of the material
we will show the detailed results only in the characteristical phases of de-
velopment of the Meditei ranean cyclone.

The kinetic energy of the domain of x area S' lying between the pressure 
levels and p2 can be gii en by the formula

К

S Pä

pi
2 + v2 --------dp dS,

2

its potential energy by t le expression

Ф = -
9

S pi

Pi

RT dp + z± - p2 z2 dS,
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its internal energy is

(3)

its latent energy reads as
pi

L = — J Hq dp dS, (4)

S P2

and finally the available potential energy can be given, as

pi
A = f— I cO^^-dpdS, 

J (J J 
s Pi

where и and v are the horizontal components of the wind velocity V, g is 
the gravity acceleration, T is the temperature, 0 the potential temperature, 
cv the specific heat at a constant volume, q is the specific humidity, H is heat 
of condensation, p is the pressure, jpco = 1000 mb, pr is the so called refe
rence pressure belonging to the potential temperature assumed by the isen
tropic surfaces after the rearrangement, к = Rjcp, R is the gas constant and 
c is the specific heat at constant pressure.

The total energy content of the domain can be seen is Table I. The 
comparison with the global energy store directs our attention to a few im
portant facts. According to the data of the Table the greatest variability is 
represented by the latent energy. The average kinetic energy is 21,1 • 10s 
joule m~2, somewhat greater, than the global yearly mean. Holo
painen (1963) obtained for the mean kinetic energy of the layer below 
200 mb the value: 23,6-103 joule m-2, Smith (1969) got: 11.75-103 
joule m-2, Oort (1964) gave: 15• 10s joul m-2 Taking into account 
the fact that during the time interval under investigation an intensive 
cyclonic activity took place in our domain, the obtained value of 21 1 • 10s 
joule m-2 does not seem as an exaggeratéd one. The date of the above aut
hors refer only to average time conditions, in the actual daily values we 
have to calculate with great and significant oscillations. E.g. D a n a r d 
(1964) obtained for the value of the kinetic energy of an intensive cyclone 
33.4-103 joule m-2. He carried out his computations for a domain of area 
10.5 • 1012 m2, which is comparable with the conditions of the domain of 
area 15.41 • 1012 m2 studied by us.

The variation of the potential energy oscillated between 4.5-1010 and 
155 • 1010 kwatt, while for the latent energy the limits were: 292 ■ 1010 resp. 
2180 • 1010 kwatt. It is worth while to cast a look at the ratio of the kinetic 
energy and of the available potential energies as compared with the other 
kind of energy (Table I., columns 7., 8., 9.), Although the latent energy is

9 ANNALES — Sectio Geolo^ica — Tom us XX.
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Results of energetical calculations of the demain of

1 2 3 4 & 6 7 8 9

К Ф I L A К к к
Date IO»1 10U 101’ 10” 10is I + t+L 1 + Ф A

10-1 10-1 io-2

К joule

19»° 307,16 105,82 339,05 66,28 349,8 6,12 6,9 8,8

1912 313,64 105,15 338,88 56,83 341,6 6,26 7,1 9,1

20"» 322,30 104,80 337,71 52,92 338,2 6,51 7,3 9,5

20'2 324,18 104,82 337,72 51,65 328,1 6,65 7,3 9,9

21»» 356,55 104,48 337,01 53,14 333,6 7,20 8,1 106

2P2 333,65 105,04 336,68 50,79 318,8 6,80 7,6 104

Mean value 
for an 
area of

21,1

10s

68,1

10’

219,2

10’

37

10’

216

10»
6,5 7,1 9,7

1 m2
joule m-2

IO-4 IO“4 io-2

of the potential as well as of the internal energies,about the tenth part onh
rtant role concerning the mobility of atmospheric 
ve are able to characterize in order of magnitude

after all it plays an impc 
processes. In this form

:h from thermodynamical point of view represents 
icing drastically — in case of its release — the ki- 
(weather too.

that released energy, whicl 
a potential energy influe m 
netic energy, and thus tl e

The mean distribution of the individual energies in joule m 2 units 
is to be seen on Fig. 1. (the value of the kinetic energy is reduced by 103);
for the distribution of tl e 
we got values increasirg 
show their highest values

potential energy — according to its definition — 
with height. The latent and internal energies 
in the lower third part of the troposphere. The 

sharp decrease of the latent energy with height could be expected owing
to the vertical gradient of temperature and humidity. The kinetic energy
reaches its highest value on the average in the layers between 400 and 200 
mb, the highest concent! ation, however, can be found in the layers between 
350 and 250 mb.

On the Fig. 2. we fi nd the mean variability of the individual energies. 
(Unit for the internal, potential and latent energies is watt m~2, that for 
the kinetic energy: IO-2 watt m-2). The latent energy showed its strongest 
variation in the near si rface layer, but it had a secondary maximum in 
the level of cloud development (corresponding to the autumn season in
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15,4 • 1012 m2 area reaching from the ground up to the 100 mb level
Table I.

10 11 12 13 14 15 16 17 18 19

Ok 
108

ак 
at
10»

at
10»

ai 
at 

1010

аь 
at 

1010

ал 
at

10Ю
cks 
108 108 1013

pl
et

io
n 

tim
e 

in
1 fr

ic
tio

n 
la

ye
r i

n 
irs

kwatt

1390 

+ 589 

+ 1060 

+ 582 

- 233 

-1020

+ 149,9

+ 200,0

+ 43,5

+ 749,0

-530,0

-155,0

- 79,0

- 4,5

- 76,5

+ 141,0

- 38,8

-273,1

+ 2,4

-162,0

-767,0

-2180

- 907

- 292

+ 346

- 544

- 18,9

- 7,8

-23,5

+ 12,7

-34,3

+ 406,0

+ 477,1

- 95,7

+ 359,0

+ 466,1

-419,1

-333 

-303

-384 

— 3Í8 

-275 

-257

93,1

84,2

89,5

106,0

74,9

74,3

7,8

7,4

8,7

6,3

7,5

8,0

+ 2,5 + 0,78 -22,6 -160,8 -259,2 -9,3 + 1,2 -2,1 5,6

watt m-2
104 

joule 
m-2

7,6

the layer between 850 and 750 mb.). It is somewhat surprising that we have 
a similar march for the variability of the potential as well as kinetic energy 
in the upper part of the troposphere. When looking at the curve it seems 
that the troposphere obtains the kinetic energies of movements taking place 
in its lower part from the changes going on in the internal energy, and more 
precisely in the lantent energy, while the kinetic energy of the movements 
setting in the upper levels is due to the changes of the value of the potential 
energy. The kinetic energy reached its strongest variation in the vicinity 
of the 250 mb level, but we could observe a secondary maximum too bet
ween the layers of 850 and 750 mb. On the Fig. 2. we can well see that the 
change of the internal energy is of a lower order of magnitude when com
pared to that of the other energies, while the change of the latent energy 
surpasses the added values of variation taking place in the potential and 
internal energies. For the mean variability of the individual energies 
Boriszenkov (1960) has obtained similar values with the exception 
that he did not calculate separately the latent energy, but he took it into 
account in the value of the internal energy, using virtual temperature ins
tead of the common one. As regards the detailed energy values of the doma
in the contribution of the latent energy to the potential energy being at 
the disposal of the kinetic energy represents a significant value, even in 
the development of the northern cyclone. It seemed that it had its part in

9*
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Fig. 1. Vertical distr ibution of the mean values of various energies: 
the value of the j otential, internal and latent energy is given 

in 106 joule m~2, tint of the kinetic energy in 103 joulem-2 units.

the stability of the large зус1опе, and as regards its activity, the latent 
energy can be taken as ti e primary energy source of the Mediterranean 
cyclone.

'ious conclusion that the latent heat release can 
sification of cyclones of middle latitudes. The 

This supports the pre' 
lead to a significant inter
first attempts for taking in ;o account the effect of condensation on the deve
lopment of cyclones have эееп made by Smagorinsky (1956), who

ertical velocity can be increased by an order of 
ig into account the horizontal change of the sta

found that the computed ir 
magnitude partly by takin:
tical stability, partly because in those domains, where latent heat release 
occurs, vertical velocity will be induced. The non-adiabatic contribution 
of the released latent heai may — in some cases — surpass the order of 
magnitude of the absorbed solar radiation by one or two orders of magnitu
de. Supposedly, the increased amount of available potential energy in the 
domain of the Mediterranean may be attributed also to the effect of non- 
adiabatic contributions cc nnected to the latent heat variations. On the 
series of Figures 3. we see the changes of areal distribution of available 
potential and kinetic energies at 12h on the 19th, at 00 as well as 12h on the
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20 th, while on Figs 4. and 5. we show the variations taking place in the 
potential, internal and latent energies. The variations of the latent heat 
show the maximum concentration in the Mediterranen, but we can find sig
nificant values also on the area of the North-Europian cyclone too. In the 
indicated domains the latent heat plays a double role. On the one part it 
increases the non-adiabatic contribution of the available potential energy 
in the domains of a positive efficiency factor, while on the other part the 
induced rising currents within the relatively warmer air supported the 
conversion into kinetic energy. One can not neglect — owing to the presence 
of the Mediterranean-sea the contribution of the observable heat supply in
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T I

а., •a.,

b„b.,

c.,

I: available potential energy in 1013 kjoule units; and II
c..

Fig. 3. Areal distribution of th s
kinetic energy in 1012 kjoule ui its. Values refer to the volume from the ground up to th 

100 mb surface level over ai eas of 2.5 degrees of width and 2.5 degrees of length each
a) : i 

b) foi
c) ;

or 19th October 1970, 12 GMT, 
20th October 1970, 00 GMT and 
or 20th October 1970, 12 GMT.
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a.,. a.,

Fig. 4. Areal distribution of the variation of the energies in 109 kwatt, from 19th Oct. 12 
GMT and 20th Oct. OOGMT; a) potential energy, b) internal energy, c) latent energy

Fig. 5. Areal distribution of the variation of the energies in 109 kwatt, from 20th, Oct. 
OOGMT to 20th Oct. 12 GMT.
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developing potential energy. P e 11 e r s s e n (1962) made calculations 
concerning the development of the cyclone of the Atlantic and according 
to him the contribution о? the observable heat of 1 cal cm-2 order of mag-
nitude played an accentu ted role.

Regarding the development of the Mediterranean cyclone this can 
be linked first of all wit i global reasons, it appears in the first phase of 
its development as a marginal cyclone of a large central one, as a result — ac-
cording to the maps repres 
first of the contribution

enting the changes of the individual energies — at 
of the decrease in potential energy, then setting

in motion processes haviig as a consequence a further development fed 
first of all on local sources. So, in a later stage the latent energy could be 
stated as a primary sourcэ.

Although the available potential energy might be extremely high at 
cases, we can not be sure that this transforms partly or completely into
kinetic energy. If the flow is purely zonal and the mass, as well as the rota-
tional momentum distribution is in dynamicaly stable equilibrium, then 
the kinetic energy will not be realized. This appears also immediately, if 
we consider the figure series 3. We observe extremely high amounts of the
available potential energy on the area of the subtropical high pressure belt, 
while at the same time ws encounter in this domain very low values if we
follow the distribution of the kinetic energy.

Our foregoing analysis has given answer only to one of the basic 
problem of the energetic j of the atmosphere: how much is the available 
energy incase of maximum favourable conditions. No answer has been 
given as yet to the question, which part of this transforms into kinetic 
energy and this can be gimn only on the basis of a closer knowledge of the
mechanism triggering and determining the process. The answer to this ques
tion is made possible or ly through the use of the whole hydro-thermo
dynamical equation system, of which we will deal here first of all with the 
determination of the parameters marking the transformation mechanism 
as well as with the compaison of the amount of dissipation.

The local change of 
form, obtained by a trans:

he kinetic energy can be written in the following 
ormation of the horizontal motion equation:

where vkV +
d(km) .—------is tin

dp
e horizontal and vertical advection of the kinetic

energy across the boundaries, Vv<p is the formation of kinetic energy
within the volume due to die effect of horizontal pressing forces, and finally 
V v F is a simple express on of the frictional loss of kinetic energy.
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Э-,

b.,

Fig. 6. Conversion of available potential energy into 
kinetic one in 109 kwatt units, 

a) 19 thOct.. 1970. 12 GMT 
b) 20 th Oct., 1970. OOGMT, 
c) 20 th Oct. 1970 12 GMT.
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The explicit ness of t le expression of V V cp is very favourable both of 
physical sense as well as of the point of view of the analysis of the observed 
meteorological data. The 1 inetic energy develops from the potential energy 
on the expenst of the worl; exerced by the horizontal pressure force to the 
air mass, when there is a flow component in the negative direction of the

the form of the continuity equation in a p — 
e basic equation of the statics, the expression

geopotential. If we apply 
coordinate-system and tin
F vy can be written in the following form

Substituting into (6) we gi
pt

dK 
dt

s

While the redistribution

T7 dcocp
V ср = V V ср -I----------f aw 

dp

pt for the local variation of the kinetic energy

. TT dcok T7 dmq> T7 „1 7
kV ---------h aw + V Vср 4----- — — F V F dpdS

dp dp

(7)

(8)
t erm v Fy + —— — presents itself as the indicator 

dp
of the effective developm mt of the kinetic energy, the term аы can be ta
ken as the indicator of the release of the available potential energy. If 
the term xcd is written in the form of the areal average and of the deviation 
of it we get

aw = cud + a co' (9)

F

and in this alternative the 
lation of a' and cd'. On the

conversion is in connection with the space correla- 
larts, where the air warmer than its sourroundings 

rises and the cooler air d< scends, the positive circulation supports the con
version into kinetic energy, while on areas, where the negative (indirect)
circulation takes place — this being connected with a destruction of kinetic 
energy the increase cf the available potential energy sets in. This is 
apparent immediately also form the equation describing the local change
of the available potential energy, which can be written — after calculations
not given here is detail -- 
wing form: 

and differentiating equation 5. — in the follo-

dt
1

S p2

Pi г

+ aw — V VcpT-

a i-^ w
1 px)

P^-Pri

dp

n

1 dt

dp dS +

P2-

P*2
P^]T

Í 2 dt
dS (10)

s P



INVESTIGATIONS ON THE ENERGY BALANCE OF THE ATMOSPHERE 139

V ! Ve T + 
( Г J p

where Q is the heat added to or taken out of the unit mass, the individual 
forms of which can be: evaporation, condensation, various components of 
radiation, the sensible heat- contribution etc., о is the friction heating, 
this being always positive; the term

Ul-^ 
1_ Г 
dp

is the horizontal and vertical advection of the potential and internal energy 
across the boundaries, while the last term reflects the change of the vertical 
boundaries; we find also the term a co marking the transformation with 
opposite sign, representing here the transformation of the available potential 
energy into kinetic one.

Since the determination of the axo conversion term depends according 
to (9) strongly on that how can we estimate co from the operationally 
smoothed and modified data (obtained by means of adiabatic, quasigeos- 
trophic or kinematic methods) the reliability of the conversion term can be 
uncertain on areas, where the boundary conditions set by one or another 
method are not fulfilled

In the course of our investigation we have determined co in the expres
sion a co concerning the development of kinetic energy by a kinematic 
method for the layer between the ground and 100 mb, supposing that this 
layer incorporates the most part of the influence of processes of synoptic 
scale, but the value of co has been certainly underestimated at the places, 
where the release of latent heat is significant. Also here — as we did earli
er — we do not present the whole material owing its largeness, but we show 
the term a co only in the dates of the three ascents indicated, (Figs 6. a., b 
and c.).

The highest values of conversion are found to the left — when looking, 
with the direction of the flow — from the centres representing the highest 
values of the kinetic energy. The maximum values of the kinetic energy ap
pear on these areas after the next 12 hours, while in the spots of the previous 
centers the highest reduction of the kinetic energy, i.e. a negative conversion 
can be found, and at the same time the available potential energy is signi
ficantly increased. When looking back again to the formation period of the 
Mediterranean cyclone and to the maps showing the variation of potential 
as well internal energies we find a decreasing march. In reality we have here 
the strongest withdrawal of air and the highest vertical divergence of the 
velocity is also formed here in connection with the ascending movement 
within the cyclone. As a matter of fact, part of the released energy is used 
up for the expansion work and for the kinetic energy of the vertical move
ments. In the whole domain, the transformation value computed from data 
of the six ascents was oscillating — according to the data of Table I. — 
between +139-IO8, +589-IO8 +106-IO8, +582-IO8, -233-IO8, + 102- 
108 kwatt, and this values were strongly influenced by the terms represent
ing the horizontal and vertical advection. While the vertical transport is
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only of a modificating irifluence, the horizontal energy transport may be 
especially singificant at the jet level. This indicates that the local produc-
tion of the kinetic energy 
the spot.

dies not necessarily feed on sources available on

Regarding the signifi 
ries we can read in a theo:

'icance cf the energy transport across the bounda- 
n etical study of Van M i e g h e m (1967). The

application of his ideas fr 
died theoretically by E
aspect it was S e c h r i

эт the point of view of cyclogenesis has been stu- 
li assen (1952) , while from the diagnostic 
it who has treated them (1968). The boundary

processes in the variation of the available potential and kinetic energy of
an open system play so 
is, for the conditions of

much an important part, the smaller the domain 
which the processes are treated. To demonstrate

this we can apply — among others — also in the case of the Mediterranen 
cyclone the circomstance that, if we restrict ourselves to the domain marked
by Radin о vic (1968) in the formation phase of a Mediterranean
cyclone, i.e. we write tl 
between the 0° and East 
des 30° N and 47.5° N, w
19 th , -0.8-10м kwatt

e summed up transformation term for the area 
17.5° meridians, respectively between the latitu- 
e get the values: — 1,06 ■ 1010 kwatt at 12й on the 
at 00й and +3.6 • 1010 kwatt at 12й, i.e. in the for

mation stage of the cyclo: re the summed up values dees not seem to support
the transformation into 
shown that the positive vi

kinetic energy. More detailed investigation has 
aluesof the transformation into kinetic energy on

these days could be found only in the lower third of the troposphere, while 
in the upper parts we gel 
sitive conversion value ir 
domain there was present

negative values and this surpassed the lower po- 
the course of summation. Because in the regional 
a very significant amount of released latent heat, 

by all certainly the computation of the vertical velocity by a kinematical 
method has led to an ur derestimation of the real vertical movements, to 
which the energy transport across the boundary was added as a significant 
component. In the last cclumn of Table I. we see the dissipation values of a 
lower, about 1000 m thic < layers of the troposphere. According to the data
of the six escents the dissipation oscillated between 257-IO8 and 448-IO8 
kwatt. If we compare th s value with the average kinetic energy (column 
18., Table I.) of the lowe ■ layer we find that in case the rate of dissipation 
does not change and if we 1 
tic energy, this would be ; 
above during an average

have no assurance for the replacement of the kine- 
:aken out of the layer of the troposphere indicated 
s time of 7.8 hours. To similar result came also

Boriszenkov, according tJ the computation of whom the kinetic energy of 
the lower layer would be
troposphere would give 
Kung (1966) has earn

dissipated in less than one day, while the total
away its complete kinetic energy in 3—4 days, 
ed out computations concerning the connection

between the kinetic energy of the lower layer and its dissipation. His results 
show that in case of a rate of the dissipation as high as 2.21 wattm“2 the 
kinetic energy would be dissipated from the lower layer in an average time
of 4.3 hours.

According to Kun; 
takes place in the lower %

g (1966) about 31% of the complete dissipation 
yer of 1 km thickness. If we take into account this 
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ratio, and using the dissipation value obtained we can get the exhaustion 
time for the entire domain, which can be estimated — according to Kung — 
to 2.73 days. The average depletation time computed from the data of 
the single days amounted to 4 days in our case.

The results discucced above attire the attention — among others — of 
the scientists to the circumstance that models applied to the forecasting 
of weather can promise reliable results only in case they will be completed 
by a suitable model of the energy transformation.
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SUMMARY

Theoretical evidence for the solution of a practical problem has been given in the 
paper. Basing on measurements made by means of a Fedorov table new plagioclase twin 
laws were described in 1974, but the authors did not deal with the elimination of error caused 
by pseudosymmetry. Normal twin laws according to (110) and (110) as well as according 
to (130) and (130) could not be separated when basing only on external symmetry, since 
the angle deviation falls between the limits of measuring errors. But the relative position 
of crystallographic symmetry and of the optical indicatrix unequivocally determines whether 
in a given case we have to deal with a right or left form. For a correct determination of the 
plane index we have to state the relative position of the rectangular coordinate axes of 
irrational index taken of the basis of triclinic cristallographic directions.

When two new plagioclase twins were described (L. Bondor —H. 
Szeberényi, 1974) on the basis of data obtained from optical measurements 
by universal-stage, in all cases the Eulerian angles helped us to distinguish 
the right forms from the left ones. There was no problem to determine in 
the way of drawing on a stereographic net that the twin plane is the 
(110) or (HO) face and in the other case it is the (130) or (130) face. It did 
not seem to be necessary to give the theoretical evidence of the applied 
method.

Because several mineralogists have doubted the possibility of the 
separation of the right and left forms, it seems to be necessary to return 
to this question.

The limit of error of the optical measurements is generally greater 
than it is in the case of measurements by goniometer. This fact may lead 
to an erroreous determination of the indices indeed in case of pseudosym
metry. But if the optical orientation is compared with the crystallographic 
one, the correct indices can be determined.

In the case of plagioclase crystals the triclinic crystallographic system 
of co-ordinates compared with the indicatrix would be a difficult thing. 
If we choose a Cartesian but irrational set after C. Burri (C. Burri —R. L. 
Parker — E. Wenk, 1967) it will be possible to use Eulerian angles, because 
the Eulerian angles relate to Cartesian set with the same origo.
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sen crystallographic system of co-ordinates areThe axes of the cho 
indicated as XYZ

±[001
(010)

У =±(010) Z = [001]

The optical axes are indicated as ABC
A = the highest optical elasticity direction, or optical main vibration 

direction
В = the medium optical elasticity direction
C = the lowest optical elasticity direction
In an other paper wi 

the basis of the optical anc 
ments by universal-stage.

Here we are dealing 
vector components and of 
be defined.

1 be described the calculation of the indices on 
. crystallographical data obtained from measure-

with the problem how the correct signs of the 
the indices in the case of pseudosymmetry may

The first figure shows a plagioclase intergrowth which consists of six
twin members, but the sixth is not measurable. In the first complex the
intergrowth plane is the (010) face. Between the first and second indivi
duals an Albite twin law is valid. The data are as follows:

Individual 1.

о 
о

о 
C
M 

О
О о

 
О 

г-Н 
С
О 

С
М 

Г—

II 
II 

il

£ 
r-Y

hQ = 37° 
h6 = 30° 
hc = 39°

Individual 2. п„ = 190.5° h„ = 36.5°
пй= 75° hft = 30°
пс = 317.5° hc = 39°

Individual 3. п0 = 224.5° h„ = 29°
п„ = 318.5° h() = 8°
пс = 62,5° hc = 60°

Individual 4. па = 267° h„ = 38.5°
п6 = 9.5° 4 = 15°
пс = 122° hc = 48°

Individual 5. nQ = 36° ha = 80.5°
n4 = 144.5° 4 = 2.5°
nc = 235° hc = 10°

The data of the meaf urement of the intergrowth planes:
Пу = 317° hy = 0°
Пу; = 79.5° hyy= 22°

The lines of growth: ng = 317° h = 1°
Cleavage: nc/ = 80.5° К/ = 21°

The figure 2. shows the data of the measurements.
In the second comp ex there are three measurable twin members. 

Between the third and fourth individuals there is an Albite-Carlsbad
complex twin law, the twin axis is equal to the X axis in the system of
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Fig- 7-

Fig. 2.

co-ordinates. Between the third and fifth members there is a Carlsbad 
twin law, and the twin axis is equal to the Z coordinate axis. The fourth 
and the fifth are Albite twins, the normal of the (010) plane is the Y axis.

If we choose such a stereographic projection plane which is the same 
as on the table 2. (C. Burri—R. L. Parker— E. Wenk, 1967) the Z axis will 
be in the centre, and the X and Y axes will be on the outline of the circle. 
(Figure 3.)

Between the second individual and the third one there is a twin law 
and we want to define the twin axis. The second stereogram may be fitted 
on the table 2. in four different way (Figures 4a, 4b, 4c and 4d). So the 
requested twin axis may be near the (130) face and the (130) also. This 
uncertainty is caused by the fact that the positive and negative directions

10 ANNALES — Sectio Oenlogica — Tom us XX.
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of the axes have not been taken into consideration. There are not sufficient
crystallographic data to । 
vestigation by universal i 

If this Cartesian se

define the signs of the axes in many eases of in
stage.
would be a rational crystallographic set (in the

orthorhombic, and tetragonal system) the positive and negative directions 
of the axes would be i ivertable in the holohedral classes, because the 
symmetry of the right-angles system of co-ordinates requires all those 
points which are in the projection plane in the case of the four different 
fittings.

In the triclinic system the axes of the Cartesian set are not rational 
crystallographic directions, so only one fitting out of the four is possible. 
The inversion centre requires two points but either of them is on the lower
half of the sphere.

The Eulerian anglet 
fitting.

proposed by C. Burri help us to choose the correct

The anortite content of the individuals may be read off on the plate IX. 
(C. Burri—R. L. Parker —E. Wenk, 1967). The anortite content varies 
between 75 — 78%. We can see the I., II., and III. kinds of Eulerain angles 
in catalogue 41. of the above authors. That fitting will be correct, in which 
the correct Eulerian angles can be read off. When the third individual
shows the corresponding Eulerian angles the twin axis coincides with the
(130) face (Figure 4a). T ie second individual shows the twin axis to coincide 
with the (130) face at the corresponding Eulerian angles.

The result of the drawing there is a twin law according to (130).
That has been an e cample how the problem should be solved by draw

ing. Now the theoretical evidence of the solution must be given.
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What is unknown during the calculation or the drawing are those 
axial directions of the XYZ system of co-ordinates having a positive sign. 
If one of the three axes is taken with the opposite sign the set will be one 
of left-handed rotation. This mistake would not be committed if the ro
tation of the axes would be taken into consideration. All the axes can be 
inverted withouth an error, the result are the same, because the plagio
clase crystals have an inversion centre.

Only one case should be examined i.e. when the sign of two axes are 
changed.

Point P is the position of the pole of a particular face. The coordinates 
of point P in the XYZ system of co-ordinates are indicated as P(z, y, z). 
The vector of the normal of the face is:

p = xi + yj + zZ:

The same point P in the ABC set is indicated as P(a. b, c), the normal of 
the face:

p = am + bn + co if m, n and о

are the unit vectors in the directions of the corresponding axes.
Transformating the XYZ system of co-ordinates into the ABC system, 

the components of the point P are as follows:

a = x cos (AX) + y cos (AY) + z cos (AZ)

b = x cos (BX)+y cos (BY) + zoos (BZ)

c = x cos (CX) + у cos (CY) + z cos (CZ)

p = [x cos (AX)+ y cos (AY)+ z cos (AZ)]m+[xcos (BX) + ycos (BY) +

+ z cos (BZ)]n+ [x cos (CX) + y cos (CY) + z cos (CZ)]o

If we take the opposite direction of the X and Y axes as positive 
directions and the indication of these are as X’ and Y’, and we take a 
point P’ which has the same coordinates as the point P, then P’(x’, y’, z’). 
The value of x’, y’ and z’ in the X’Y’Z system of co-ordinates are the same 
as those of x, у and z are in the XYZ set. Transformating the X’Y’Z system 
of co-ordinates into the ABC set, the components are as follows:

a’ = x cos (AX’) + y cos (AY’) + z cos (AZ)

b’ = x cos (BX’)+y cos (BY’) + z cos (BZ)

c’ = x cos (CX’) + y cos (CY’) + z cos (CZ)

If the three members of the sum are different from one another and 
from zero, the value of the sum cannot remain the same if two of the mem
bers are taken with opposite sign. If are there any cases when a=a’, 
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b =b’, с = c’ or a = — a’, b — — b’, с = — c’ errors are possible, and we cannot
eliminate the uncertainty of the indices. The first three equalities cannot 
be realized if x and у differ from zero.

The above second three equalities may exist in some special cases.
Two members of the sums are zero, if all the three axes of the ABC system 
of co-ordinates coincide with the axes of the XZY set. The variations are
as follows:

In the other three cai

If A = X В = Y c = z
then a — x b = у c — z

a’ = —x b’ = — v c’ = —z
if A = Y в = Z C = X
then a = у b = z c = x

a’ = — у b’ = — z c’ = —X
if A = Z' в = X C = Y

a = z b = X c =y
a’ = —z b’ = — x c’ = — у

ses we take the negative directions of the axes
of either of the two system of co-ordinates. The absolute values of the

ndependence on the axes of the ABC set coincidecomponents are different i
with which axis of the XYZ system. Consequently « = —a’, b = — b’, 
c = — c’. Because the absolute values of the co-ordinates are the same as 
all the three have an opposite sign, it is impossible to define the correct 
indices.

se one axis of the XYZ system of co-ordinatesIn another special ca____________ ___ _____ _v,_____  __ __ ____
coincide with one axis of 1 he ABC set. The other four axes must be in one 
plane.

If we choose the oppc 
lie in the common axial p

site sign of those two axes of the XYZ set which 
ane, then one member of two sums will be zero.

Taking the other two me nbers with an opposite sign will give the same
component has two members equalling zero, 
when C = Z. The XYZ system of co-ordinates

BC system:

absolute value. The third 
Let us see that case 

transformating into the A

a = x cos (AX) +y cos (AY) 

b = xcos (BX) + y cos (BY)

a

b’

= - [x cos (AX)] - [y cos (AY) ] 

= — [x cos (BX)] — [y cos (BY)]

— zc

So a — —a’, b = — b’, c = — c’ equalities exist in this case also.
Any other symmetrical position is geometrically impossible between 

the two systems of co-ordinates.



EULERIAN ANGLES AND THE PSEUDOSYMMETRY 151

Practically we cannot define the correct indices in two special cases: 
1. The axes of the two systems of co-ordinates are near each other. 2. One 
axis of the ABC set is near one axis of the XYZ system of co-ordinates, 
and the other axes are near in one plane.

We may say it in an other sense that the transformation of a Cartesian 
set into another right-angles system of co-ordinates (with the same origo) 
is unambiguous excepting the above mentioned two special cases.

Working with Eulerian angles on the plane of the stereographic pro
jection the solution of that problem is more simple. Taking the first kind 
Eulerian angles the drawing is as follows:

The axes of the first system of co-ordinates are na, n^, and ny optical 
vibration directions which must be transformed into the XYZ set. First 
we make a right-handed rotation around Z as an axis of rotation, so the 
line of intersection between the XY and the n^ ny planes must fall into the 
X direction. The rotation angle is — Ф, if the n^ direction is in the negativ 
part of the Y axis after rotation. Making a right-handed rotation around 
the +X axis na falls into the +Z direction. The rotation angle is 0. Finally 
we make a right-handed rotation around Z, so n^ falls into + X and ny falls 
into +Y. The rotation angle is Ф.

The other two kinds of Eulerian angles are obtained by left-handed 
rotation.

The second kind Eulerian angles: Making a left-handed rotation 
around axis Z, the line of intersection between the XY and the na ny planes 
falls into the X axis. The rotation angle is R, so n^ falls in the positive 
part of the Y axis. We make a left-handed rotation around + X, the n^ falls 
into +Z, the rotation angle is I. Then we make a left-handed rotation 
around +Z, the ny falls into the + X, the rotation angle is L.

The third kind Eulerian angles are as follows: First we make a left
handed rotation around axis Z as an axis of rotation, so the line of inter
section between the XY and na n^ planes must fall into the X axis. The 
rotation angle is D, n is in the + Y axis. Then making a left-handed rota
tion around +X, so the ny falls into the +Z axis. The rotation angle is N. 
Finally we make a left-handed rotation around +Z so the na must fall 
into the + X axis. The rotation angle is K.

If the opposite directions of two axes of the XYZ set will be taken as 
positive axes, and the rotation will be made as above, the result is as 
follows:

. -Ф'

. R'

. D'

180° - Ф
180° + R
180°+D

0' = 0
I' = I
N' = N

Ф' = Ф
17 = L 
K' =K

One of the three Eulerian angles is certainly not the same as it is in 
the first case.

If the — Ф angle is near 90° and the Ф is also near 90°, the ny vibration 
direction falls near the negative direction of the Y axis. At the law-tem
perature plagioclase crystals in the case of 20% anorthite content the 
— Y axis and the ny vibration direction form an angle of 1.3°. Here a very
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precise microscope and universal-stage is needed to eliminate the error. 
In the case of the other i aembers of plagioclase series there is no problem 
like this.

The way in which the optical vibration directions relate to the crystal
lographic orientation is a characteristic feature of the minerals. In plagio
clase crystals it is a lucky circumstances that the indicatrix and the crystal-
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lographic orientation are in a general position and therefore the position 
of the ABC system of co-ordinates and of the XYZ set is also a general 
one.

The figures 5 — 9 show how the sign of the axes can be defined. The 
figure 5 shows the measured data of the C and D members of a plagio
clase twin crystals.

1 1 ANNALES — Sectio Gpologica — Tomus XX.
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Fig. 9.

On the figure 6 the rotated member C can be seen, the projection 
plane being the XY plaie. If this is rotated with 180° around the X axis, 
the figure 7 will show the Eulerian angles and the correct sign of the 
angles.

Figure 8 shows the measured data of the A, В and D members of an 
other plagioclase intergrowth. In the figure 9 the individual В is rotated 
into the XY plane. The Eulerian angles can be seen withouth further ro
tation.

Eulerian angles me у also be used at monoclinic minerals in a similar 
way.

Eulerian angles and right-angle cristallographic co-ordinate systems 
in the literature are proposed only for plagioclase crystals. A Cartesian set 
can be established for any mineral whatever, provided that the most 
frequent faces and zoni axes are taken into consideration.
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ВАРИАНТ АППАРАТУРЫ ДЛЯ РАДИОВОЛНОВОГО 
ПРОСВЕЧИВАНИЯ

В. ИВАНОВА, С. ПИЩАЛОВ

SUMMARY

The paper deals with instrumenttechnical and methodological problems of geo
physical prospecting of ore deposits based on radiowave — transillumination. Instruments 
and methods elaborated have been successfully applied to industrial practice.

Кафедра геофизических методов разведки Софийского горногеологи- 
ческого института проводит работы по выяснении возможности метода 
радиоволного просвечивания на полиметаллических месторождениях 
в Н. Р. Болгарии.

Для проведения этих исследований разработан комплект аппаратуры 
для шахтнового варианта метода комплектованный с мгниаторным сква
жинным передатчиком. При создании аппаратуры учитывая характерис
тики и особенностей существующих вариантов ставились следующие 
требования:

а) относительно простое схемное решение с необходимой стабиль
ностью и точностью работы и сравнительная простота обслуживания в 
процессе наблюдений;

б) небольшие габариты и вес при достаточно большой мощности 
передатчика и высокой чувствительности приемника, обеспечивающие 
оптимальные интервалы просвечивания.

В разработанный комплект аппаратуры для шахтного варианта 
радиоволнового просвечивания входят: передатчик, приемник и комп
лект генераторных и приемных антен.

Блок-схема передатчика показана на рис. 1. Задающий генератор 
с кварцевой стабилизацией работает на четырех фиксированных частотах 
— 0,46; 1; 3,5 и 8 мгц. Буферный каскад ослабляет влияние усилителя 
мощности на задающий генератор и таким путем повышается стабиль
ность частоты генератора.

От усилителя мощности сигнал высокой частоты подается в антенну, 
в качестве которой могут быть использованы штырь или рамка.

Передатчик выполнен на пальчиковых радиолампах по принци- 
пальной схеме, показанной на рис. 2. Задающий генератор выполнен на 
лампе б НЗП (левый триод) по емкостной трехточечной схеме. Частота

и*
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ANTENNA

Рисунок 1. Блок схема передатчика

генератора стабилизиротана кварцевым резонатором, включенным между 
сеткой и анодом лампы. Необходимо отметить, что стабилизация частоты
кварцем является самым эффективным методом частотной стабилизации
в области высоких частот и относительная нестабилность по частоте при 
термостатировании кварта достигает 10 т. С целью сохранения постоян
ного выходного напряжения задающего генератора при работе на раз
личных частотах анодное напряжение лампы меняется ступенчато (соп
ротивления 68 ки 120 к).

Буферный каскад выполнен на лампе 6НЗП (правый триод) по 
схеме катодного повторителя. Катодный повторитель имеет большое 
входное и малое выходнее сопротивления. Напряжение анодного питания
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Рисунок 3. Общий вид передатчика

задающего генератора и катодного повторителя подастся через развя
зывающей RC —фильтр (800 ом и 500 пф). Высокочастотное напряжение, 
которое подается с выхода катодного повторителя на вход усилителя 
мощности, может плавно регулироваться (потенциометр 5 к.).

Усилитель мощности (оконечный каскад) выполнен на пентоде 
6П15П по параллельной схеме питания. Ввиду этого антенна не находится 
под постоянным напряжением, что отвечает требованиям техники безо
пасности при работе в штольнях с повышенной влажностью.

Антенна передатчика, штыревая или рамочная, включается в анод
ную цепь усилителя мощности посредством согласующего устройства. 
Для контроля выходной мощности часть высокочастотного напряж- 
нения на выходе измеряется с помощью амплитудного вольтметра. Через 
потенциометр 5к задается перенапряженный режим в оконечном каскаде 
и выходное напряжнение не требует наличия абсолютной настройки 
антенны. Это в значительной мере облегчает работу с генератором. Для 
получения напряжения анодного питания i спользуется транзисторный 
преобразователь напряжнения.

Постоянное напряжнение с аккумулятора (6 V) с помощью двух
тактного блокинг- генератора преобразуется в напряжнение прямоуголь
ной формы, которое выпрямляется мостовой выпрямительной схемой. 
Трансформатор преобразователя имеет ферритовый сердечник, что спо
собствует повышению коэффициента полезного действия. Для предох-
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ранения обоих транзистс 
включения питающего н 
SFR -136.

ров SFT —213 от обратного (неправильного) 
пряжнсния в схеме включен защитный диод

Для накала всех л. мп генератора используется постоянное напря
жение 6 V от йккумулят )ра.

Внешний вид передатчика показан на рис. 3. Конструктивно он 
выполнен в виде параллелепипеда, размерами 230x155x130 мм, имеет 
вес 1,9 кг. и следующие гехническ 'е данные:

рабочие частоты — С,456; 1; 3,5 и 8 мгц; 
выходная мощность - 1 вт
потребляемая мощность — 15 вт

(питание генератора ссуцествястся от двух аккумуляторов сц—10).

Основной частью аппаратуры является приемник. В известной
аппаратуре для радиовелнового просвечивания приемник обычно вы
полняют по супергетеро/инной схеме с большим резонансным каскадом, 
обеспечивающих высокую селективность приема. Такие приемники 
имеют значь тельные габариты и в процессе работы недостаточно стабиль
ны.

В разработанном приемнике использованы некоторые новые схемные
решения, которые отлич нот его от известных.

ка показана на рис. 4. Приемная антенна 
ки согласовывается с входным сопротивлением

Блок-схема приемы1- 
рамочая и путем настрой
высокочастотного усили’ 'еля.

ANTENNA

■унок 4. Блок схема приемникаРи

Частота гетеродина 
попадала в звуковой щ 
диодный. Ввиду низкой

подобрана так, чтобы промежуточная частота 
щпазон (она порядка 50—100 гц). Смеситель 
промежуточной частоты используется сбычный

низкочастотный усилитель с суженной полосой пропускания. При
менением низкочастотн )го усилителя вместо резонансного достигнуто 
значительное увеличеше стабильности работы приемника.

Это важное преимущество при проведении измерений в неблаго
приятных условиях (повышенная влажность, непостоянство темпе-
ратуры и др.).

В нормальном суп 
рис. 5.

эгетеродине распределение частот показано на
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Рисунок 5. Распределение частот в нормальном супергетеродине

fc — частота принимаемого сигнала;
/' — частота зеркального канала;
fx — частота гетеродина;
/(1 — промежуточная частота.

f
Отношение ---- -  - — очень близко к единице и требуемая селек-

fm +

тивность обеспечивается сложными резонансными системами.
В предложенный приемник распределение частот дано на рис. 6.

f
где- отношение значительно меньше единицы — например:

fm + ^fm

fm = 30 гц; Afm = 90 гц; __ -С
fm + ^fm

30 _ 1
120 ~ 4

Видно, что требуемая селективность при одной и той же полосе 
пропускания в этом случае может быть обеспечена более простым филь
тром.

Ввиду того, что промежуточная частота очень низка, не требуется 
применение резонансного фильтра. В разработанной схеме приемника 
используется обычный низкочастотный RC фильтр.

Напряжение звуковой частоты на выходе приемника измеряется 
амплитудным вольтметром.

Принципальная схема приемника, собранного полностью на тран
зисторах, показана на рис. 7.

Входной усилитель выполнен на малошумящих транзисторах SFT 
— 317. Основное усиление получается от первого транзистора, который 
имеет апериодическую нагрузку. Второй транзистор используется в 
схеме эмитерного повторителя с трансформаторным выходом. Для 
выравнивания усиления на разных частотах используется частотно- 
корректирующая цепь, которая связывает оба транзистора.

Питгние входного усилителя стабилизовано с помощью кремние
вого стабилитрона Д-808.
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Гетеродин выполнен на двух транзисторах SFT—317 и имеет квар
цевую стабилизацию частот. Превый каскад- это задающий генератор 
с кварцем, включенным между коллектором и базой транзистора. Наг
рузка апериодическая. Второй каскад (эм> терный повторитель) буфер
ный, что повышает стабильность частоты задающего генератора. Буфер
ный каскад работает в режиме ограничения и ввиду этого амплитуда 
выходного напряжения гетеродина не зависит от рабочей частоты.

Смеситель выполнен на обычном диоде с трансформаторной связью.
Низкочастотный усилитель 3-х каскадный. В. каждом каскаде 

используются два транзистора SFT —352 или SFT —353. Каждый каскад 
охвачен глубокой отрицательной обратной связью по постоянному и 
переменному току, благодаря чему режим и усиление всего низкочастот
ного усилителя остается стабильным при больших изменениях питаю
щего напряшения и температуры. Ввиду этого не требуется постоянной 
регулировки коэффициента усиления приемника, что в большой степени 
упрощает работу с аппаратурой. После первого каскада включается 
аттенюатор, с помощью которого чувствительность приемника меняется 
ступенчато. Питающее напряжение втсрого каскада стаби изовано 
кремниевым стабилитроном Д —808. Напряжение на выходе низкочастот
ного. усилителя измеряется амплитудным вольтметром с линейной шка
лой.

Основные достоинства разработанной схемы приемника по сравнению 
с существующими в аналогичной аппаратуре заключается в следующем:

1. Частота, на которой проводится основная селекция, очень низка, 
вследствие чего простыми приемами достигнута селективность выше, 
чем при использовании высокой промеждуточной частоты.

2. Величины сопротивлений и емкостей RC -фильтра определены 
путем расчета и поэтому отпадает необходимость в подстройке фильтра. 
Это улучшает технологические качества схемы.

3. Основное усиление осуществляется низкочастотным усилителем, 
который ввиду использования отрицательных обратных связей очень 
стабилен, независимо от неблагоприятных внешних факторов (темпе
ратура, непостоянство питающего напряжения и др.). Это особенно 
важно при использовании в схемах транзисторов. Благодаря этому 
отпадает необходимость в калибровке при каждом измерении.

Конструктивно приемник выполнен в форме параллелепипеда (рис. 
8.) размерами 230х 155 и 130 и вес 2,3 кг вместе с батереями питания.

Техническая характеристика приемника следующая:
рабочие частоты / - 0,45; 1; 3,5 и 8 мгц;
потребляемая мощность — 11 — 17 втхЗО —50 мА;
питание — 4 батареи х 4,5 V, обеспечивающие непрерывную работу 

приемника в течение 20 часов;
чувствительность —0,33; 1; 3,3; 10; 33, 100 и 330 мкв для всей шкалы.

Уровень собственных шумов, приведенных к входу, не превышает 
0,01 мкв.
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■ шок 8. Общий вид приемникаРис

В комплект антенн 
штук соответственно по 
0,468; 1,0; 3,0; и 8,0 мгц.

аппаратуры включены рамочные антенны 8 
четыре приемных и передающих для частот 

Диаметр антенн 30 см., вес 0,3 кг.
Штыревая передающая антенна. Рабочая длина 120 см. вес 0,3 кг.

необходимости использование дополнительных 
1Я ее действующей высоты.

Предусматривается при 
элементов для увеличени

Для расширения тонических возможностей применения метода 
радиоволнового просвечшания при подземных геологоразведочных 
работах, разработанный шахтный вариант аппаратуры дополнительно 
укомплектован миниатюрным скважинным передатчиком, работающим 
на фиксированной частоте 1 мгц. и скважинным приемником.

На рис. 9 показана схема скважинного передатчика. Задающий 
генератор стабилизован сварцем. Апериодическая схема выбрана ввиду 
ее высокой стабильности и отсуствия регулирующих элементов. Следую
щий каскад передатчика выполнен по схеме эмитерного повторителя.



ВАРИАНТ АППАРАТУРЫ ДЛЯ РАДИОВОЛНОВОГО ПРОСВЕЧИВАНИЯ 163

Рисунок 9. Принципальная схема скважинного передатчика

Оконечный каскад собран на нескольких маломощных высокочастотных 
транзисторах.

При параллельной работе нескольких транзисторов обычно они 
нагружены неравномерно и возможен выход из строя некоторых гз них. 
В разработанном передатчике для устранения этого явления г ( поль
зованы два отдельных эмитерных сопротивления, а транзисторы в каж
дой группе подбираются. На выходе псредатч’ ка включен п. ралелный 
колебательный контур для настройки антенной цепи. Согласование с 
нагрузкой осуществяется с помощью трансформатора с фе рритовым сер
дечником.

В качестве антенны используется кабель длиной 4м.
Внешний вид скважинного передатчика показан на рис. 10 а раз

мещение электронной схемы в скважинном снаряде на рис. 11. Вес пере
датчика вместе с питанием 1,4 кг, диаметр 30 мм, длина 850 мм.

Техническая характеристика:
рабочая частота 
выходная мощность 
потребляемая мощность

— 1 МГЦ
— около 0,2 вт 
- 12VX33MA.

Скважинный приемник состоит из высокочастотной приставки, 
включающей в себе приемную антену с автономном пытанием и низ
кочастотным блоком.

Для низкочастотного блока использована часть шахтного прием
ника в котором сохранен его основной принцип построения. Селектив
ность достигнута на базе принимаемой и осциляторной частоте, с раз
ницей друг от друга на нескольких сот герц. Схема высокочастотной 
приставки показана на рис. 12. Она состоит из четырёх германиевых 
транзисторов.
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Индуцируемый сигнал скважинного генератора через капацитет 
с минимальным значением перебрасывается на вход трептящего круга 
с самоиндукцией Далее сигнал подается к L2 с коэфициентом транс
формации 10 : 1. Транзистор Т, SFT —317 работает как широколентов 
усилитель с общим эмитером. Усиленный сигнал подастся на транзистор 
Т2 SFT—317, который работает как эмитерный повторитель. Однов
ременно с входным сигналом на базу Т2 подается сигнал от осцилятора 
Т4 SFT —317. Смешивание осуществляется в диоде SFD —108. После 
диода напряжение с частотой нескольких сот герц подается на низко
частотный П-фильтр со самоиндукцией L3. Далее сигнал попадает на 



166 В. ИВАНОВА, С. ПИЩАЛОВ

специальном проводник! который связан с шахтным приёмником. Пи
тание схемы осуществлялся четырех элементов СЭЛ —2.

Конструктивно зонд состоит из двух частей: металлическая труба 
с внешним диаметром d = 40 мм и длиной / = 700 мм, в которой раз
мещена электронная ехзма вместе с питанием и пластмасовую трубу 
с диаметром d = 40 мм и длину / = 1500 мм, в которой поставлена 
антена. Общая длина зонда 2200 мм.

Опробование разработанной аппаратуры в различных геофизических
условиях показало, что она отвечает основным требованиям производ
ства. При изменении сспротивления вмещающих пород в пределах от
60 до 400 OMM дальность 
для частоты 0,468 мгц i

. действия .меняется соответственно от 60 до 140 м. 
г от 20 до 70 м для частоты 8 мгц. Аппаратура

.характеризуется болпшэй стабильностью работы, а ее портативность 
и простота обслуживания обеспечивают высокую производительность
наблюдений.

На основании результатов производственного испытания аппар
туры и многообразия задач, предстоящих к решению в условиях мес
торождений с различными геоэлектрическими 
чены следующие основные направления по

характеристиками, наме- 
ее дальнейшему усовер-

шенствованию:
а) увеличение даль 

пости приемника;
б) разработка и вк.

ности действия путем повышения чувствитель-

. точение в комплект аппаратуры устройства для
прямой радиосвязи операторов, обслуживающих передатчик и приемник, 
что особенно необходимо при радиопросвечивании между двумя гори
зонтами.
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