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SILVER MINERALS FROM.RUDABANYA (N-HUNGARY)
S. SZAKALL —A. KOVAcs ™

Herman Otté Museum, Department of Mineralogy
University of Miskolc, Department of Metallurgy

ABSTRACT

Numerous silver minerals were found recently in (he primary and in the secondary oxidation zone of the
hydrothermal-metasomatic iron ore deposit at Rudabdnya, Northern-Hungary.

In the baritized zone bound to the carbonatic ore - primary in the galena-rich orebodies - silver, acanthite,
proustite, pyrargyrite and xanthoconite? were found. The limonitic and siliceous limonitic ores of the oxidation
zone contains acanthite, moschellandsbergite, bromargyrite, chlorargyrite and jodargyrite. These minerals are
the resultant products of the recrystallization of the silver-bearing phases of the baritized zone, i.e. of secondary
origin. This paper is on the description of the minerals referred to above.

INTRODUCTION

The professional literature refers to only one silver mineral, pyrargyrite from
Rudabdnya. This is surprising, having regard to the fact that Rudabidnya was famed for its
medieval silver mining. According to PODANYI (1956), the mineral under mining was
silver-bearing galena. The earlier examinations proved that silver was present almost in
every ore type as a trace element (KOCH, GRASSELLY and DONATH, 1956; PANTO, 1956;
CSALAGOVITS, 1973) From the examinations of Csalagovits it turned out however, that
the richest in silver is the baritized zone. It was also proved that silver enrichments are
always bound to lead, therefore to galena. The only described silver mineral, pyrargyrite
was observed by KocH (1966), by ore microscope in a galena specimen from the primary
zone. According to his description it occurs at the boundary of galena and barite as narrow |
strips.

RESULTS OF THE EXAMINATIONS
Primary silver minerals

Silver

It was found several times in the Polydnka and Vilmos areas of the deposit. In case of
the specimen from Polydnka, the correct place of occurrence is not known, because it was
found on the waste dump. The carbonatic ore consist of calcite, siderite and quartz grains,
according to the microprobe analysis.

*
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The microprobe analyses and the SEM examinations were made by AMRAY 1803 I
equipment with connected energy dispersive sensor at the Dept. of Metallurgy, University
of Miskolc. Accelerating voltage: 20 kV, test current 107, SiLi detector, W cathode,
EDAX-EDS system, analyses by supplied softwares.

Disseminated pyrite and galena were also observed in the carbonatic ore. Silver
occurred as shining white scales in fissures of the ore. At the edge of the grains thorn-like
crystals were observed by SEM. According to analyses the grains are formed by
xenomorphous silver and acanthite in its gaps and on the edges (Fig. /.). Acanthite was
often observed as acicular aggregates and as silver-form grains in cases alteration had
completed. The greatest silver grains which size of 20 um. Based on the EDX studies it
contains no other element. It also occurs in the cavities of the galena-bearing barite of a
Vilmos area as 1-3 mm hair-like aggregates and tufted bunches (Fig. 2.). On the surfaces
of these aggregates acanthite.appears as acicular crystals. This mineral association is
supposedly of secondary origin.

Fig. 1. Silver, grained appearance with acicular acanthite. Rudabdnya-Polyanka. Back-scattered electron image.
(Herman Ott6 Museum (HOM) collection)

Fig. 2. Silver, hair-like aggregates. Rudabanya-Vilmos. Width of the picture: 5 mm. (S. Klaj collection).



Acanthite

As a widely distributed silver mineral acanthite was observed in the primary and the
secondary zone as well in numerous openings, always in small quantities. When occurring
in the primary zone it is always bound to galena (Polydnka, Andrdssy-I, Andrassy-II, and
Vilmos areas). Its 2-40 mm grains are enclosed in galena, and it was also observed on the
edge of galena accompanied by pyrite and sphalerite. Thus, the prime material of the
medieval mining may have been acanthite-bearing galena. Apart from this primary
acanthite occurrence, a second generation acanthite formed from silver is also known from
Rudabénya. Acicular acanthite crystals were observed on and among the silver grains and
the tufted bunches as well. In several cases, the entire grain altered into acanthite. The
microprobe analyses of the acanthite is entirely corresponds to those of other localities.
Acanthite frame crystals of similar appearance (Fig. 3.) are well known from the
professional literature (WALENTA, 1984). Its formation can be credited to the alteration of
silver.

Fig: 3. Acanthite, acicular crystals. Rudabdnya-Polyadnka. Back-scattered electron image.(HOM collection).

Proustite

It is found in the galena-bearing ore of the Andrdssy-I, Andrassy-II and Vilmos areas
mostly as xenomorphous grains. It occurs in the galena-bearing ore of the spar edge
accompanied by galena, sphalerite, tetrahedrite, pyrargyrite, barite, calcite. It is found as
some mm rufous patches. Its presence was proved by ore microscopic studies during
which its strong inner reflection was detected, and by microprobe analyses, either (Table
1). Its composition, derived from the analysis is Agsss AsS344, thus showing somewhat
less As compared to the theoretical composition. Small crystals of poustite were also found
in cavities, which are of short, columnar habit, reaching 1-2 mm (Fig. 4.), with faces of
(1120, 0112). This is the only locality of idiomorphous proustite in Rudabanya so far.



TABLE |
Chemical composition of proustite from Rudabdnya-Vilmos (Wt%)

Ag 66.8 67.5
As 13.4 132
s 19.8 19,3

100,0 100,0

Analyst: A. KOVACS

Fig. 4. Proustite, stubby columnar crystals. Rudabdnya-Vilmos. Width of the picture: 4 mm. (S. Klaj collection).

Pyragyrite

It was often observed together with proustite in the galena-bearing ore of the Vilmos
area. Its colour is dark red, showing dark red inner reflection in ore microscope, and
occurs as 30-80 pm grains and also disseminated in sphalerite and barite (Fig. 5.). It was
also found in columnar crystals reaching 1-2 mm in small cavities. The microprobe
analyses assured its presence (Table 2) as its chemical composition corresponds to those of
the literature (ANTHONY et al., 1990), the Ag content higher, and the sulphur content is
lower, than the reference, however.

TABLE 2
Chemical composition of pyragyrite from Rudabdnya-Vilmos (Wt%)
Ag 62,8 65,5
Sb 233 19,8
S 139 14,7
100,0 100,0

Analyst: A. KOVACS



Fig. 5. Pyrargyrite (light grey), anhedral appearance with barite (white), galena (grey) and calcite (dark grey).
Rudabdnya-Vilmos. Back-scattered electron image. (HOM collection).

Xanthoconite?

A dark yellow mineral containing Ag, As, S elements according to the EDX studies was
rarely found in the silver mineral rich ore of the Vilmos area. It was very rarely observed
as short crystals reaching 1 mm. Its lustre was bright, the scratch was lemon-yellow. The
extremely small sample quantity was not enough for an X-ray powder study, therefore its
presence is not proved yet.

Secondary silver minerals

Acanthite

As referred above, the acicular acanthite on the surface of the silver precipitations in
siderite and barite in the Polydnka and Vilmos areas are supposed to be secondary phase.
The acanthite described in this paragraph however, is surely of secondary origin. In the
Andrassy-I area, near the surface, the galena-rich baritized zone was exposed to strong
weathering processes, changing the originally massive ore into hollow texture and making
the primary ore minerals dissolve and precipitate again in different appearance and phase.
These processes formed the thin tabular crystals of barite, the 2-3 mm rhombohedras of
calcite and the short crystals of quartz. As a typical oxidation zone mineral, anglesite was
also found as tabular and columnar crystals, smaller than 1 mm. Similarly, the sulphides
were observed as small crystals or thin crystalline crusts instead of the original massive
appearance. Finally, resembling to galena, appearing as tin-like crusts, coatings and
branchy aggregates, a bright grey silver and sulphur-bearing phase also observed, which is
considered to be acanthite, judging by its appearance, composition and genetics (Fig. 6.).

It occurred as a member of an intriguing mineral assembly in the Adolf area. In the
secondary ore, along occasionally 0,5 m thick siliceous veins, a diverse mineral
assemblage rich in various elements (Pb, Fe, Cu, Sb, Hg, Ag, S, As, C, Br, I) and minerals
was found. In this material cinnabar aggregates reaching 1-2 mm were found, which are of
zonal structure according to the microprobe studies, with concentric precipitations of an
Ag, S containing phase considered to be acanthite.
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Fig. 6. Acanthite, crusts on calcite. Rudabdnya-Andrassy I. Scanning electron micrograph. (HOM collection)

Moschellandsbergite

In the siliceous limonitic ore of the Adolf area referred to above silver coloured 1 mm
grains were observed in the environs of cinnabar enrichments. The grains are mostly of
xenomorphous appearance, but rarely occur as idiomorphous crystals with smooth edges,
mainly of dodecahedral habit. Its 4-8 mm hexahedral crystals and crystal aggregates were
also observed in thin sections. The grains and crystals are commonly found as pathes black
with tennantite and their surfaces encrusted by malachite. The crystals are often
accompanied by mercury drops. Thus, moschellandsbegite is likely to be considered to
have formed from the Hg, content of the tennantite and the high Ag content of the
formation. The results of the microprobe studies show a right correspondence to those in
the literature (ANTHONY et al., 1990) is seen (Table 3). The strongest reflections of
moschellandsbergite have appeared on the X-ray powder diffraction image (Table 4).

TABIE 3
Chemical composition of moschellandsbergite from Rudabdnya-Adolf (Wt%)

Hg 68.8 70,2
Ag 31,2 29.8

100,0 100,0

Analyst: A. KOVACS



TABLE 4
X-ray powder diffraction data of bromargyrite and chlorargyrite from Rudabdnya-Adolf

bromargyrite, chlorargyrite bromargyrite chlorargyrite, bromian
Rudabdnya-Adolf JCPDS 6-438 JCPDS 14-255

d(A) int (obs) d(A) int d(A) int
2.866 100 2.886 100

2.826 69 2.810 100
2.029 76 2.041 55

2.005 41 " 1.989 60
1.662 25 1.667 16

1.625 17 1.623 30
1.256 15 1.258 40

Made in Dept. of Mineralogy, Landesmuseum Joanneum (Graz)

Chlorargyrite

Chlorargyrite is a member of the mineral assemblage of the siliceous limonitic ore type
of the Adolf area with other silver halides. It was found in the small cavities of the ore, as
clear, greenish-yellow or light magenta mostly octahedral crystals and amorphous
aggregates. The crystals change colour exposed to light and turn grey and black. Oriented
intergrowths are common (Fig. 7), fine grained aggregates and crust-like coatings were
also found. Based on the EDX images the chlorargyrite of Rudabdnya sometimes contains
bromium (Fig. 8a). The four strongest reflections of chlorargyrite have appeared on the X-
ray powder diffraction image that corresponds to the chlorargyrite, bromian of the JCPDS
standards, though (Table 5). Its accessory minerals are dominantly quartz, cuprite,
cerussite, malachite, barite, goethite, calcite, rarely sulphur, mercury, and according to
X-ray and microprobe studies pale yellow powder-like bindheimite. The matrix of the ore
also consists of hematite ans cinnabar.

Fig. 7. Chlorargyrite, epitaxial octahedral crystals. Rudabdnya-Adolf. Scanning electron micrograph.
(HOM collection)
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Fig. 8 Energy dispersive X-ray spectrum of chlorargyrite, bromargyrite and iodargyrite from Rudabinya-Adolf.
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TABLE 5
X-ray powder diffraction data of moschellandsbergite from Rudabdnya-Adolf. :

moschellandsbergite moschellandsbergite
Rudabdnya-Adolf JCPDS 11-0067
d(A) int (obs) d(A) int
4.080 10
3.530 10
3.34 I5 Q
2.89 10 2.880 30
2.68 12 2.670 40
2.41 3l Q
2.36 100 2.360 100
2.270 8
2.239 6 2.240 30
2.137 6 2.130 30
1.966 8 1.965 40
1.831 4 1.828 20
1.669 9 1.667 40
1.629 10
1.586 2 1.583 10
1.541 3 1.547 20
1.481 5 1.478 30
1.449 5 1.447 40
1.417 6 1.419 40
1.376 7 Q ’
1.366 15 1.365 70
1.341 13 1.341 20

Made in ALUTERV-FKI (Budapest)
Q= quartz

A different chlorargyrite occurrence in the oxidation zone is also known. The X-ray
powder diffraction and chemical studies revealed the presence of pale green, massive
paratacamite in the fissures of limonitic ore on a rock specimen the accurate place of
occurrence of which is not known (SZAKALL, 1992). During the SEM examinations
chlorargyrite dendrite aggregates were observed on the surfaces of the tabular paratacamite
crystals.

Bromargyrite

Accompanying chlorargyrite, bromargyrite occurs as clear or greyish-white aggregates,
crusts and rarely cubooctahedral crystals, reaching 1 mm (Fig. 9.). According to EDX
studies chlorargyrite always contains more or less bromium, but phases containing
dominantly bromium also occur (Fig. 8b). By the microprobe studies made on sections of
crystal aggregates it was pointed out that the crystals had grew in several stages, with
formation gaps between each generation. These studies did not show any order in the
chlorine and bromium content, i.e. the bromium distribution image on wich among
chlorargyrite reflexions of three highest peaks of bromargyrite are seen (Table 5).

lodargyrite

In the cavities of the silicious limonitic ore containing chlorargyrite, brdmargyrite,
yellow, hexagonal tabular crystals greater than 1 mm with very intense lustre can be

13



observed very rarely. The colour of the crystals does not change exposed to light. The
forms of the hexagonal base and prism are present on the crystals (Fig./0). Crystal growth
phenomena can be seen on the base faces. Even rarer, its short, columnar crystals, reaching
0,5 mm were observed.

By EDX studies, I, (Br) and Ag are the only compounds of the crystals (Fig. 8c).
Having regard to the chemical composition and the physical characteristic, the crystal
morphology and the paragenesis, these crystals are considered to be iodargyrite.

Fig. 9. Bromargyrite, cubooctahedral crystals. Rudabdnya-Adolf. Scanning electron micrograph.
(HOM collection)

Fig. 10. lodargyrite, tabular crystal. Rudabénya-Adolf. Scanning electron micrograph. (HOM collection)
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Unidentified silver sulfhalides

AgHgSCl mineral (RB-01)

A mineral occurring in clear or yellowish, elongated, columnar crystals smaller than 1
mm with diamond lustre is found very rarely in Ag halide paragenesis (Adolf area).
According to the EDX analysis, Ag, Hg, S, Cl are present in the crystals. Unfortunately,
structure examinations were not made on the sample, because of its extremely small
quantity.

AgHgSBr mineral (RB-02)

On the southern side of the Andréassy-1 area in lower VillanytetS openings, the below
paragenesis was observed in barite veins. Galena, sphalerite, tennantite, heteromorphite?
occur as primary minerals forming patches and veins in the barite mass. The weathering of
these minerals resuited in the formation of the secondary cerussite, bindheimite, goethite,
cinnabar, hematite, malachite and rarest a greenish-yellow powder-like mineral, the
surface of which turns dark grey when exposed to light. This phase contains Ag,Hg,S Br
according to the EDX analyses.

Further examinations are still made on these interesting samples.
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CRYSTALLIZATION OF AMPHIBOLES IN THE KID VOLCANIC COMPLEX,
SOUTHERN SINAIL EGYPT: IMPLICATIONS FOR MAGMA EVOLUTION

I. KUuBOVICS and A. M. ABDEL-KARIM™

*Department of Petrology and Geochemistry, Ebtvos University
and **Geology Department, Zagazig University

ABSTRACT

The Kid volcanics consist of three main suites namely, basaltic andesite-andesite (BA-A), trachydacite-
dacite (TD-D) and rhyodacite-alkali thyolite (RD-AR). Microprobe analyses of phenocrysts and groundmass of
the amphiboles from rocks of these volcanic suites are presented in this paper. Amphiboles from BA-A suite
range from tschermakite phenocryst cores to ferro tschermakitic hornblende phenocryst rims and groundmass.
TD-D suite has ferroan pargasite phenocrysts and ferroan pargasitic hornblende groundmass. Amphiboles from
RD-AR suite range from kaersutite and ferroan pargasite phenocryst cores to magnesian hastingsitic hornblende
phenocryst rims and magnesian hastingsite groundmass.

The amphiboles of Kid volcanics are Ti-rich, calcic-type. In most cases, amphibole phenocrysts from BA-A
and RD-AR suites have the same evolution, reflect their cognate magmas. Moreover, both the TD-D and RD-
AR suites have close genetic relationship. The progressive evolutionary trend from phenocryst cores to
phenacryst rims and groundmass and from intermediate (BA-A) to felsic (RD-AR) suite are responsible for the
magmatic evolution of the Kid volcanic suites. In contrast, the concentration of amphibole composition as a
function of pressure and temperature suggest an opposite trend for the grade of metamorphism of these suites.
These calcic amphiboles are expected to be formed at high temperature (~700-1000 "C) and low pressure
(~0.2--3 Kb.) conditions.

INTRODUCTION

Amphibole represents the dominant mafic mineral phase in many rocks of intermediate
and felsic compositions. Due to its importance, a large body of miscellaneous work on
amphibole is scattered throught the scientific literature. More recently, amphibole in
intermediate and felsic compositions has been thoroughly studied by several investigators
including LEAKE (1978), CAMERON and PAPIKE (1979), WONES and GILBERT (1981),
HAWTHORNE (1983), SCHULZ-KUHNT et al. (1990).

Generally, the Precambrian volcanic rocks in the Egyptian basement belong to the three
major geotectonic units (RIES et al., 1983 and EL-GABY et al., 1988); namely, the lower
unit comprises low-K tholeiitic basaits which are integral part of an ophiolite association.
The second unit belongs to the island arc association of andesite, dacite and
volcanoclastics with -subordinate basalt overthrusted on the former unit (EL-GABY et al.,
1988), and the third unit manifested by a vast subaerial, calc-alkaline volcanics (Dokhan-
type) rhyolites and rhyodacites are dominant rock types of this unit.

* H-1088 Budapest, Miizeum krt. 4/A
Zagazig, Egypt
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Amphibole is represent in diverse varieties in many volcanics of the Kid segment of
southeastern Sinai (Fig. 1.). In this study, a number of fresh amphibole samples have been
analyzed to enable us to examine the mineralogical variations with each volcanic unit and,
to examine the compositional zoning of individual amphibole grains. The purpose of this
work is: 1. to study the amphibole chemistry using new microprobe analytical data, 2. to
illustrate the compositional trends, crystallization history and evolution of the amphibole
of the various rocks, and 3. to discuss the role of amphibole on magma evolution.

GENERAL GEOLOGY

The Kid supracrustal segment, southeastern Sinai (Fig. /.), is largely occupied by a
volcano-sedimentary succession intruded by a number of igneous intrustions including
layered gabbro, quartz monzodiorite, G2 and G3 younger granites and minor albitite (EL-
GABY et al.,, 1991). The succession is overprinted by a low-pressure metamorphism
(REYMER et al., 1984). It lies unconformably above partially migmatized gneisses.
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Fig. 1. Geologic map of the Kid volcanics (after HASSANEN, 1992).
1 = albitite; 2 = younger granite; 3 = gneissose granite; 4 = Upper Volcanic Sequence (basaltic rocks);

5 = Hammamate clastic sediments; Middle Volcanic Sequence [upper unit (6 = high K-dacite with pyroclastics,
7 = alkali rhyolite), 8 = Kid metaconglomerate, lower unit (9 = rhyolite and dacite with pyroclastics,
10 = andesite)]; 11 = Lower Volcanic Sequence (metabasalt and metabasaltic andesite); 12 = marine sediments,
13 = gneissose diorite, gneiss and amphibolite, 14 = fault lines.
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The geology and geochemistry of the Kid volcanics have been discussed elsewhere
(SHIMRON, 1984; GHONEIM et al., 1985; EL-GABY et al.,, 1991; HASSANEN, 1992).
Nevertheless, the magmatic evolution of these rocks is still a matter of great dispute. This
work represents the first mineralogical study in the Wadi Kid area. The following is a
synopsis of the geology of the volcanics in question.

The main volcanic components of the Kid volcanics are lava flows, sheets, subvolcanics
and pyroclastics of a wide composition range from basalt to rhyolite. The associated
sedimentary rocks vary in lithology and deposition including metagreywackes, meta-
conglomerates, epiclastics, mudstone and turbidites. The Kid volcanics can be subdivided
into three main volcanic sequences. These are: lower, middle and upper volcanic
sequences.

The lower volcanic sequence consists of slightly to moderately metamorphosed
intermediate and minor mafic volcanics. The rocks of this sequence occur as sheets, flows
and sills. The middle sequence, on the other hand, are fresh and weakly metamorphosed,
and occured as subvolcanic dyke-like intrusions and sheets intruded into the former
volcanic unit, The rocks of this unit comprises felsic and minor intermediate volcanics.
The middle sequence is separated into two stratigraphic units by thick beds of Kid
metaconglomerate belonging to Hammamate clastic type sediments. The lower unit is
dominated by rhyolite and less common andesite and their pyroclastic equivalents. The
upper unit consists mainly of felsic volcanics and pyroclastics. HASSANEN (1992) added a
new sequence (e. g., upper volcanic sequence) to Kid volcanics. This sequence is locally
distributed and comprises mafic and intermediate alkaline volcanics and is separated from
the middle sequence by Hammamate clastic sediments. Most of these volcanic sequences
are cut by doleritic dykes. The intermediate rocks of the lower sequence and the felsic
rocks of middle volcanic sequences which constitute the main volcanic rocks are the
amphibole bearing volcanic suites of the region, and are the subject of this mineralogical
study.

PETROGRAPHY

The lower volcanic unit is variably metamorphosed aphyric to phyric basaltic andesite,
andesite, trachydacite and dacite. The pyroclastics comprise ignimberite, tuffs and
agglomerate of the same compositions. The middle volcanic unit, on the other hand, is
unmetamorphosed aphyric and phyric rhyolite and less abundant rhyodacite and their
compositionally equivaient tuffs and lava flows. Detailed petrographic description is given
by EL-GABY et al. (1991) and HASSANEN (1992).

The following account summarizes the main petrographic features of the amphibole-
bearing volcanic rocks in question. ‘ )

a) Basaltic andesite-andesite (BA-A) suite constitutes the main components of the lower
volcanic unit. They are fine grained, commonly porphyritic greyish green in colour.
Intergranular and porphyritic textures are the most common rock textures. They are
composed of plagioclase (An4y.s0) and amphibole phenocrysts embedded in pilotaxitic
groundmass composed of the same minerals and subordinate Fe-oxides and apatite. Augite
is present in some rock samples. Secondary metamorphic products include epidote,
chiorite and sphene. Amphibole occurs as pale green-brown prismatic phenocrysts (0.4—
1.9 mm long) and as anhedral crystals in the groundmass. It is occasionally zoned (Fig. 2).
Zoned phenocrysts exhibit pleochroic pale green to deep brown-green colour outer rims,
and blueish green colour outermost rims. Chlorite, epidote and Fe-oxide are the main
alteration products of the amphibole.
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Fig. 2. Photomicrograph of a zoned phenocryst from basaltic andesite-andesite (BA-A) suite showing
tschermakite inner and outer cores and ferro tschermakitic hornblende rim.
Bi1, By, ... = Locations of analyses

b) Trachydacite-dacite (TD-D) suite is recorded in the lower unit of the middle volcanic
sequence are fine grained, light green, yellowish green or grey and frequently porphyritic.
They consist of phenocrysts of plagioclase (Ansp44) and less abundant amphibole,
disposed in a fine grained flow banding and trchytoid groundmass composed of the same
composition and potash feldspar, quartz and biotite and subordinate Fe-oxides, sphene and
apatite. Amphibole occurs as idiomorphic prismatic and rhombic-shape phenocrysts (0.3—
1.8 mm long) or as subhedral crystals in the groundmass. It is relatively homogeneous in
colour (mainly yellow to brown tint), and does not show compositional zoning (Fig. 3).
Amphibole crystals occasionally rimmed by thick alteration margin composed of uralite,
chlorite and Fe-oxides, are recorded.

¢) Rhyodacite-alkali rhyolite (RD-AR) suite is the dominant rock types in the upper unit
of middle volcanic sequence. These two rock types are fine grained, leucocratic of buff,
reddish brown and light grey colour and show the same textural features (flow and
porphyritic). They are composed of phenocrysts (0.6-2.8 mm across) of plagioclase
(Anp3 35), potash feldspar and less frequent amphibole embedded in a fine grained flow
banded groundmass consisted of the same minerals together with biotite and minor apatite
and sphene. Amphibole forms subedral prismatic phenocrysts and as fine grains in the
groundmass. Compositionally, the amphibole phenocrysts are sometimes zoned (Fig. 4),
showing yellow to brown cores and brown to brownish green colour rims. On the other
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Fig. 3. Photomicrograph of a homogenous phenocryst from trachydacite-dacite (TD-D) suite showing ferroan
pargasite composition, occasionally rimmed by a thick alteration margin consists of uralite, chlorite and Fe-oxide

Fig. 4. Photomicrograph of a zoned phenocryst from rhyodacite-alkali rhyolite (RD-AR) suite showing
kaersutite inner core, ferroan pargasite outer core and magnesian hastingsitic hornblende rim.
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TABLE |
Representative whole-rock chemical comnpositions (wt. %) of the Kid volcanics

Lower volcanic sequence Middle volcanic sequence
Bas. andesite-andesite Trachydacite-dacite Rhyodacite-rhyolite
1 2 3 4 5 6
Si0, 58.50 60.30 65.05 67.44 69.30 71.05
TiO, 0.84 0.71 0.32 0.25 0.20 0.17
ALO; 15.80 15.50 14.20 13.70 13.83 13.04
Fe,04 1.20 1.04 1.15 1.02 0.73 0.65
FeO 5.23 4.98 2.70 2.40 2.10 2.05
MnO 0.06 0.07 0.04 0.04 0.04 0.03
CaO 4.95 4.80 1.98 1.75 1.78 1.65
MgO 2.54 222 1.20 0.93 1.10 1.04
Na;0 4.25 4.37 4.45 4.55 4.66 4.73
K,0 2.28 2.33 4.90 4.73 4.85 4.50
H,O~ 0.54 0.48 0.72 0.61 0.19 0.20
P»0s 0.13 0.20 0.05 0.06 0.04 0.05
Lol 2.08 2.11 1.90 1.80 1.00 0.75
Sum. 99.12 99.09 98.66 99.28 99.82 99.91

hand, the grains of the groundmass are homogenous and show colours analogous to outer
rims of the phenocrysts. A few amphibole grains are cracked and partially altered to
chlorite and Fe-oxides or to biotite.

WHOLE ROCK CHEMISTRY

For the purpose of this study, it may useful to outline some chemical features and range
of compositions of the amphibole host rocks to support field and mineralogical
distinctions. Table 1 shows the results of the chemical analysis. A plot of the K,O versus
Si0; (Fig. 5a, PECCERILLO and TAYLOR, 1976) gives the best chemical classification of
the studied volcanic sequences. Rocks represent the lower sequence fall into the andesite
field, while those from the middle sequence correspond to trachyte,-dacite and rhyolite.
Most of these rocks belong to K-rich calc-alkaline series. A plot of (Na+K) versus Si (Fig.
5b) provides the best discriminant between the Kid volcanic sequences. Rocks of BA-A
suite have low silica and alkalis and exhibit a positive trend. On the other hand, the TD-D
and RD-AR suites have higher contents of silica and alkalis compared to the BA-A suite
with a negative slope. The RD-AR suite contains the highest Si values.

ANALYTICAL TECHNIQUE

Mineral analyses were obtained using polished thin sections, which were vacuum-
ccoated with carbon. A total of 30 amphibole analyses for the phenocrysts and groundmass
of three samples representative the BA-A, TD-D and RD-AR suits of the Kid volcanics,
were analyzed and given in Table 2. The analyses were carried out using the computerized
Amray-1830 I electron microprobe under operating condition of 20kV and 1-2 nA. The
structural formulae were calculated on the basis of 23 oxygens. In most cases, core and rim
compositions were determined for zoned amphibole grains.
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Chemical composition of amphiboles in the Kid volcanics

TABLE 2

Basaltic andesite-andesite (BA-A)

Trachydac-Dacite (TD-D)

Ph-¢ | Ph-¢ | Ph-¢c | Ph-i Ph-i | Ph-i | Ph-r | Phor | Phr | Gm-¢ | Gm-i | Gm-t | Ph-¢ | Ph-i | Phor { Gm-c | Gm-i | Gm-r

B-11 B12 BI3 B2l B22 B23 B3I B32 B33 All Al2 Al3 DIl Di2 DI3 Fl1 Fl12 Fi3
Si0, 4170 | 41.84 | 41.81 | 41.66 | 41.52 | 41.82 | 40.89 | 40.68 | 41.06 | 40.85 | 40.90 | 40.93 | 41.80 | 41.55 | 41.29 | 41.95 | 41.53 | 41.75
TiO, 4.13 4.21 4.03 4.03 3.94 4.04 2.77 2.71 2.56 2.75 2.72 2.76 3.84 3.81 3.83 3.94 3.87 3.90
ALO; [ 1161 | 1192 F 11.65 | 11.67 | 11.70 | 11.96 8.60 8.25 8.60 8.70 8.65 875 | 12.70 | 1291 | 13.04 | 11.98 | 12.21 | 12.50
FeO, 13.59 | 13.75 | 13.42 | 12.84 | 12.89 | 12.72 | 27.70 | 27.61 | 27.39 | 27.80 | 27.05 | 27.25 | 13.10 | 13.35 | 13.40 | 15.32 | 15.75 | 15.80
MnO - - - - - - - - - - - - - - - - - -
CaO 12.66 | 12.60 | 12.56 | 12.68 | 12.55 | 12.84 | 11.01 | 1131 [ 11.25 ] 11.32 | 11.25 | 11.50 | 11.23 § 11.33 | 11.40 | 11.20 | 11.12 | 11.35
MgO 12.46 | 1258 | 12.90 | 12.96 | 13.12 ] 1297 5.65 5.52 6.11 5.72 578 583 12,11 [ 1144 | 11.46 7.55 7.35 7.58
Nﬂzo - el - - - - - - - - - - - - - - - —_
K,O 0.70 [ 0.89 0.62 0607 0.63] 06971 099 092 090 095 092 097] 0841 0.77 0.80{ 0.93 094 | 0.90
Cr103 - - - - — - - - - - - - .- - - - - -
Sum 96.85 | 97.79 | 96.99 | 96.44 | 96.35 | 97.04 | 97.61 | 97.00 | 97.87 | 98.56 | 98.12 | 98.64 | 98.21 | 97.74 | 97.98 | 95.62 | 95.65 | 96.71
Si 6.131 | 6.091 [ 6.106 | 6.120 | 6.092 | 6.114 | 6.276 | 6.314 | 6.270 | 6.252 | 6.301 | 6.275 | 6.129 | 6.149 | 6.112 | 6.417 | 6.372 | 6.336
Aly 1.869 { 1.909 | 1.894 | 1.880 [ 1.908 [ 1.886 | 1.556 | 1.509 | 1.548 | 1.569 | 1.471 | 1.581 | 1.871 | 1.85]1 | 1.888 | 1.583 | 1.628 | 1.664
Fe'* 0.000 { 0.000 | 0.000 | 0.000 | 0.000 | 0.000 { 0.168 [ 0.177 | 0.182 | 0.179 | 0.128 | 0.144 - - - - - -
Sum 8.000 { 8.000 { 8.000 | 8.000 [ 8.000 | 8.000 { 8.000 | 8.000 { 8.000 { 8.000 | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 § 8.000 | 8.000 | 8.000
Alg 0.143 1 0.136 { 0.111 | 0.140 | 0.115 | 0.175 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 | 0.324 | 0.401 | 0.387 | 0.577 | 0.580 | 0.572
Cr - - - - - - - - - - - - - - - - - -
Ti 0.457 | 0.461 | 0.443 | 0.445 | 0.435 | 0.444 | 0.320 | 0.316 | 0.294 | 0.316 | 0.315 | 0.318 | 0.423 | 0.424 | 0.426 | 0.435 | 0.447 | 0.445
Fe'* 0.684 | 0.744 | 0.837 | 0.734 | 0.845 | 0.663 | 1.224 | 1.074 | 1.239 [ 0.946 | 0.895 | 0.832 | 0.277 | 0.124 | 0.090 - - -
Mg 2.730 | 2730 | 2.808 | 2.838 | 2.869 | 2.826 | 1.293 { 1.277 | 1.391 | 1.315 | 1.327 | 1.332 | 2.647 | 2.523 | 2.528 | 1.721 | 1.681 | 1.715
Fe’* 0986 1 0929 | 0.801 | 0.843 | 0.736 | 1.892 | 2.163 | 2.333 | 2.076 | 2.433 | 2.462 | 2.518 | 1.329 [ 1.528 | 1.569 | 1.964 | 2.021 | 2.005
Mn - - - - - - ~ - - - - - - - - - - -
Sum 5.000 | 5.000 | 5.000 { 5.000 | 5.000 | 5.000 | 5.000 | 5.000 | 5.000 | 5.000 | 4.999 { 5.000 | 5.000 [ 5.000 | 5.000 | 4.715 | 4.730 | 4.737
Fe’* 0.001 { 0.001 | 0.001 | 0.000 { 0.001 { 0.001 | 0.000 | 0.000 | 0.001 - - - - - - - - -
Ca 1.994 [ 1.965 | 1.965 | 1.996 | 1.973 1 2.011 { 1.811 [ 1.881 | 1.841 | 1.856 | 1.857 | 1.889 | 1.764 | 1.796 | 1.808 | 1.836 | 1.828 | 1.846
Na - - - - - - - - - 0.144 | 0.143 [ 0.111 1 0.236 | 0.204 | 0.192 | 0.164 | 0.172 | 0.154
Sum 1995 | 1.966 [ 1.966 | 1.996  1.974 | 2.012 | 1.811 | 1.881 | 1.841 | 1.856 | 1.857 | 1.889 | 1.764 | 1.796 | 1.808 | 1.836 | 1.828 | 1.846
Na - - - - - - - - - 0.099 [ 0.111 | 0.157 | 0.500 | 0.536 | 0.600 | 0.652 | 0.685 [ 0.708
K 0.131 1 0.165 [ 0.115 | 0.112 | 0.118 | 0.129 [ 0.194 | 0.182 | 0.175 | 0.185 [ 0.181 [ 0.190 | 0.157 | 0.145 | 0.151 | 0.181 | 0.184 | 0.174
total 1513 | 15.13 [ 15.08 | 15.11 | 15.09 | 15.14 | 15.00 | 15.06 | 15.02 | 15.28 | 15.29 | 15.35 | 15.66 | 15.68 | 15.75 | 15.55 [ 15.60 | 15.62

Ph = phenocrysts, Gm = groundmass, ¢ = core, i = intermediate portion, r = rim, All = number of analysis.
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TABIE 2 contd.

Rhyodacite-rhyolite (RD-AR)

Ph-¢ Ph-¢ Ph-¢ Ph-¢ Ph-¢ Phc | Gm-c | Gm-i | Gm-r | Gm-¢ | Gm-i | Gm-r.
All Al2 Al3 A2l A22 A23 Cil Cl2 Ci3 Ell El2 El3

Si0, | 40.26 | 40.68 | 40.42 | 41.56 | 41.23 | 41.75 | 39.49 | 39.55 | 39.22 | 38.60 | 39.10 | 39.14
TiO, | 452 415 432 2.15 2201 208 | 276 286 | 2.87 327 | 3.2 | 322
AlO3] 10.83 | 10.87 [ 1096 | 7.36 | 7.4] 7.51 9.14 8841 930 932 917 9.23
FeO, | 12.93 | 12.89 | 12.60 | 25.99 | 25.96 | 25.75 | 24.03 | 24.44 | 24.11 | 23.40 | 24.12 | 24.14
MnO| 0.00{ 0.00] 0.00] 035 0351 040 | 036 ] 041 0.35 032§ 028 021
CaO | 11.84 | 12.08 | 12.06 | 10.34 | 10.37 | 10.49 | 10.65 | 10.77 | 10.59 | 10.71 | 10.80 | 10.63
MgO| 1273 | 1263 | 1260 | 6.69 | 658 678 | 6.96 7001 697 680 685 | 6.42
Na,O| 3.33 3.17| 3.64 | 3.31 340 | 358 3.66 3.53 3.63 3.87 344 1 3.58
KO 0.68 067 068 08| 083 080} 082] 082 080] 0.86| 085]| 0.8]
Cr04] 029 028 025) 000 000 0.00] 000] 000( 000 000 000 0.00
Sum | 97.41 | 97.42 | 97.35 | 98.61 | 98.33 | 99.14 | 97.87 | 98.22 | 97.84 | 97.15 | 97.73 | 97.38

Si 6.054 | 6.107 | 6.068 | 6.443 | 6.424 | 6.450 | 6.177 | 6.169 | 6.129 | 6.118 | 6.134 | 6.177
Alg 1919 | 1.893 | 1932 ] 1.345 | 1.36]1 | 1.367 | 1.685 | 1.625 | 1.713 | 1.741 | 1.695 | 1.717
Fe** | 0.000 | 0.000 | 0.000 | 0.212 ] 0.215 | 0.183 | 0.188 | 0.206 | 0.158 | 0.141 | 0.171 | 0.106
Sum | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 | 8.000 [ 8.000 | 8.000 | 8.000
Al 0.000 | 0.030 | 0.007 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Cr 0.034 | 0.033 | 0.030 - - - - - - - - -

Ti 0.511.] 0.469 | 0.488 | 0.251 [ 0.258 | 0.242 { 0.325 | 0.335 [ 0.337 | 0.390 | 0.368 | 0.382
Fe'* | 0.000 | 0.000 | 0.000 | 0.446 | 0.397 | 0.356 | 0.326 | 0.322 | 0.384 { 0.100 | 0.279 | 0.204
Mg 2.853 | 2.826 | 2.819 | 1.546 | 1.528 | 1.561 | 1.623 | 1.628 | 1.624 | 1.606 | 1.602 | 1.510
Fe’ | 1.626 | 1.618 | 1.582 | 2.712 | 2.772 | 2.788 | 2.679 | 2.660 | 2.609 | 2.860 | 2.714 | 2.876
Mn 0.000°| 0.000 | 0.000 | 0.046 | 0.046 | 0.052 | 0.048 | 0.054 | 0.046 | 0.043 | 0.037 | 0.028
Sum | 4.997 | 4.976 | 4.926 | 5.000 | 5.000 | 4.999 | 5.000 | 4.999 | 5.000 { 4.999 | 5.000 | 5.000
Fe* - - - - - - - - - - - -

Ca 1.908 | 1.943 11940 | 1.718 | 1.731 | 1.736 | 1.785 | 1.800 | 1.773 | 1.819 | 1.815 | 1.797
Na 0.092 | 0.057 | 0.060 | 0.281 | 0.269 | 0.264 | 0.214 | 0.200 | 0.227 | 0.181 | 0.185 | 0.203
Sum | 2.000 | 2.000 | 2.000 | 2.000 | 2.000 | 2.000 | 2.000 { 2.000 | 2.000 | 2.000 | 2.000 | 2.000
Na 0.879 | 0.866 | 0.999 | 0.714 | 0.758 | 0.808 | 0.896 | 0.868 | 0.873 | 1.008 | 0.861 | 0.892
K 0.130 | 0.128 | 0.130 | 0.170 | 0.165 | 0.158 | 0.164 | 0.164 | 0.159 | 0.174 } 0.170 | 0.163
total | 16.00 | 1597 | 16.05 | 1588 | 1592 | 15.97 | 16.06 | 16.03 | 16.03 | 16.18 | 16.03 | 16.05
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AMPHIBOLE CHEMISTRY

Microprobe analytical results of the amphiboles from the Kid volcanics, along with the
calculated number of ions per unit cell, are reported in Table 2. All the amphibole
compositions from the different sequences of the Kid volcanics are, in general,
characterized by (Ca+Na)g > or = 1.34 and Nay < 0.67 (i. €., calcic-type amphibole), and
rich in Ca, Mg and Al. Moreover, the present amphibole is characterized by their high Ti
contents (Ti = 0.24-0.51) (Table 2) probably reflect their derivation from Ti-rich
pyroxene.

The analyzed calcic amphiboles of various volcanic suites are exhibited wide
compositional variations (Fig. 6) and classified according to the IMA classification
(LEAKE, 1978, Fig. 7).

The analyzed amphiboles of the basaltic andesite-andesite (BA-A) suite of the lower
sequence comprise phenocrysts and groundmass. The phenocrysts exhibit normal zoning
towards Fe-K-Si-rich and Mg-Ti-poor rims (Fig. 6). Both the inner and outer parts of the
phenocryst cores (i. €., Ph-c and Ph-i; Fig. 6) are generally similar in composition, but the
outer core is richer in Mg and Ca contents. Phenocrysls of the BA-A suite are tschermakite
cores and ferro tschcrmakmc hornblende rims (Fig. 7a). In this case, significant
substitution of Fe* of ferro tschermakitic hornblende for Al, i. e. [Al of tschermakite,
can occur. The present phenocrysts contain the highest values of Fe’ */Fe** ratio among the
Kid volcanics, which are probably the result of highly oxidizing conditions that may have
dominated, locally during the hydrothermal stage at relatively lower temperature. The
groundmass amphlboles and the outermost rims of phenocrysts are commonly analogous,
but with a less Fe™*/Fe?" ratio, probably corresponded to the decrease of oxidizing process
as well as the differences in their condition of crystallization. The groundmass amphiboles
are homogenous, showing ferro tschermakitic hornblende (Fig. 7a).

The analyzed amphiboles of the Trachydacite-dacite (TD-D) suite of lower unit of the
middle sequence are compositonally homogeneous. The phenocrysts are ferroan pargasite,
whereas the groundmass amphiboles are ferroan pargasilic hornblende (Fig. 7b).
Amphlbole phenocrysts from TD-D suite tend to be poorer in Mg and Ca and richer in
Fe?, K and Na than are those from BA-A suite, suggesting a progressive magmatic
evolutlon Furthermore, Fe*, Si and K increase and Mg decreases from phenocrysts
toward the groundmass (Fig. 6) indicating a more evolutionary groundmass amphiboles.
Moreover, the ferroan pargasite phenocryst contains contents of Fe* , probably indicate an
oxidizing condition probably during hydrothermal stage. Conversely, the ferroan
pargasitic hornblende groundmass is free from Fe™".

The analyzed amphiboles of the rhyodacite-alkali rhyolite (RD-AR) of upper unit of the
middle sequence represent the phenocrysts and groundmass. The phenocrysts exhibit
normal zoning showing a wide range of composition towards Fe-, Mn-, Na- and Si-rich
and Cr-Mg-poor rims (Fig 6; Table 2). The amphibole phenocrysts from RD-AR suite tend
to have the same trends of the BA-A suite but poorer in Al and Fe* and more rich in Fe?
(Fig. 6) probably suggest cognate magma. The cores of phenocrysts consist of kaersutite
inner part (Fig. 7c¢) and ferroan pargasite outer part (Fig 7b), whereas the rims are
magnesian hastingsitic hornblende (Fig. 7c) Kaersutite is Ti-rich (Ti > 0.5) version of
parga51te In this case, substitution of Fe™ of the magnesian hastingsitic hornblende rims
for Al® of the ferroan pargasite cores, can occur. These cores (i. €., kaersutite and ferroan
pargasite) contain Mn. Furthermore, these phenocryst cores are similar to the phenocryst
of the TD-D suite (i. e., ferroan pargasite). The groundmass amphiboles, on the other
hand, are magnesian hastingsites (Fig. 7d), and are nearly equivalent to the phenocryst
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Fig. 7. Classitication of calcic amphiboles (LEAKE, 1978) of Kid volcanic suites.
a) (Na+K)x < 0.5; Ti < 0.5; b) (Na+K)a 2 0.5, Ti < 0.5, Fe** < Al6; ¢) Ti 2 0.5: d) (Na+K)A 20.5, Ti< 0.5,
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rhyolite. Symbols as in Fig. 6. .
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rims, with less Si and Ti and more Mg. The magnesian hastingsites are equivalent to Fe**

rich ferroan pargasites (Fe* > [AI°]). The entry of Fe* into homblende can also be
- balanced by the substitution of O for [OH] (DEER et al., 1992). The amphibole groundmass
form RD-AR suite tend to be lowest in Ti and Ca and highest in Na, Mn and Fe/(Fe+Mg)
ratio among the other amphibole groundmasses of the Kid volcanics (Fig. 6), suggesting
that they are the highest differentiated volcanic phase.

DISCUSSION

The data presented here allow some interpretations to be made concerning: a) the
tschermakite-kaersutite-ferroan pargasite-magnesian hastingsite end-member relation-
ships, b) evolutionary trends for amphiboles, ¢} metamorphism and geobarometer, d)
implications for magma evolution. '

The tschermakite-pargasite-hastingsite relationships

These relationships have been studied by several investigators, including HAWTHORNE
(1983), HAMMARSTROM and ZEN (1986), FLEET et al. (1987), BEDARD (1988),
HENDERSON et al. (1989), SCHULZ-KUHNT et al. (1990) and DEER et al. (1992). Oxy-
hornblendes have a wide range of compositions which constitute the main calcic
amphiboles in volcanic rocks. In this case, the iron-rich version usually with
Fe®*/(Fe®*+Mg) > 0.5 can be indicated by the prefix ,,ferro”. Within the calcic-amphiboles,
as a whole the range of Fe/(Fe+Mg) ratio is complete but those with high Si content tend
to be more ,,Mg-rich”, whereas among tschermakitic and pargasitic hornblende, iron-rich
members are more common. In the more iron-rich hornblendes, the Fe*-rich equivalents
(Fe* > [AN%) of pargasite and ferroan pargasite are respectively called magnesian
hastingsite. Ti-rich (Ti>0.5 atom) version of pargasite is kaersutite (DEER et al., 1992).

Kaersutite has a formula similar to that of pargasite, but Ti replaces Al in C-sites.
Kaersutite, like oxyhornblende, it mostly Mg-rich with substitution of Mg by (Fe**+Fe*).
Kaersutite can be oxidized during eruption, converting Fe?* to Fe* and OH to O. It is a
typical constituent of alkaline volcanic rocks, occurs as phenocrysts and can be replaced
Ti-augite (DEER et al., 1992). Hastingsite (usually primary hornblende) occurs in the rocks
of the calc-alkaline series, where the fu,0 and fo, are high. The typical hastingsite of the
intermediate rocks of the calc-alkaline series have Mg/(Mg+Fe) ratio ~0.5 and a moderate
content of Al (~1.5). The hastingsite of andesitic rocks tend to richer in alkalis and Fe*
(DEER et al., 1992). '

The amphibole of Kid volcanics is characterized by compositional changes, i. e.
tschermakite — Fe-tschermakitic hornblende in BA-A suite, Fe-pargasite —~ Fe-pargasitic
hornblende in TD-D suite and Kaersuite — Fe-pargasite = Mg-hastingsitic hornblende in
RD-AR suite. The overall compositional change of the Kid hornblende is characterized by
the change of tschermakite — pargasite and hastingsite.

Evolutionary trend of .the amphibole

Amphiboles of Kid volcanics have a wide range of compositions. Fig. 8 displays the
major element chemical variation as a function of the evolution index Fe/(Fe+Mg). The
Fe/(Fe+Mg) ratio "varies from 0.36-0.74 and a trend of increasing Si+Na+K,
corresponding to a decrease in Ca+Al4 from phenocryst cores to phenocryst rims and
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groundmass (Fig. 9a), is apparent as the amphiboles become more Fe-rich. The evolution
index [Fe/(Fe+Mg) ratio] of the amphibole phenocrysts increases from cores (0.36-0.38)
towards the rims (0.40-0.74). However, the cores of phenocrysts of BA-A, TD-D and RD-
AR suites have similar values of Fe/(Fe+Mg) raito and Ca+Al4 (Fig. 8., 9a), suggesting a
cognate magma for these suites. This ratio ranges from 0.53-0.68 in the groundmass of
these suites, which are indistinguishable from the rims of phenocrysts. The evolution of
these amphiboles was mainly controlled by the Fe <> Mg and Al6 < Fe3+ substitution
schemes.

The amphiboles of Kid volcanics range from tschemakite and ferroan tschermakitic
hornblende in the BA-A suite, through ferroan pargasite and ferroan pargasitic hornblende
in T-D suite to kaersutite, ferroan pargasite, magnesian hastingsitic hornblende and
magnesian hastingsite in the RD R suite (Table 2). The evolunonary trend is characterized
by decreasing Ca, Mg, Cr, Fe* and Al, increasing Na and Fe**, and almost constant K, Ti
and Si (Fig. 6). The variations in amphiboles (i. e., from BA-A suite of the lower sequence
to RD-AR suite in the upper unit of the middle sequence) are responsible for the magmatic
evolution of the Kid volcanics. Furthermore, the decrease in Ca+Als and increase in
Si+Na+K are gradually increased from BA-A suite of the lower sequencesuite to RD-D
and RD-AR suite of the middle sequence (Fig. 9a), indicating again [he progressxve
fractionation trend of the amphiboles. On the other hand, ferric-ferrous (Fe Fe® *) ratio in
these amphiboles is gradually decreased in the same direction. This suggest a gradual
decrease in fo, (i. €., the melt becomes less oxidized) with differentiation of the volcanic
suites.

The data presented show that there is only a calcic-type trend of the amphibole. This is
- probably due to the stability of the early formed Ca-rich amphibole phenocrysts, -‘with the
progressive increase in the alkalinity of the melt. Consequently, the absence of a gap
miscibility in this amphibole. However, a probable small gap may be existed between
amphiboles of lower and middle volcanic sequence.

Amphibole Metamorphism and Geobarometer

Hornblende is one of the most common constituens of regionally metamorphosed basic-
intermediate rocks and is stable under a wide range of pressure-temperature conditions.
The amphibole assemblage of the Kid volcanics as well as the probable metamorphic
facies are summarized (Table 3). Both of BA-A and TD-D suites are overprinted by upper
epidote amphibolite and lower amphibolite facies, whereas the RD-AR suite shows
mineral assemblage similar to the upper greenschist and lower epidote amphibolite facies.
Increasing grade of metamorphism tends to produce changes in amphibole composition, i.
¢. increases in Al, Ti, Na and K, but rock composition and oxygen fugacity are mﬂuentlal
as well as temperature (DEER et al., 1992).

HAMMARSTROM and ZEN (1986) reported the compositional dependence of amphlbole
on temperature (T), pressure (P), oxygen fugacity (foz) and bulk composition. T tends to
1ncrease W1th mcreasmg Al*, Ti, and Mg/(Mg+Fe 2 ratio and decreasing Al Mn and
Fe*/(Fe* +Fc ) ratio. P i increases with increasing Al" and Al". Fy, appears to mcrease with
increasing Al" and Mg/(Mg+Fe *Y ratio and decreasing Ti. The bulk composmon usually
increases with increasing concentration of Si, Ti, alkalis and Mg/(Mg+Fe *) ratio in the
system.

In the Kid volcanics, the amphlbolc phenocrysts of both BA-A and RD-AR suites are
characterized by decrease in Ti, Al* and Mg/(Mg+Fe *) ratio from cores to rims (Fig. 8,
9a and 9b), suggest a decrease in T of crystallization toward the phenocryst rims. Also,
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Fig. 9. Plots show the compositional variations of the phenocryst cores and rims and groundmass of the
amphiboles of Kid volcanics.
a) (Ca+Al4) vs. (Si+Na+K) diagram. b) Ti vs. Al diagram. Symbols as in- Fzg 6.
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P appears to be decreased with decreasing Al° and Al". Fp, tends to increase with
decreasing Ti from cores to rims of phenocrysts. Furthermore, metamorphic grade of these
rocks decrease with decreasing Al", Ti and alkalis from BA-A suite of the lower sequence
to RD-AR suite of the middie volcanic sequnce and from cores to rims of phenocrysts,
revealing that the early formed stage (e. g., BA-A suite) is more affected by metamorphism
than the latter. These features are consistent with the higher metamorphic grade of the Old
Dokhan volcanics or the lower volcanic sequence (e. g., BA-A suite) reported by EL-GABY
et al. (1991) and HASSANEN (1992).

Implications for magma evolution

Petrographic studies (e. g., Fig. 2, 3 and 4) combined with the microprobe analytical
data presented, have decumented the presence of compositional normal zoning in the
amphibole grains. The dominant substitution mechanisms in amphiboles from mafic to
intermediate sﬂlca saturated and ovcrsaturated alkaline rocks are thought to be (Na,
K)AAl « [17si, Ca(Mg, Fe? ") o NaMFe*™" and Mg = Fe2* (NEUMANN, 1976; GIRET cl
al:, 1980; STEPHENSON and UPTON, 1982).

Amphibole phenocrysts. Amphibole phenocrysts from the basaltic andesite-andesite
(BA-A) suite range from tschermakite core to ferro tschermakitic hornblende rims and
display a strongly increase in Si, Fe and K and dccrcase in Al, Mg, Ca and Ti toward the
rims (Fig. 6, 8 and 9a), together with decrease Fe’ M/Fe? ratio (average of 0.84 core - 0.61
rim), suggests that the BA-A suite of the lower sequence has evolved from an early
(subalkaline) melt that started its crystailization under oxidizing conditions. However,
these compositional relations are believed to represent normal magmatic zomng The
substitution mechanisms in amphiboles of the BA-A suite are thought to be [Al]® — Fe*
Mg <> Fe and Ca+Al < Na+Si.

TABLE 3

Amphibole mineral assemblages in Kid volcanic complex
Greenschist Epidote amphibolite facies Amphibolite
Mineral assemblage Suite facies facies

A2 Bl B2 Cl
Tschetmakite BA-A
Tsch. hombl. . BA-A
Pargasite ™D § 1 e —
Parg. hornbl. TD-D -
Kaersutite RD-AR} |} el
Hastingsite RD-AR
Hast. hombl. RD-AR

Amphibole phenocrysts from rhyodacite-alkali rhyolite (RD-AR) suite in the lower unit
of the middle sequence range from kaersutite and ferroan pargasite core to magnesian
hastingsitic hornblende rims, displaying compositional trends analogue to that from BA-A
suite above (e. g., strongly increase of Si, Fe, K, Na and Mn and decrease of Al, Ti, Mg,
Cr and Ca toward the rims (Fig. 6, 8 and 9a), suggests the genetic links of their parental
magma. Furthermore, the ‘compositional trend of the RD-AR suite may reflect a
progressive fractionated magma. The substitution mechanisms in these amphiboles are
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thought to be Ti+O < Fe*+OH". The RD-AR suite magma probably had low silica
activities. This would inhibit substitution such as CaAl* <> NaMSi and should result in a
limited range of Ca+Al* vs. Si+Na+K variation, as is observed. RD-AR suite amphiboles
show limited Na-enrichment and Ca-depletion. This implies that the substitutions like Ca
(Mg, Fe**) Na™Fe*" did not occur to great extent. Both the TD-D and RD-AR suites of
the middle sequence are characterized by a quite similarity in composition and evolution,
suggest a genetic relationship of their cognate magma.

Amphibole groundmass. Amphibole groundmass from BA-A suite is ferro
tschermakitic hornblende which is ‘quite similar to the phenocryst rims of the same rocks.
Groundmass and phenocryst amphiboles from TD-D suite are also analogous. However,
groundmass amphiboles are slightly enriched in Si and Fe?* and depleted in Mg and Fe¥,
probably reflect their fractionation. On the other hand, the groundmass amphiboles from
RD-AR suite are magnesian hastingsites and tend to be depleted in Cr, Fe™ and Ca+Al*
and enriched in Fe** and Na compared with the phenocryst rims of the same rocks
reflecting their intermediate crystallization between the phenocryst cores and rims.

Although the stability of tschermakite at high-P conditions has been studied (e. g.,
GILBERT et al, 1981), its thermal stability at low-P conditions has yet to be defined.
However, results of experimental studies applied to phase equilibrium of tremolite, which
is similar to- tschermakite, is available. BOYD (1969) has studied the P-T stability of
tremolite. On his phase diagram, tremolite (as well as tschermakite-tschemakitic horn-
blende of BA-A suite) appears in a field, between T of ~ 800 °C and 900 °C at P of 0.5-3
Kbar. On the other hand, HANDERSON et al. (1989) have established, by means of amphi-
bole composition, that the range of T .of crystallization is 950-1000 °C for kaersutite and
750-800 °C for hastingsite. The stability limits of the pargasite. Fe-pargasite, Mg-hasting-
site and hastingsite as.a function of T and P have been studied by GILBERT et al. (1981).
On the T side of his phase diagram, Fe-pargasite has maximum stability at fo, of the wus-
tite-magnetite buffer (e. g., T: < 700-870 °C and P: 0.5-2.2 Kb.), whereas the more Fe™-
rich Mg hastingsite has maximum stability with the hematite-magnetite buffer (e. g., T:
900-1030 °C and P: 0.2-0.6 Kb). These results seem to be concordant with the decrease of
T and P as well as the metamorphic grade from BA-A suite of the lower sequence to RD-
AR suite of the middle sequence (e. g., from cores to, rims of phenocrysts and ground-
mass). ’ ' ’ ' :

It is common to see a sharp optical and compositional boundary (Fig. 2, 3, 4, 8 and 9a)
between the core and rims of the phenocrysts. The sharp discontinuity suggests a sudden
transition from one growth environment to another and may reflect rapid ascent or sudden
change in equilibrium caused by volatile exsolution (BEDARD, 1988) in the Ca-amphibole
group itself. - '

In summary, the role of amphibole during magmatic differentiation may control the
composition of the derivative melt. For example, the Mg < Fe, CaFe* < NaFe™ and
CaAl < NaSi substitution mechanisms in the Ca-amphiboles of the Kid volcanics, have
led to magma evolution from intermediate to felsic compositions (e. g. from BA-A suite of
the lower seuence to TD-D and RD-AR suite of the middle volcanic sequence). The
phenocrysts of both BA-A nd RD-AR suites show a same compositional trend; this implies
that they are cognate with higher temperature and fo, and lower pressure cores than the
rims. Amphiboles that characterize these suites (e. g., tschermakite, kaersutite, Fe-pargasite
and Mg-hastingsite) are breakdown to form discontinuous zoned, calcic-type amphibole
with a progressive increase in the alkalinity, silica and iron of the melt. These amphiboles
are expected to be formed at high temperature (~700-1000 °C) and low pressure (~0.2-3
Kb.). ‘
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CHEMISTRY OF BIOTITE AS A GUIDE TO THE NATURE OF MAGMAS,
HAJJA GRANITOID COMPLEX. YEMEN REPUBLIC

E.R. ELNASHAR ; M. L. KABESH"

Earth Sciences Dept., National Research Centre

ABSTRACT

Biotites separated from Hajja granatic rocks, Yemen Republic, have been examined. The chemical data of
14 analysed biotites show that the biotites are ferrous iron varieties. The behaviour of major elements in the
examined biotites discussed according to different variation diagrams and elemental ratios. The significance of
Fe® (Fe“+Mg) ratio as a relative measure of biotite crystallization suggests that the biotites may be formed
under a temperature range of 815°-950°C. In the present study since Fe shows little variation with Al in biotites
in both calc-alkaline and peralumios magmas, the substitution 2A1 — 3Fe* does not play an important role
during the crystallization of biotites in these two types. On the other hand the substitution 3Mg ~ 2Al is vital.
The contrasting behaviour of Fe and Mg with respect to Al during the crystallization of biotites is partly
governed by the various physicochemical conditions including the behaviour of volatiles in these magmas.

INTRODUCTION

Biotite is an important ferromagnesian mineral in most intermediate and felsic igneous
rocks. Its potential to reveal both the nature and the physicochemical conditions of source
magmas from which it formed is high. Igneous biotite can also be used to provide valuable
petrogenetic information.

Althought numerous studies have been carried out on biotites from individual igneous
complexes and granitoids in particular, very little work has been done to characterize
biotite in the spectrum of igneous rocks or to find a possible tectonic linkage of biotite
compositions to magma types from various sources and distinct petrogenetic histories.

Recently ABDEL-RAHMAN (1994) succesfully introduced several discrimination
diagrams based on major-element composition of biotites in igneous rocks world-wide
crystallized from three distinct magma types. He defined 3 magma suites, namely:
1. Alkaline complexes (A), 2. Peraluminous suites (P), 3. Calc-Alkaline complexes (C).

The present work is the first attempt to apply ABDEL-RAHMAN’S (op. cit.) scheme on
biotites from Hajja granatic complex, Yemen Republic.

In a previous study the petrochemical characters and chemical classification of Hajja
granitoid rocks were studied by SALEM et al. (1986).

The granatic rocks of Hajja (Fig. /) comprise two field types represented by greyish
white and pinkish granites. They are medium to coarse grained and may be porphyritic,
composed essentially of quartz, alkali feldspar, plagioclase, biotite, in addition to fair
amount of muscovite; iron oxide minerals epidote, sphene; magnetite and zircon are the
common accessories. Biotite occurs as the dominant mafic mineral, it forms subhedral

Dokki Cairo, Egypt
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crystals ranging from 0.9 mm to 2.6 mm in length and from 0.3 mm to 1 mm in breadth.
Biotite forms stout flakes with torn ends, sometimes exhibiting sub-parallel arrangement. It
often displays pleochroism with X=straw yellow and Y=Z=dark brown.
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Fig. 1. Map showing distribution of the basement complex in the Yemen Arab Republic and Location of Hajja.

COMPOSITION OF BIOTITES

The chemical analysés* of the recovered biotites are given in Table 1 with some
analyses from other localities for comparison. The chemical data are used in different

.

Measurements of samples from 1-11 were carried out by using the scanning electron micro-analyser M.S.

46 camesa and teletype printing unit in the lab. of petrography department Leningrad Mining Institute,
Russia, samples 12, 13, 14 by wet analysis.
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Chemical analyses of biotites from Hajja granitoids

TABLE 1

Sa;‘;"es 1 2 3 4 5 6 7 8 9 | 10| 1 12 13 14 A B c

Si0, | 3740 | 38.27 | 37.92 | 38.74 | 39.79 | 38.78 | 38.77 | 35.85 | 34.75 | 37.64 | 37.70 | 3840 | 37.25 | 38.90 | 35.40 | 35.99 | 36.90
ALO; | 1430 | 13.18 | 13.67 [ 13.33 | 1181 [ 13.53 | 13.47 | 16,60 | 1585 | 16.42 | 15.90 { 15.66 | 16.88 | 1632 | 16.66 | 14.94 | 115.40
FesOy | 574 | 920 939 | 792 | 1027 | 948 | 797 610 483 215| 190 | 1273 825 [ 1224 | 507 | 611 | 390
FeO | 1210 | 723 | 832| 918 | 419 | 692 | 020 1384 | 1632 | 1860 | 1890 | 1353 | 1572 | 1334 | 2161 | 1691 | 16.60
Mo | o065 | 082 ose| oes| o9s| 03| om2| - - - - | 028 o040| 028]| 045 0.14| o052
MgO | 12.65 | 14.36 | 13.93 | 1358 | 1696 | 1491 | 1391 | 1064 | 1144 [ 1022 | 1029 | 625 684 | 591 | 623 | 1200 | 1090
Ca0 - - | o - - - | e3]| - - | os2f 049 123) 120 141 140 014] o022
Neo | - | 035| o041 { odo| - - - | 0% | 3| - o013 018 Trace | 034 o12] o004
KO | 953 | 995 | 925| 959 | 1004 | 1000 | 966 | 1003 | 954 | 948 | 889 | 678 ( 73| 678 | 634 | 781 910
Tio, | 434 | 339| 204 | 325 235| 238 | 258 | 200 261 | 251 272 252 342 240 218| 273| 29
H,0 - - _ - _ _ - - - - - | 206 224| 199 | 283] 250 | 310
Total | 96.79 | 90.75 | 96.52 | 96.95 | 96.35 | 96.60 | 96.67 | 9699 | 96.47 | 9699 | 96.81 | 99.60 | 99.60 | 99.57 | 98.99 | 99.43 | 9898

~ = Not detected :

A = Biotite from Kadabora granites (KABESH and SALEM 1981)
B = Biotite from Ras Barud granites (KABESH et al., 1977)

C = Biotite from granodiorite, Sierra Nevada Batholith, California (DODGE et al., 1969)



petrochemical parameters and variation diagrams in order to elucidate the petrochemical
and petrogenetic characteristics of the studied biotites.

Nockolds diagram

According to NOCKOLDS (1942) the biotite composition is different for different
mineral associations, I-Biotites associated with muscovite and topaz, II-Biotites
unaccompanied by other mafic minerals. III-Biotites associated with hornblende,
pyroxene, and/or olivene. The chemical data are plotted on NOCKOLDS variation diagram
(Fig. 2) which shows the fields (I, II, III); it is evident that the analysed biotites fall within
field II of biotites unaccompanied by other mafic minerals.

MgO

FeO ( total iron ) Al,O4

Fig. 2. Plots of biotites on the ternary diagram of NOCKOLDS (1947)
[ - Biotites associated with muscovite, topaz etc. Il - Biotites unaccompanied by other mafic minerals.
III - Biotities associated with hornblende, pyroxene and or olivine.

Heinrich variation diagram

The values Fey03+TiO-MgO-FeO+MnO are taken into account. Fig. 3, it is evident
that the examined biotites share the fields of magmatic and metamorphic metasomatic,
which indicate that the Hajja granatic mass might have suffered some postmagmatic
metasomatic processes. '
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Fig. 3. Heinrich variation diagram

STRUCTURAL FORMULAE OF BIOTITES

The chemical analyses (Table 2) are recalculated on the basis of 23 (O), (DEER et al.,
1966), and the results are given in (Table 2) which gives the following picture: The
coordinated large cations Ca, Na, K of X group have values reanging from 1,55-2,28, in
all cases K cation constitutes over 75% of the total X values, while both Na, Ca contents in
the biotites are low and sometimes are not present. The wide range of X values is due to
the wide range of the alkalinity of the host granatic rocks. The Y group cations consist
mainly of iron and magnesium, the relation between cations of the Y group is shown in
Fig. 4. It is obvious that the studied biotites are magensio-ferrous rich varieties, the
composition ranges from Mg biotites to Fe+2 biotites.

Experimental work by WONES and EUGSTER (1965) demonstrate the effect of oxygen
fugacity on the formation and resultant composition of biotites, if it is assumed that
substitution other than Fe — Mg will not materially influence biotite stability. Application
of the experimental data to the studied biotites permits an evaluation of the variation
during the course of crystallization of Hajja granitic magma. WONES and EUGSTER (1965)
considered two contrastive trends of crystallization of biotites. Trend I representes a mag-
ma in which oxygen fugacity remains constant or somewhat increases whereas in trend 11
oxygen fugacity decreases. '
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Fig. 4. Relation between octahedral cations of the investigated biotites

The trend of the Hajja biotites within the compositional triangle Fe*, Fe**, Mg (Fig. 5)
rather closely paralells WONES and EUGSTER’S (op. cit.) estamited composition of biotites
solid solution in the ternary system KFes™ AlSiy O,OH-KFe®*; AlSi0:049 (OH),-KMg,
AlSi3;0;9 (OH),, which are stable at oxygen fugacities controlled by individual buffer
equilibria. The correlation suggests the composition of the examined biotites as defined by
oxygen fugacities greater than those of the Ni-NiO buffer thus, the biotite composition
suggests oxygen fugacities for the biotites of Hajja arca as largely following a buffer curve
during crystallization i.e. oxygen fugacities decreased with decreasing temperature. All the
biotites analyzed belong to the assemblage potash feldspar - magnetite biotite, the
buffering effect of magnetite was recognized in controlling oxygen fugacities in the
crystallizing magma.

KENNEDY (1955) and OSBORN (1962) have suggested that the calc-alkaline or ,,Bowen
trend” of late silica enrichment in contrast to the ,,Fenner trend” of late iron enrichment is
caused by a relatively high constant oxygen fugacity during crystallization. However,
because oxygen fugacity will decrease as temperature decreases i.e. was defined by
buffering reaction, trend II of WONES and EUGSTER (1965).

The plotting of 100 Fe (total)/(Fc total+Mg) ratio of the studied biotites on the stability
diagram (Fig. 6) according to EUGSTER (1965) reveals that these ratios of the analyzed
biotites range between 32—69.96 which correspond to temperature about 815°C-950°C and
oxygen frugacity of about 10°7%-107%.
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TABILE 2
Structural Formulae of Biotites

FormulaNo. | 2 3 4 5 6 7 8 9 10 1 12 13 14
Si ) 5.75 5.8 5.77 5.90 5.98 587) . 590 5.55 538 5.77 5.77 5.90 573 5.96
4 8 8 8 7.99 8 8 8 8 8 8 8 8 8 8
Al ) 225 22 2.23 2.09 202 213) 210 245 2.62 2.32 2.23 2.10 227 204
AIMY 034 16) 022 0.31 007 . 027 031 058) 027 0.74) . 054 0.74) . 079 0.91
Fe'*| 075 1.17 1.20 1.00 1.29 1.20 1.02 0.80 064 028 0.25 1.47 0.95 141
Fe'* |’ 1'.55I 0.92I 1.06 115 0.53 088 1.8 1.82 2.15 236 240 1.74 2.02 171
Mn [Y0.086.130.10]5.99 .07 604 .08]5.990.12|6.080.08| 6 009(6 - |.6 - |6 ~— |60l — |585 .04]572005 577 04569
Mg | 2.90 324 316|300 3.80 3.86 3.16 2.46 264 234 2.35 1.4 157] . 134
Ti } 051 0.39 034} 037 027 027) 030 034) 030 029 031 0.29 0.39 0.28
Ca) -\ - 0.03 - . - 031 0.58 027) 074 054).  074) 079} 09I
Na [ - o 2030.12 | 1.94037|2.24 - |1.931.20 1.02 0.80 064 028 025 147 0.95 1.41
K | 18 192) 180 1.87 1.93 0.27 030) 034) 030) 029 031 0.29 0.39 0.28
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Magma type

Chemistry and crystallization conditions of the granitic magma essentially affect the
composition of the biotites derived from this magma.

Al content plays an important role in the alkalinity of the magma and could be used as a
factor controlling alkalinity, ac1d1ty and as an indicator for, pressure prevailing during the
process of crystallization.

S
3.0

2.5

(.01 1 1 1 1 J
0’5 1.0 15 20 25 30 M

t
M = Fe +Mg/Al
Fig. 7. Acidity-Alkalinity diagram of Hajja granitoids with biotite composition

On the diagram alkalinity-aluminosity of biotites (Fig. 7) the values Si/Al vs.
(Mg+Fe)/Al was suggested by MARACHUCHIEV (1966). He divided the fields of crystalli-
zation of the biotites host rocks into five fields in order of increasing alkalinity:

I. Calcic magma, II. Calc alkaline magma,
II1. Subalkaline magma, ' IV. Alkaline magma,
V. Peralkaline magma.

Plots of the examined biotites fall in the fields of subalkaline to alkaline granite. The
above mentioned elements were used also by IVANOV (1970) for revealing the relationship
and illustrating alkalinity and temperature of crystallization of biotites and water fugacity

of crystallizing liquid. He suggested the followmg relationship
© L=AIX100/Si+Al+Fe+Mg,

F=100FeO*/(FeO"+Mg).

The values of Hajja biotites range from 15.3 to 23 for L) and from 32 to 69.96 for F,
these values occupy the fields of moderate to high alkalinity and of high to moderate
termpature of crystallization (Fig. 8).
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Fig. 8. Relation between water activity and potassium activity in granitoids of Hajja.

According to SMITH (1968) increasing temperature gives possibilities for Al to replace
Si in the tetrahedral position while increasing pressure gives favourable condition for this
replacement to take place on the octahedral coordination. Diagram (Fig. 9) illustrates the
relation between Al™ ad A1V coordinations.

The diagram shows that in the tetrahedral Al is not great from (2.020 to 2.618) while
variations in octahedral Al are more or less clear from (0.02 to 0.92), this may indicate that
these granites are allochtonous, where the pressure decrease through the magma ascending
upwards intruding country rocks of different composition.

Relation of Pleochroism to chemistry

The formulae of biotites have been discussed by HAYAMA (1959, 1964) and ENGEL and
ENGEL (1962). HAYAMA (1959) has correlated the change in the absorption colour of
biotite to the behaviour of TiO, and Fe;O3/(FeO+Fe,03) values. He concluded that biotites
of high Ti content and lower Fe""‘/(Fef'zd—Fc+3 ) values are characterized by red brown
absorption colour in Y and Z direction while those of lower Ti and higher Fe*/Fe*/
(Fe*+Fe*) values show brown absorption colours in Y and Z directions. The examined
biotites are strongly pleochroic with X straw yellow and Y=Z dark brown (SALEM et al.,

1986).
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Fig. 9. Content of Al in tetrahedral and octahedral positions in biotites of Hajja

According to the structural formulae Tablc 2 of the examined biotites the Ti/Fe* ratios
are low whereas the ratios of Fe*/(Fe**+Fe®*) are high. Therefore the Hajja biotites fall in
the field of brown absorption or Y and Z direction (Fig. 10).
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Fig. 10. Relation between the Y and Z absorption colours of biotites and their Fe”/(Fe’2+Fe"‘) and Ti/Fe*?
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Cation Substitution in Biotites .

This feature has been extensively reviewed by FOSTER (1960) HANZEN and WONES
(1972) DYMEK (1983), HEWITT and ABRECTH (1986) AL-DAHAN et al. (1988). In the
present work it is proposed to give only an outline of the main substitution mechanism
govering tetrahedral and octahedral compositional changes.

As mentioned before Al plays a dominant role in the nature of Fe** Mg, Ti
substitutional relations. Some of these relations have been studied to demonstrate this
feature in the examined biotites, the most clear substitution is the relation between the four
cations Ba Al" SiK, the binary diagram (Fig. /1) shows a good relation which indicate the
process of substitution through th crystallization of the magma forming biotites. It is
0bv1ous that by lowering temperature and oxygen frugacity the SiK pair is substituting Ba
AlY

235
2.28F o °
-]
- [-]
2
2/
:2 15 "
«Q °
2.05} °
1 1l 1 | 1 J
7.5 77 7.9 8.1 SitK

Fig. 11. Plots of Ba+Al" against Si+K

There is also a good relation in substitution between AIM and Mg ion (Fig. 12) which
have greater values. at high temelerature and are by decreasing temperature. Ti cation is
correlated with both Al"Y and AI" but with no clear relation with both cations of Alumina
(Fig. 13 and 14). On the other hand if we divided the relation of Al" into two values Al"
<05 and Al'">0.5, shows a positive relation in the first portion while in the second
where Al"Y>0.5 a negative relation exists. This means that the Al content in biotite is the
main factor in most of the substitutional processes, because of the dual role of Al ions,
since Ti is slightly higher with low oxygen fugacxty

As regards the relation between Ti and Mg it is clear from thc diagram (Fig. 15) that
there is moderate correlation except at high values of Mg which means high temperature.
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The following two relations are regarded as the dominant Ti substituﬁ()_n' mechanism for
Mg-biotites, which are suggested by ABRECHT and HEWITT (1988), FOLEY (1989).

1. 2MgV'=Ti"+A1" 2. Mg"+28"=Ti""+2A1"
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Fig. 12. Plots of Mg against Al"!
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Fig. 13. Plots of Al'Y against Ti
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BIOTITE DISCRIMINATION DIAGRAMS

Discrimination on the basis of biotite composition can be summarized as follows:

1. Discrimination FeO'-AlLOs:— the FeOQ' Al,O3 diagram (Fig. 16) shows that there is
virtually no overlap between the 3 magmatic fields A, P, C only 3 samples plot in field P.
FeO' shows slight variation with increasing AlO; this may suggest that the substitution
2Al - 3Fe® is not vital during biotite crystallization in calc alkaline magmatic systems.

2. Discrimination in MgO-Al,O3: — However some overlap occurs between a few
biotite samples (3) in peraluminous (P) and calc-alkaline (C) rocks. Biotites which occupy
fields P and C exhibit a general trend showing a gradual increase in MgO with decreasing
AlLO; (Fig. 17). This negative relation shows a substitution between Mg and Al in
octahedral sites 3Mg — Al within biotites in both gneous groups.

3. Discrimination in FeO-MgO: In this MgO-FeO' diagram Fig. 18 biotites plot in
calc-alkaline orogenic field (C) are moderately enriched in Mg (FeO''MgO 1.63 on
average) occupying a narrow sector (C) with an FeOt-MgO negative trend. Few biotites (3
samples) plot below that general trend within a separate field (P) this is because they are
significantly depleted in Mg (wt% MgO 6.33 on average) compared with biotites in calc
alkaline suite (—wt% MgO=13 on average). The well defined trend observed in (Fig. 18)
reveals the fact that the FeOt — MgO substitution governs’ biotite composition in calc-
alkaline (C) magmas, but it it less important for biotites in peraluminous rocks (P).
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Fig. 16. FeO" — AL O biotite discriminant diagram (A — alkaline, P — Peraluminous, C — Calcalkaline)
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Trace elements in ppm of biotites from Hajja granitoids with some localities for comparison, and some elemental ratios of the examined biotites

. TABLE 3

Sample 1 2 3 4 5 6 7 A B C
Sn 10 50 30 15 5 10 5 - - -
Ga 50 15 15 70 70 100 50 9s 90 44
v 50 70 30 30 150 20 50 90 100 180
Cu 50 20 15 500 50 20 10 - 25 50
Co 20 50 20 15 . 70 50 30 60 40 34
Ni .30 70 20 20 10 20 5 95 25 10
Zr 50 200 500 1000 1000 1000 50 - 57 60
Sr 50 50 70 70 70 70 50 6 6 20
Ba 100 200 200 100 300 100 50 450 340 -
Pb 5 20 10 - 20 10 10 - - -

A103 Ba/K 1.3 2.4] 2.6 1.26 3.6 1,2 0.62 - - - -
Ni/Co 1.5 1.4 1 1.3 0.1 0,4 0.15 - - -
103 Ni/Mg 0.39 0.81 0.24 0.24 0.1 0,22 0.06 - - -7

A,B,Casin TABLE |



Trace elements distribution

Some trace elements for seven samples of the examined biotites are determined and
given in (Table 3), with some analyses of biotites from Egyptian granites.

Distribution of trace elements depend mainly on the presence of this element in the
magmatic source from which the biotite . crystallized. Many studies confirmed that
enrichment of one or another element is used as indicator or pathfinder for metallogenic
‘potentilalites, or petrogenesis of the host rocks of the biotites.

In the case of the investigated biotites, the number of samples analyzed limited the
possibilities to give a good picture for the course of trace elements relations and
distribution within the examined biotites. Some elemental ratios are calculated and given
in (Table 3). The comparison of the trace elements .values with other Egyptian biotites
(KABESH et al., 1981) show that the examined biotites are similar to biotites from non
mincralized pink granatic rocks. The comparison with biotites of Ras Barud (KABESH et

, 1977) shows that the present biotites have less values in the followmg trace clements
(Ga Cr Ni, Ba, Sn, V) and hlgher values in (Cu, Zr, Sr).
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Fig. 19. Plots of Fe/Fe+Mg against some elemental ratios for biotites of Hajja granites



Thc ratio FeO"/(FeO'+MgO) has been plotted against different elemental ratios such as
10*xBa/K, 10° Ni/Mg, Ni/Co; (Fig. 19) it is clear that Ba/K ratio decrease with increasing
the former value which means increasing of K content with increasing Fe total values and
decreasing oxygen fugacity and temperature as well as increasing acidity of the examined
biotites while the value NiYMg increases i.e. increasing Ni and decreasing Mg which is
compatible with the previous conclusion. Ni increase may be attributed to contamination
or hybridization with some basic xenolithes or magma with the granitoid magma, the same
thing applies with the Ni/Co value. The value Ga X 10* Al is compared with some Russian
studies, BARABANOF (1985) which were found to be about 6 for granodiorites; this means
that the biotites of Hajja were possibly derived from magma of granodioritic composition.
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. GEOCHEMICAL ASPECTS AND ORIGIN OF TIN-BEARING
GRANITES IN THE EASTERN DESERT, EGYPT
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ABSTRACT

Three granitic plutons belonging to the younger granite province in the Eastern Desert of Egypt were
selected for detailed petrological and geochemical studies. These granatic masses (Homr Akarem, Igla and
Mueilha) are associated with Sn-W-Mo-F mineralization and selectively affected by post-magmatic albitization
and greisenization processes. The granitic rocks of the three plutons have alkaline affinity with some
metaluminous to moderately peraluminous character. They show pronounced enrichment in Sn, Nb, W, Rb, Y,
Zr, Be, Zn and Ga coupled with moderate depletion in Ca, Mg, Fe, Ti, Sr, Ba, Eu and elemental ratios Ba/Sr and
K/Rb. These chemical aspects are consistent with the metallogenetically specialized granites that elsewhere are
often associated with deposits of Sn, W, Mo and rare metals. Despite the close similiarity of the studied granites
with the intra-plate magmatism, yet the field occurence and many chemical features of post-collision granites
are considered. : ..

The origin of these granitic rocks is largely controlled by low-pressure crystal-melt fractionation from a
source close to a within-plate magma. Although, the mineral fractionation could explain the rock chemistry, the
abundances of HFS elements and HREE require the contribution of a fluorine-bearing fluid phase at a late stage
of differentiation. These chemical features characterize the widespread metasomatic alteration and represent the
potential economic source of Sn-W-Mo-F in the granitic rocks. The role of crustal contamination on such
granites neither proved nor being exluded due to the lack of isotopic data.

Keywords: Eastern Desert, Egypt, Tin-bearing granites, Geochemistry

INTRODUCTION

During the past decade, intense geological and geochemical studies have been carried
" out on the main granitoid groups in the Egyptian Basement complex: the synorogenic
granitoids (older granites) and the late to post-orogenic younger granites (AKAAD and EL-
RAMLY 1960; EL-GABY 1975; AKAAD and NOWEIR 1980; EL-GABY et al. 1988;
GREENBERG 1981). The older granites represent calc-alkaline, I-type mantle derived
magmatism developed in subduction environment (HUSSEIN et al. 1982; STERN et al. 1984;
DixoN 1981). Concerning the younger granites, it has been speculated that these rocks
belong to the post collision granite group as a terminal phase of Pan-African orogeny.
Other workers are biased to consider the younger granites as anorogenic rift-related
magmatism (Stern et al. 1984). Some granitic plutons which belong to the younger granite
group are commonly associated with Sn, Mo, W, F, Be and Nb-Ta mineralization (SABET
and TSOGOEV 1973; SABET et al. 1973; HUSSEIN et al. 1982). They show many chemical
characteristics of the specialized granites or correspond to the A-type granite (RENNO et al.

" Alexandria, Egypt
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1993; MOHAMED et al. 1994). Despite the interest, these mineralized granitic plutons have
recieved little attention. '

This paper presents a trial to reevaluate the gheochemical data of threc Sn-bearing
granitic plutons that crop out in the central part of the Eastern Desert (Fig. I): the Mueilha,
Igla and Homr Akarem plutons. These data are used to characterize the plutons, reevaluate
their genesis, and finally to elucidate the geochemical aspects of the tin-bearing granites in

Egypt.
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Fig. 1. Geologic map showing the distribution of older and younger granitoids in the Eastern Desert, Egypt.
(After EL-RAMLY, 1972). Field circles indicate the location of (A) Homr Akarem; (B) Mueilha; (C) Igla plutons

GEOLOGICAL SETTING

Granitoid rocks constitute about 40% of the crystalline basement complex in Egypt
(Fig.-1.). This granitic province include two major groups. The synorogenic calc alkaline
intrustives (older granites) of wide compositional variation, range from quartz diorite,
tonalite, granodiorite to granite. The second group comprises highly differentiated LIL-
enriched alkaline granites forming shallow level intrustions of limited extension. Recent
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mapping activities by the Geological Survey of Egypt (EL-RAMLY 1972) have
demonstrated the homogenity of this granitic group, although local variations in
mineralogy and chemistry are commonly recorded. They are now referred to as younger
granites or late- and post-orogenic granites. The younger granites have Rb-Srages ranging
from 662 to 430 Ma (HASHAD et al. 1972; FULLAGAR and GREENBERG 1978; MENEISY
and LENZ 1982; ROGERS and GREENBERG 1981; STERN and HEDGE 1985). Some of the
granitic masses of this group are mineratized and commonly affected by post magmatic
alterations (eg. albitization and greisenization) and have many chemical pecularities
corresponding to specialized granites (MOHAMED et al. 1994).

The three granitic plutons which are selected for the present work represent the major
tin-bearing granites in the Eastern Desert. Similar to many other mineralized granites, they
are spatially related to major structure trends (MOHAMED, 1993). These granitic masses
intruded thick succession of highly foliated metasediments (metasiltston, slate, phyllite
metagreywacke and metatuffs) and basic metavolcanics. This volcano-sedimentary
sequence contains minor serpentinite and is further intruded by metagabbro-diorite
complex (Fig. 2A,B). The emplacement of these granitic inasses was diapiric resulting in
sharp contacts against the enclosing country rocks with development of thin hornfelsic
aureoles (1-3 m) around Homr Akarem and Mueilha. Most of the mineralized granitic
plutons in the Eastern Desert are of small sizes (1-10 km? ) with isometric outlines and
have oval (Mueilha), subtriangular (Homr Akarem) or rarely irregular (Igla) shapes. They
are commonly located along N30°W deep-seated fracture system and at or near its
intersection with block faults striking N60O°E (KRS et al. 1973; GARSON and KRS 1976).
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Fig. 2. Geologic maps of A, Homr Akarem and B, Mueilha granitic plutons
1. wadi deposits; 2. post-granatic dykes; 3. albitized granite; 4. greisenized granite; 5. medium-grained pink
granite; 6. granodiorite; 7. basic metavolcanics; 8. metagabbro; 9. metasediments; 10. greisen pockets;
1. faults; 12. quartz veins
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The studied granitic plutons are also dissected by two main sets of joints and faults trend-
ing NE-SW AND NW-SE which follow the major structure trends in the Eastern Desert of
Egypt (MESHREF et al. 1980). The field relationships, such as sharp and mainly discordant
intrusive contacts, and the internal isotropic fabrics, suggest that the granitic plutons were
emplaced at high crustal level. The granitic rocks are locally affected by intense
albitization and greisenization processes. The albitized rocks form the apical portion of the
Homr Akarem pluton, the outer margin of Mueilha pluton and also occuras dykes and
apophyses in Igla area. The rocks show bleached appearance, white colour with seriate to
porphyritic textures. Greisens of pervasive and vein-types are erratically distributed in the
granitic rocks. Greisen occurs as pockets, along fractures and often delineating the
mineralized quartz veins. Some greisen pockets are mineralized and contain appreciable
amounts of cassiterite as in Homr Akarem and Igla. The mineral transformation and
geochemical aspects of all the metasomatic rocks associated with the mineralized granites
in Egypt are treated in a further publication (HASSANEN et al. in prep.). Besides, the
detailed mineralogical investigations of these arca are carried out by SAAD et al. (1994).

PETROGRAPHY

The major granitoid phases and rock facies encountered in the investigated plutons
include, 1) the older (synorogenic) granodiorite, -2) medium-grained pink (younger)
granites and 3) metasomatites (albitized and greisenized rock facies). These rocks are
briefly described as follows:

1. Granodiorite

This rock type is encountered in Homr Akarem and Igla Areas. The rock is medium
grained with equigranular hypidiomorphic texture, often develop gneissose texture. The
granodiorite consists of plagioclase, quartz, potash feldspar and biotite with minor
hornblende. Apatite is the most common accessory besides zircon, titanite and irox oxides.
Intensity of alteration is highly variable. Green chlorotized biotite, and different degrees
.of saussuritization are observed even within a single thin section. Plagioclase feldspar
¢Anys—Anjy;) constitutes about 38% of the rock mode. The crystals are medium-grained,
polysynthetically twinned and strongly zoned with highly altered core. Potash feldspar
(35% of the average rock mode) is mostly of microcline with rare perthite. Quartz usually
forms anhedral interstitial crystals often display undulose extinction. Biotite occurs in
subhedral fine grained pleochroic flakes (X=straw yellow; Y=brown; Z=reddish brown).
Some large crystals represent a late-crystallized phase found to contain inclusions of
quartz, feldspar, zircon and apatite.

2. Medium-grained pink granite

This granite type constitutes the main mass of Gabal Homr Akarem and Mueilha but
has a restricted occurrence in Igla pluton. The granite outcrops are fairly uniform in
appearance, consisting predominantly of medium-to coarse-grained pink Dbiotite-
(muscovite) granite. A porphyritic variety is recorded in Homr Akarem pluton with K-
feldspar and quartz as-common phenocrysts. The modal composition (Fig. 3) shows slight
variation in the relative proportion of quartz and feldspar but with a higher variation in
type and amount of mica. The rocks consist of K-feldspar (microline and perthite),
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plagioclase, quartz, biotite and muscovite. Accessory minerals are frequently abundant
including zircon, apatite, fluorite, topaz, beryl, cassiterite and ilmenite.

Qz

/ } / ¥ %
E i ; '
ﬂ ° / ’ \ ° \5\
A - P
Fig. 3. Modal analysis of younger granites and metasomatized rocks plotted on the classification diagram
recommended by Streckeisen (1976). Alkali feldspar granite (1); Granite (2); Granodiorite (3) and Tonalite (4)

-,

+ Alkali feldspar is medium-grained represented by microline, patch and flame perthites.
- .‘The crystals are clouded and turbid due to argillic-type alteration. Quartz (30.3% on the
- .average mode) occurs in two distinct forms and sizes. The first is coarse grained (up to
i2.5x1.8 mm) anhedral and display undulose extinction. The second is less abundant and
‘occur as fine grained, undeformed crystals that paragenetically represent post-deformation
recrystallization during subsolidus rock-fluid interaction. The latter process is rather
effective at the apical part of the plutons particularly in Homr Akarem pluton. Plagioclase
(Any—An;s) occurs as subhedral polysynthetically twinned crystals forming on average
about 24.7% of the rock mode. Some crystals are zoned and show patchy, irregular and
selectively sericitized core with fresh albite rim. Biotite and minor hornblende are common
mafic phases in Igla granite, while Homr Akarem granite contains biotite and muscovite.
The latter is the only mica type found in Mueilha granite. The biotite crystals are
subhedral, pleochroic from X, pale yellow to Y and Z reddish brown. The muscovite is
also subhedral and displayserratic abundance and distribution in the different samples.
Most of the muscovite crystals are secondary formed at the expense of biotite and feldspar,
but few are of primary magmatic nature.

3. Albite-rich granite

Albite rich granite (albitizéd granite) occurs as small outcrops randomly distributed at
the outer margin of the plutons (Mueilha), as apophyses (Igla) and forming the apical
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portion of Homr Akarem pluton. This rock facies is fine-grained, white in colour with
inequigranular to seriate texture. It is similar to their parent medium grained pink granite
but with minor amounts of biotite and larger amounts of plagioclase and muscovite. The
latter is mostly developed at the expense of biotite. Plagioclase is of albite composition
(Ans-Anjo) representing the most abundant constituent of the rock (57% of the average
mode). The albite crystals are fine grained with subhedral prismatic form and rarely show
zoning. Few crystals of anhedral form are formed as reaction rim around K-feldspar. The
abundant secondary muscovite, fluorite and bleached appearance of this granitic type
indicate the high rock-fluid interaction during the alteration process.

GEOCHEMISTRY
Analytical Techniques

Thirty two samples were chosen for whole-rock major and trace element analyses by
full automatic energy dispersive X-ray fluorecence spectrometer. Two representative
samples from Mueilha granite pluton were analysed for REE and Hf by inductively
coupled plasma emission spectrometer (ICP). The analyses were performed at the
Technical University of Berlin, Germany. Precisions for major elements (except REE)
range from 5-10%. Sn, Be and Mo were measured by optical emission spectroscopy using
d.c. are emission source. FeO and H,0 (as LOI) in the rocks were determined by the
classical wet method with a precision of +2%.

Major element characteristics

The post magmatic alteration and metasomatic processes that probably have disturbed
the primary igneous signature of the rocks put some constraints when we attempt to
interpret the chemistry of these rocks and their possible derivation. These processes such
as albitization, greisenization and extraction of residual pegmatitic fluids will be
considered in relation to mineralization process is subsequent sections. Chemical analyses
of typical samples from the three granitic plutons and associated metasomatites are
presented in Table 1. The samples have been classified in Fig. 4 using the Q-P diagram of
DEBON and LEFORT (1982). Most of the studied samples range from K-rich granites to
adamellite while the older grey granite fall in the granodiorite field. This diagram is
sensitive to feldspar alteration (e.g., alkali metasomatism) and therefore the albitized rocks
are shifted to lower Q and P values. The major element chemistry of the less altered
samples from the investigated granitic pluton display a restricted major element variations
(510, 68.32 to 76.05%) with a relatively high Al;O03 and total alkali contents but with a
marked depletion of CaO, TiO,, MgO and P,Os (Fig. 6., 7). The pink granitic-rocks are
collectively of alkaline character (Fig. 5A) and comparable to the Group II alkaline.
Younger granites (Fig. 5B) defined by ROGER and GREENBERG (1981). The albitized rocks
show a noticeable enrichment in Na,O, Al,O3 and SiO, and slight impovershment in K0,
Ca0 and Fe;Os. The granitic rocks from Homr Akarem, Igla and Mueilha plutons are
metaluminous to weakly peraluminous (Fig. 5C) with percent normative corundum
between 0.16 and 4.58. On the variation diagrams (Fig. 6) the three granitic plutons have
defined chemically specific compositional areas, with no direct chemical link.

The K,O/(Na;0+K,0) ratio of the granitic samples range from 0.38 to 0.72. This wide
variation in K;O and Na,O concentrations within the granitic instrusions resulted from the
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TABLE 1

Representative major and trace element analyses of Tin-bearing granitic plutons, Eastern Desert, Egypt

| Granodiorite Medium grained pink granite Albitized granite -} Greisens
Sample# A-1 A-2 | M-5 M6 M-7 A-15 A-16 1-20 1-21 |[M-23 A-28 A-29|M-30 A-32
SiO, 69.50 69.55 76.05 74.25 73.86 75.03 75.02 75.53 73.50 71.84 74.90 75.07 73.10 75.65
TiOy 0.80 085 0.12 001 005 Bd 0.16 0.01 0.15 Bd 0.02 008 0.09 009
AlLO;, 1495 14.48 13.64 13.74 13.45 1431 1291 11.84 14.41 1539 1443 12.68 14.18 1405
Fe 04 1.23 083 093 074 461 069 041 154 139 030 038 1.29 029 0.19
FeO 190 293 051 058 012 013 013 176 144 023 059 108 136 125
MnO | 0.08 0.05 005 0.03 004 030 008 004 003 001 007 001 007 007
MgO 090 091 023 010 0.10 072 063 0.10 020 051 020 0.3 023 024
Ca0 285 279 135 089 071 079 099 079 0.79 056 0.12 079 1.00 0.i1
Na,O 361 343 210 288 443 251 404 432 431 667 556 497 210 254
KO 251 1.89 332 529 477 382 395 265 265 366 105 422 553 522
P05 0.33 0.09 001 0.02 Bd 001 002 001 005 003 001 001 013 0.17
LOL 220 221 091 101 081 141 056 094 107 046 053 052 080 103
Total  100.86 100.01 99.22 99.54 102.95 99.72 98.90 99.53 99.99 99.66 97.86 100.85 98.88 1006l
KK+Na* 461 443 310 388 543 351 504 532 531 767 656 597 3.10 354
Ba/Sr 1.82 140 144 120 141 225 163 132 208 600 131 073 - -
Rb/Sr 0.29 0.30 878 5.70 14.19 1.8 246 1.17 - 9.17 3.10 140 - -
K/Rb 417 201 70 154 103 151 102 149 13.47 276 40 263 - -
Ba/Rb 620 460 020 020 0.10 120 0.70 1.10 0.70 040 0.50
Trace elements (ppm)
Rb 50. 78 395 285 383 210 320 148 - 110 220 133 - -
Ba 309 360 65 60 38 252 212 165 256 72 93 69 - -
Sr 170 258 45 50 27 112 130 126 123 12 71 95 68 850
Ga 20 14 50 30 32 27 29 21 19 17 21 18 - -
Nb 4 5 39 50 30 65 70 46 42 27 54 49 35 29
Zr 95 119 66 39 80 259 250 325 320 343 106 390 50 60
Y 11 22 29 32 156 50 45 40 39 33 12 11 75 80
Th 12 11 28 Bd 32 Bd Bd 21 20 Bd 37 27 - -
U Bd 2 8 Bd 9 Bd Bd - 4 Bd 9 6 - -
Sn 5 Bd 750 105 130 540 390 - 1348 780 199 74 - -
Co Bd Bd Bd Bd Bd 8 8 2 Bd 38 11 4 7 7
Sc 17 14 S 9 18 7 5 4 5 12 8 4 7 8
A\ 15 Bd 4 Bd 6 27 Bd 24 22 8 12 1l - -
Cu 110 27 600 1100 32 168 224 28 25 343 - 112 60 110
Pb 17 16 38 2 57 15 29 7 8 42 - 66 530 120
Zn 32 50 65 50 104 - ~ 78 76 430 - 35 50 50
La 50 45. 33 - 39 - - 62 59 - 46 65 - -
Ce 40 32 19 - 18 - - 52 48 - 34 51 - -
Pr 4 4 2 - 3 - -~ 6 7 - 6 7 - -
Nd 16 14 12 - 14 - -~ 22 20 - 25 18 - -
Sm 5 4 s - 4 - - 5 6 - 4 5 - -

Complete set of Chemical analyses is available from the authors upon request

* K2O/(K,0+Na,0)
M =Mueilha A = Homr Akarem and I = Igla
Not determined  Bd: Below detection limit
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amount of feldspar fractionation defined by the pronounced modal variation in potash
feldspar and plagioclase. Alternatively, variable intensity of albitization, greisenization and
subsolidus reequilibration of feldsparat at the late stage of consolidation could induce
considerable variation in both Na,O and K,O contents (Fig. 7).
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Fig. 4. Q-P diagram of DEBON and LEFORT (1986). Rock symbols are as follows
X = granodiorite; medium grained pink granite, ® = Homr Akarem, O = Mueilha; A = Igla; * = albitized
granite; + = greisenized granite.
1. granite; 2. adamellite; 3. granodiorite; 4. tonalite; 5. quartz syenite; 6. quartz monzonite; 7. quartz
monzodiorite; 8. quartz diorite
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Trace Element variations

greisenization (GT)

The granitic rocks of the studied plutons show marked and wide variations in their trace
" element abundances. They show noticeable enrichment in HFS elements (Zr, Y, Zn, Nb,
Ga) and HREE (Fig. 8), as well as low contents of LIL elements. The albitized rocks are
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Fig. 8. Chondrite-normalized REE patterns for Mueiltha medium-grained pink granite (normalized values of

SUN, 1982).

65



CaO (wt %)
¥ % ’
%

*
o]
," 8\
l’ \\
._E.“C‘
ﬁ
®
*
00
cXe>
S0

J = ] L Lu_Lnn1l+ A1 1 [ S S T S |
10 100 1000
Sr tppm)
500¢
- X X
B X
X
0
0: i
z 100?
*
30 1 [Illlll! 1 Lol i Lt b

Ri> 7S¢

Fig. 9. Binary scatter diagram of (A) Ca vs. Sr, (B) K/Rb vs. Rb/Sr in the three granitic plutons. Symbols as in
Fig. 4. In A and B, the pink granites of Homr Akarem, Mueitha and Igla are shown as fields outline marked by
the rock symbol

still more depletion in Ba, Sr and Rb. The relatively distinct chemical characteristics of the
different granitic plutons are illustrated on CaO-Sr and K/Rb—Rb/Sr plots (Fig. 94 and B).
Each granatic pluton define a distinctive area on most diagrams with little or no evidence
of common link between them.

Normalized geochemical patterns for some representative samples from each granitic
pluton are shown in Fig. /0 A-C. The normalized factor is the hypothetical ocean ridge
granite (ORG) of PEARCE et al. (1984). The patterns of the granitic rocks have significant
enrichment in Rb and Th relative to Nb. According to PEARCE et al. (1984) such patterns
can be considered crust-dominated. The patterns of Homr Akarem, Igla and Mueilha
granites (Fig. /10A-C) resemble the collision granitic rocks (Fig. 10D), while on the Nb-Y
and Rb—(Y+Nb) discrimination diagrams (PEARCE et al. op. cit.), most of the granitic rocks
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fall in the field of within-plate (WP) granitic rocks (Fig. /). Some post-collision granites
commonly plot in the WP field (SYLVESTER 1989) and therefore it is difficult to
distinguish both post collision and syncollision from the within plate granites on these

diagrams.
Lithophile element ratios and fractionation

_The abundance of large ion lithophile elements (LIL) (K, Ba, Sr and Rb) in a granitic
melt is largely controlled by the major phases such as plagioclase, alkali feldspar and
biotite, since they have moderate to high Kd values (>1, ARTH 1976). Hence, the
behaviour of these elements give qualitative assessment on the nature of the fractionating
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Fig. 12. Logarithmic binary scatter diagrams of (A) Ba vs. Srand (B) Rb vs. Sr for younger granites. Symbols
as in Fig. 4. Vectors denote change in melt composition due to fractional crystallization of named phases. The
amount of separating phases (F) is annotated on each vector.
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phases during the evolution of their parent magma. On the binary ‘variation diagrams Ba
and Rb versus St (Fig. 12A and B) and K/Rb versus'Rb (Fig. 13), the granitic rocks.show a
limited variation in Ba-Sr and Rb—Sr but with vide variation in K/Rb and Rb/Sr. On these
binary diagrams sets of fractionation vectors of major minerals are calculated -using
Ralyeigh fractionation equation (C'1C°=F"). The average composition of granodiorite is
used as a parent melt (CO) while the distribution coefficients - (Kds) are taken from
published work (ARTH, 1976, HANSON 1978). The composition of the melts (C]) at
different degrees of fractionation (F) for each mineral phase are annotated as percentage
on each vector (Fig. 12A and B). Comparing the analytical data of the studied granites
with these vectors reveal that 20% and 40% separation of plagioclase and alkali feldspar
respectively are required for fractionation of Homr Akarem and Igla granites. The Mueilha
granite on the other hand is more fractionated (F=40-60%) than the other two granitic
plutons (Fig. 12).

Granity type and Chemical Specialization

Some isometric granitic plutons of the younger granite province are characterised by a
marked enrichment in HFS elements (Zn, Y, Nb, F, Sn, W, Mo, Rb and HREE) (RENNO et
al. 1993, MOHAMED et al. 1994). Most of these granitic plutons are often associated with
Sn, Mo, W, Be or Nb-Ta mineralization. The investigated granites (Homr Akarem, Igla
and Mueilha) belong to this group. The trace elements characteristics of this granitic group
correspond to those defined as specialized granites and follow the specialization trend in
the Arabaian Shield defined by LE BEL and LAVAL (1986) (Fig. 13). The noticeable
enrichment in HFS elements, low K/Rb and Ba/Rb are also consistent with their
specialization character (TISCHENDORF 1977; MATHEIS et al. 1982; MOHAMED et al.
1994). They are also chemically equivalent to the A-type granite in the sense of WHITE
and CHAPELL (1983) and COLLINS et al. (1982). The calculated Ba/Rb ratios for most of
the granitic samples are generally less than 0.5. The low Ba/Rb ratio has been used by
OLADE (1980) to characterize Sn-bearing from barren granites (Ba/Rb > 0.5) of Northern
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Fig. 13. K/Rb vs. Rb diagram. Heavy line AB represents the trend of specialized granites in Saudi Arabia
(LEBEL and LAVAL 1986). Symbols as in Fig. 4. o
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Nigeria. The low Ba/Rb and K/Rb ratios (Table 1) of Homr Akarem and Mueilha granites
confirm their chemical specialization (TISCHENDORF 1977) and are also consistent with
being Sn-bearing granites. On the contrary, the high Ba/Rb (> 0.5) and K/Rb (> 100) ratios
of Igla tin-bearing granite can be attributed either to the mobilization and depletion of Rb
by intense post magmatic albitization or to strong fracﬂonanon of alkali feldspar and
bloute Rb is commonly accomodated in K-feldspar (Kd k-feldspar=0.65) and biotite
(Kd biotie=3-26) which are readily altered to albite and muscovite respectively causinga
low and wide Rb/Sr range (1.17-14.19), and high Ba/Rb (0.1-1.2) and K/Rb (70-154)
ratios.

SUMMARY AND CONCLUSIONS

Tin-bearing granitic plutons were included among the younger granite province in the
Egyptian basement complex. The granitic rocks of Homr Akarem, Igla and Mueilha
plutons are coarse-grained two mica granites. These granitic masses are associated with
Sn, W, Mo, Be and F mineralizations and selectively affected by post-magmatic
albitization and greisenization processes. The mineralization occurs in quartz veins,
stockworks, greisens and less commonly as dissemination in the host granite. The less
altered samples show slight variations in petrography, mineralogy and major elements
geochemistry. The altered samples have marked increase in the abundance of quartz, albite
and muscovite beside the metallogenetically related minerals such as fluorite, fopaz,
cassiterite, molybdenite, wolframite and beryl. Unlike, the other younger granites (barren
granites) the mineralized ones (Homr Akarem, Igla and Mueilha) show marked chemical
pecularities such as high Rb, Zr, Y, Nb, Zn, Ga, Sn, W, Be, HREE, Ba/Rb and Rb/Sr
coupled with depletion in Ca, Mg, Fe, Ti, Sr, Ba, Eu, Ba/Sr and K/Rb. These chemical
aspects . represent late-phase magmatic differentiation and also consistent with
metallogenetically specialized granites which elsewhere are oftenly associated with
deposits of Sn, Mo, W .and rare metals. Greisenization and albitization are the most
common alteration processes in the studied .granites which can be considered as strong
field evidence accompaning these types of mineralizations. Low pressure crystal-melt
fractionation of plagioclase, K-feldspar and mica play significant role during the evolution
of these granitic rocks. The abnormal enrichment of HFS and HREE elements require the
contribution of fluorine-bearing fluid phase at the late stage of magma differentiation.
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INVESTIGATION OF MODERN GEOLOGICAL PROCESSES IN HOLOCENE
LACUSTRINE CARBONATES IN THE DANUBE-TISZA INTERFLUVE
(HUNGARY)

B. MOLNAR, L. HUM and J. FENYES"

Dept. Geol. and Paleontology, Univ. Szeged‘
ABSTRACT

In the middle part of Hungary, lacustrine carbonate mud was deposited along the Danube valley and on the
morphologically slightly elevated drift sand ridge east of the Danube in the Holocene. Beside similarities, the
carbonates of the two regions display significant differences, as indicated by grain size distribution,
mineralogical and gheocemical analyses. The authors propose that these differences are due to different
palaecenvironmental conditions, and to effects of subsequent soil formation. Investigation of the carbonate
section reveals modemn geological processes in detail.

Keywords: modern geochemical processes, lacustrine carbonate, carbonate, mineralogy and geochemistry

INTRODUCTION

The Danube-Tisza Interfluve is situated in the middle part of Hungary, between the
Danube and Tisza rivers. The area is 180 km long and 120 km wide.

The Danube valley was formed by tectonical and erosional processes. It lies 90 to 100
m above sea level (elevation in this study is referred to the Baltic Sea). The valley is filled
principally with gravel and coarse-grained sand, and the surface is covered by silt and, in
local depressions, by peat. Before regulation of the Danube by training banks in the last
century, the area was a 5 to 15 km wide flood plain (Fig. I and 2).

East of the Danube valley, a drift sand ridge is situated, extending for 70 to 80 km to the
east, Its elevation is 100 to 150 m above sea level. It is covered by wind-blown sand and
loess. In th Holocene, the prevailing wind formed northwest—southeast running rows of
dunes across the area. The crest of these dunes is often as high as 10 to 20 m above the
interdunes.

To the east, the drift sand ridge is bordered by the 10 to IS km wide valley of the Tisza
river. It is about 80 m above sea level, and is filled with fluvial sand and silt.

In the depressions among the drift sand dunes and in the Danube valley there are about
100 small natron lakes. Their length varies between 100 m and 6 km. Generally the water
depth is only several tens of centimetres, and does not exceed 2 m even in more rainy
periods. In the dry period of the last 10 years they totally desiccated. The distribution of
Holocene lacustrine deposits clearly indicates the location and number of earlier lakes
(Fig. 1.).

The summer temperature often exceeds 30°C in the Danube-Tisza Interfluve.
Therefore, the water of the shallow lakes also warms up to 30°C. The groundwater-table

.
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Fig. 1. Geological map of the Danube-Tisza Interfluve and the extension of the present and contemporaneous
lacustrine depositional environments (carbonates). (From the map of Hungary on a scale of 1:300.000, K.
BALOGH et al. 1956) 1: Alluvium, 2:; Redeposited loess, 3: Sodic loess and clay, sand, 4: Wind-blown sand, 5:
Loessy sand, 6: Typical loess, 7: Alluvial loess, 8: Clayey loess, 9: Lacustrine carbonate, 10: Kisrét lake, 11:
Rédliszék lake, 12: Location of the model geological and geomorphological section of Fig. 2.
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Fig. 2. Modetl geological and geomorphological section of the Danube-Tisza Interfluve region showing the

distribution of lake types. Location of the section in Fig. 1. 1: Gravel, 2: Silt, 3: Loess, 4: Aeolian sand, 5:
Elevation above sea level in metres
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used to be 1 to 5 m below the surface, even coming to the surface in some depressions
between the dunes. Due to the recent dry period, however, it has fallen to 3.to 8 m below
the surface. Since in summer time several weeks may pass without precipitation,
evaporation of the lake water is intense, and many of the lakes dry up by the end of August
even in more humid periods.

The dissolved salt content of the groundwater around the lakes is as high as 500 to 2000
mg/l, in some places even 5000 mg/l. The lake water lost by evaporation is recharged
primarily from groundwater, consequently, the total dissolved salt content of the lake
water is high: 8000 to 70.000 mg/l. Though the dominant component is Na*, the amount of
Ca™, Mg, and-CHO5™ is also significant. In summer the pH of the lake water is 9 to 11.

As we described elsewhere, high-Mg calcite is produced in these lakes mainly due to
evaporation, and a vast portion of this carbonate turns into dolomite through early
diagenetic processes (B. MOLNAR 1980, 1990, B. MOLNAR & SZONOKY 1973).

X-ray, and 80 and 8"C analyses have shown that carbonate precipitation in the
Danube valley took place in a different way than in the drift sand ridge (B. MOLNAR & R.
BOTZ 1994).

8"80ppp-values of the dolomite mud deposited in Rédliszék lake (type “B”), situated in
the eastern slope of the drift sand ridge, vary between —3.45 and -0.1%., while those of the
Kisrét lake (type “C”) in the Danube valley range from ~5.6 to —3.5%o (Fig. 2. and 3.).
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Fig. 3. Results of X-ray and isotope-geochemical analyses of the Kisrét lake and R(Sdlisi”ék lake carbonate
sections. 1: Aeolian sand, 2: Carbonate mud, 3: D=Dolomite, C=Calcite, 4: Depositional environment
(B. MOLNAR and R. BOTZ 1994)
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We suggested that this difference is caused by different sources of recharge. Before the
regulation of the Danube, lakes in the Danube vallcy were fed mainly by annual floods of
thc river. 85% of the water mass of the Danube in Hungary orginates from the Alps.
8" Osmow value of the highland rainfall and melt at Vienna is —11.7%0 (D. RANK in. J.
DEAK et al. 1972). In contrast, lakes in the drift sand ridge, having water supply from local
rainfall and groundwater, have a 8®0smow valuc of —9.5%0 (J. DEAK et al. 1992). This
difference (-2. 53%o as expressed in terms of 3! OP])B) is responsible in the first place for
the =3.0 to -3.5 8®0ppg disparity between lakes types “B” and “C”, while other factors,
like differences in isotopic composition of the local rainfall and groundwater play a less
significant role.

In geology, rock-forming processes are reconstructed from the final product. In our
case, we have dolomite mud in both areas, but the generating processes and the conditions
were fairly different. In our view, it is important to know these differences in detail, in
order to be able to better understand genesis of fossil examples. In the Sedimentological
Institute of the University of Heidelberg we had opportunity to carry out a comparative
research, the results of which are discussed in this paper.

SELECTION AND SAMPLING OF THE DOLOMITE MUD SECTIONS

On the basis of earlier investigations, two carbonate sections were selected for further
comparative study: the Kisrét lake section in Kiskunsidg National Park from the Danube
valley, and the Rédliszék lake section from the drift sand ridge (Fig. /.). Both sections
were sampled in 5 cm intervals. )
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Fig. 4. Chemical components of groundwaters around natron lakes in the Danube valley (A) and in the drift
sand ridge (B) (B. MOLNAR and I. MURVAI 1975, B. MOLNAR and L. KUTI 1978b)
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Chemical composition of the groundwaters, as known from wells next to the lakes, is
shown in Fig. 4. At the time of well drilling, in September 1974, the groundwater-table
was 0.8 to 1.2 m below the surface at Kisrét lake. Its total dissolved salt content was 2000
mg/l averagely. The most important cation was sodium. Sodium was plotted together with
potassium in the triangle diagram, the two averaging at 1000 mg/l. Calcium and
magnesium was less, together was 10~-15 mg/l. In the anions, hydrogencarbonate was
dominating, while chloride and sulphate were less significant (B. MOLNAR and L. KuTI
1978/b).

Chemical composition of groundwaters in Rédliszék area, like in the drift sand ridge in
general, is more varied. Though the overall salt concentration is similar to that of the Kis-
rét area, the amount of sodium and potassium shows considerable scatter, while
distribution of anions does not display any significant difference between the two regions
(B. MOLNAR and L. MURVAI 1975).

The Kisrét lake area is characterized by solonchak-solonetz type soils with a humus
content of 0.3 to 1.75% (Gy. VARALLYAY 1967). Carbonate content of these alkaline soils
is significant. In the B2 horizon, at about 20 to 30 cm depth, the maximum salt content of
the soil is 6 to 35 mg equivalent. Due to alkalinity (pH = 9 to 10), the dissolved salt
content consists mainly of sodium salts, such as NayCo; and NaHCO;. Surface
efflorescenses are rich in NaCl, too.

The drift sand ridge, including the Rédliszék area, is covered by various sorts of soils.
Characteristic types are humic sandy soils and sandy regosoils. On lacustrine carbonates,
meadow soils were formed, which in turn are replaced by solonchak-solonetz type soils in
the southeastern part of the ridge (P. STEFANOVITS 1963). Consequently, changes in
chemical features of the soils follow a mosaic-like pattern in the area.

RESULTS

The Kisrét lake carbonate sequence is underlain by slightly humic, grey, fine grained
wind-blown sand. The lower part (0.75 to 1.05 m) of the carbonate section is light grey,
followed by a light yellow (0.50 to 0.75 m) and another light grey (0.20 to 0.50 m)
interval. The uppermost 0.2 m is slightly humic, and, consequently, darker grey again (Fig.
5. II). On the basis of hydrometrical and dry sieving analyses, characteristic grain size of
the carbonate section down to 1.00 m is under 0.02 mm, that is, belongs to the clay and
fine silt fractions. Minor modifications in grain size distribution are reflected by the colour
of the rock. The uppermost — humic ~ part contains more coarse silt and sand than the
directly underlying interval. Further parts relatively rich in coarse silt can be found at 0.5
m and at 0.75 to 1.00 m (Fig. 5. HI).

The ratio of the material soluble in hydrochloric acid is 22% at the bottom of the
underlying sand, and 30% at its top, i.c. right below the carbonate. Its maximum value in
the carbonate section is 55%. At the interval of 0.75 to 0.85 m, being relatively abundant
in fine- and coarse-grained silt, it decreases to 38 and 41%. Its low value (28%) between
0.00 and 0.20 m is probably due to the leaching effect of soil formation (Fig. 5 IV).

The mineralogocial composition of the carbonate was analysed by simultaneous
thermoanalytical method (Fig. 6, 7). (We used a MOM Derivatograph Q-1500 instrument).
26% of the total carbonate was dolomite in the underlying sand (Fig. 6. 1). Ratio of
dolomite in the total carbonate content of the 0.35 to 1.00 m interval was between 43 and
535% (Fig. 6. 2—4, Fig. 7. I). In the uppermost 15 cm, its value decreases to 11 to 20%, as
a consequence of soil formation. As we have pointed out above, the total portion
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soluble in hydrochloric acid, i. e. the total amount of acid soluble carbonate is also small
here. Beside the dolomite-calcite double peak, an additional endothermic peak was
recorded in these samples between 705 and 720 °C in the D.T.A. curve. This peak may be
attributed to the presence of illite. A several percent illite content of the samples had been
justified by X-ray diffraction. It is more probable, however, that the three-peak pattern
indicates presence of dolomites with different state of order (B. MOLNAR and R. BOTZ
1994) (Fig. 7. 2-4). Gy. SZOOR et al. (1992) suggested that the three peaks show
synchronous presence of three phases, namely calcite, dolomite, and magnesite, and prove
incorporation of Fe?. In our case, meteoric water could cause dedolomitization, and
precipitation and incorporation of iron.

The Na, K and Mn content of the samples was determined by instrument Perkin Elmer
4100 AAS, while concentration of P and Ti was measured by spectrophotometer (Milton
Roy Company Spectronic 1201). Characteristic changes in concentration of these elements
are as follows.

The sand, underlying the carbonate section, contains 0.98% Na in feldspars. In the
lower half of the carbonate section its amount decreases to 0.73%, and from 0.55 m to the
surface it shows a rising trend. A sharp increase was recorded between 0.00 and 0.15 m,
due to the solonchak-solonetz type of soil. Concentration of Na is as high as 1.26 to 1.37%
here (the latter value belongs to the sample representing the 0.05-0.10 interval) (Fig. 5).

K content of the basal sand, also due to feldspars, is 1.8%. It remains steady (1.4 to
1.5%) in the interval of 0.35-1.00 m, while in the uppermost 15 cm, in the soil formation
horizon, it displays an increase, similarly to the curve of Na, and reaches 1.73-1.94%.

A similar trend is shown by the concentration of Mn. It is 628 ppm in the underlying
sand, varies between 439 and 497 ppm in the interval 0.35 to 1.00 m, and rises to 580 to
586 ppm in the upper 35 cm.

This trend is more pronounced in concentratlon of P. It is 830 ppm in the basal sand,
401 to 584 ppm in the lower two third of the carbonate section, and 692 to 772 ppm in the
uppermost 15 cm.

Concentration of Ti is 5150 ppm in the sand, 2257 to 2715 ppm in the interval between
0.35 and 1.00 m, and 3135 to 3675 ppm in the interval between 0.00 and 0.15 m. Though
the Ti concentration curve shows more fluctuations than the others, a basic trend common
to the distribution of all these elements can be recognized.

Based on the concentration curves, the section can be subdivided to three parts: lhe
basal sand, the 0.35 to 1.00 m interval, and the uppermost 0.35 m right below the surface.

The Rddliszék carbonate section is 0.6 thick, and it is also underlain by fine-grained
wind-blown sand. This sand, as well as the.lower half of the carbonate section, is light
grey in the 0.30 to 0.80 m interval. The 0.00 to 0.30 m interval slightly humic, and darker
grey (Fig. 8 II).

Predominant grain size in the basal sand is 0.10 to 0.20 mm. It is continuosly decreasing
towards the carbonate layer. In the lowermost sample of the carbonate (0.55 to 0.60 m) the
ratio of coarse silt and finer material together reaches 60%. This value falls to 38% in the
overlying 0.50 to 0.55 m interval. From 0.50 m to 0.15 m the amount of finer fractions is
steadlly increasing, while in the uppermost 10 cm the ratio of coarse- gralncd silt is
increasing at the expenses of the finer fractions (Fig. 8 III).

The ratio of the material soluble in hydrochloric acid is 18% in the basal sand, and it
increases upwards. Its maximum value is 48% at the finest-grained 0.55 to 0.60 m interval.
In other parts of the carbonate it changes between 36 and 44%. A slight deveease to 36%
was measured right below the surface (Fig. 8 IV).
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Thermal analysis of the basal sand samples indicates that its carbonate content consists
of dolomite (Fig. 9. I). Similar mineralogical composition was observed in the sample
representing the 0.55 to 0.60 m interval of the carbonate layer (Fig. 9. 2). Even more
definite indication of dolomite was recorded by a double dolomite peak of the D.T.A.
curve in the sample from between 0.45 and 0.50 m (Fig. 9. 3). Similarly to the Kisrét
section, the D.T.A. curve shows an additional third peak along with the calcite and
dolomite peaks in samples from the uppermost 30 cm. The third peak was recorded
between 693 and 720 °C. We think that this pattern, missing in the deeper parts of the
section, is due to dedolomitization and consequent formation of differently ordered lattices
and hybrid carbonate minerals (Fig. 9. 4, and Fig. 10. 1-2).
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Fig. 10. Thermal analyses of the Rddliszék carbonate samples. 1: 0.05-0.10 m, 2: 0.00-0.05 m. (For legend, see
Fig. 6.)

The shape of the Na content curve across the Rédliszék section is very similar to that of
the Kisrét section, but the values are smaller. Na concentration in the basal sand is 0.79%.
It steadily goes down to 0.55% in the 0.25 to 0.30 m sample, than continuously increases
t0 0.67% and 0.64% in samples 0.05 to 0.10 and 0.00 to 0.05, respectively.

The Rédliszék section, just like the Kisrét one, is more abundant in K than in Na. The
differences between the concentration of the two elements, however, are less significant
here. The ratio of K in the sand is 0.85%. It is steadily decreasing to 0.60% in the sample
representing the 0.25 to 0.30 m interval, then increasing to 0.74% at the surface.

Mn content of the sand is 656 ppm. It has a maximum value of 716 ppm at the bottom
of the carbonate layer, then it is steadily decreasing to 408 ppm at the surface. Unlike in
Kisrét section, Mn concentration does not rise near the surface.
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The amount of P in the basal sand is 453 ppm, in the lower part of the carbonate layer
(0.45 to 0.60 m) is 337 to 395 ppm. It goes down to 227 ppm in sample 0.25 to 0.30 m,
than steadily increases to 460 and 496 ppm in the 0.00 to 0.10 m interval. While in the
Kisrét section the values.are greater and the maximum value is in the sand, the greatest
value in the R6dliszék section is recorded in the carbonate right above the sand.

Maximum concentration of Ti (2300 ppm) was observed in the sand. At the bottom of
the carbonate layer it is 1977 ppm, and falls to 1195 ppm in 0.25-0.30 m of the section.
From 0.25 m to the surface it increases to 1600 and 1670 ppm, In the Kisrét section the
amount of Ti was much more significant, and the near-surface increase of concentration
was more definite. :

COMPARISON OF THE KISRET AND RODLISZEK CARBONATE SECTIONS

Both sections are underlain by fine-grained sand. We know from earlier investigations
that the Kisrét sand is mixed fluvial and aeolian sand (B. MOLNAR and L. KUTi 1978a).
The Rédliszék carbonate was deposited on wind-blown sand.

Though both sections are dominated by light colours, the Kisrét carbonate is more
varied in this respect, having a light yellow interval beside the grey ones. According to
carlier investigations, the light yellow colour is due to higher concentration of iron (B.
MOLNAR and R. BOTZ 1994). The near-surface part of both sections is slightly humic.

The grain size distribution is more uniform in the Kisrét section. The amount of sand
increases near the surface in both sections. The overall sand content of the Rédliszék
section; however, is considerably higher. It has palacogeographical reasons: the Rédlisz€k
area was a drift sand region even during the deposition of the carbonate, and the wind
blew more sand in the lake.

Consequently, the acid soluble part of the Kisrét carbonate is greater. Soil formation is
at a more advanced state in Kisrét section, thus the fine fraction of the residue insoluble in
hydrochloric acid contains clay minerals, the identification of which has not been done yet.
* As to mineralogical composition, the carbonate mud in the basal sand layers is
dolomite, This dolomite probably satured the underlying sand layers right after its
precipitation from the lake water. The carbonate section itself is also composed of
dolomite. The Kisrét material has a more perfect dolimite structure, or crystallinity, than
the R6dliszék material. The D.T.A. curve of the latter displays the first endothermic peak
at-about 675 to 700 °C, instead of the standard 780 to 810 °C. Earlier X-ray diffraction
analyses of these samples, however, had unambigously proved the dolomite structure (B.
MOLNAR and R. BoTZ, 1994). This shift of the characteristic peak is due to the extremely
high sodium carbonate content of the water from which the dolomite precipitated, and may
be related to different crystal grain size. In contrast, the Kisrét lake, receiving the bulk of
its input from the Danube, witnessed less dramatic evaporation, therefore its water was less
saline, and provided more favourable conditions for crystal formation and growth. This
explanation seems to be justified by results of d®o analyses; its less negative values in
Rédliszék samples indicate more significant effects of evaporation (B. MOLNAR and R.
BoTz 1994) (Fig. 3).

In the D.T.A curves of both sections, triple endothermic peaks were recorded instead of
the characteristic double dolomite peaks in near-surface samples. This phenomenon can be
a consequence of dedolomitization caused by rainwater, and formation of a secondary
carbonate paragenesis with differences in state of order, grain size, and iron content,
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Concentration of Na and K are higher in the Kisrét section than in the Rédliszék one.
Changes in the amount of these elements follow a similar pattern. Concentration of Mn,
unlike in the R6dliszék section, increases near the surface in the Kisrét sequence. Maxi-
mum values of P concentration were recorded in the basal sand in Kisrét, and in the
overlying carbonate in Rédliszék. In adddition, the overall amount of P:is greater in Kisrét.
Minimum values of P in Kisrét were observed in the sample representing the interval 0.35
to 0.40 m, while in R6dliszék it was in 0.25 to 0.30 m. The latter sample contains not only
the minimum value of P, but the less Na, K and Ti as well; these elements were probably
leached from this horizon of the Rédliszék section.

In summary, despite of their different thickness, the two sections display very similar
patterns: They both can be divided three corrélable parts, as a consequence of nearly
identical geological and genetical processes. They have differences, however, in grain size
distribution, in details of carbonate association, in the hydrochloride acid soluble part, and
in concentration and distribution of some elements. These differences are due to the drift
sand environment of the Rédliszék lake, and to different sources of water supply; the
Rédliszék lake was fed by groundwater and precipitation, while, as indicated -by
geochemical facies analysis, the Kisrét lake was fed primarily by the Danube, and only a
much less significant amount of its water came from precipitation and groundwater.
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THE GEOCHEMICAL CHARACTERISTICS OF LOESSES AND PALEOSOLS IN
THE SOUTH-EASTERN TRANSDANUBE (HUNGARY)

L. HuM"-J. FENYES"

Department of Geology and Paleontology, Attila Jozsef University”

ABSTRACT

This paper deals with a study on loesses and paleosols in the South-Eastern Transdanube. Four types of the
sediments (loess, derasional loess, humic loess horizon, chernozem-like steppe soil) from the profiles of the
Dunaiijvaros-T4piosiily and the Mende-Basaharc loess formations were examined. Loesses can be divided into
two groups (weakly weathered loess and weathered loess) on the basis of the element composition, which is also
affected by paleoclimatic circumstances and weathering processes. Beside an average element composition, the
weakly weathered loess is characterized by high carbonate content and low calcite-dolomito ratio. The
characteristic element composition of the loesses is considerably changed during the weathering because some
elements accumulate and others decrease. There is characteristically lower carbonate content in paleosols than
in loesses, but they have higher calcite-dolomite ratio. The humic loess horizons have geochemically an
intermediate character between loesses and paleosols. Mineral and element composition of the chernozem-like
steppe soils prove that their pedogenesis was more intensive than that of the humic loess horizons.

Keywords: loess geochemistry, young loess, paleosols, carbonate content, major components, trace ele-
ments, correlations.

- INTRODUCTION

On the basis of their lithologic properties, loesses of Hungary can be divided into two
well-distincted groups: young loess and old loess (PECSI 1975, 1985, 1993). Upper part of
the young loess is the “Dunadjvaros-T4pi6siily subseries” (its age is cca. 12-16 ka B.P.),
and the lower part of it is the “Mende-Basaharc subseries” (with an age of cca. 27-120 ka
B.P.) (PEcsI 1975, 1985, 1993).

Several exposures of the loess-paleosols series can be studied in the South-Eastern
Transdanube. Loess and derasional loess of the area, which mostly contain humic loess
horizons, chernozem-like steppe soil horizons and brown forest soils, can be assigned to
the “young loess” series (Dunatjvaros-Tdpi6siily loess formation and Mende-Basaharc
loess formation).

During the last decades sevaral papers have appeared on the geochemistry of loess
(GONG et al. 1987, LAUTRIDOU et al. 1984, PETROV et al. 1984, SCHNETGER 1992,
TAYLOR et al. 1983, WEN et al. 1985). The young loess of Hungary was studied by PECSI-
DONATH (1985). Geochemical facies analysis of loess in the North-Eastern Great Hun-
garian Plain was performed by SZOOR et al. (1992a, 1992b).

.
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During the last years 15 sections were sampled for sedimentological, geochemical and

paleontological examination using fine stratigraphic methods. Samples were collected by
the 25 cm or by the layer. Situation of the sampled profiles is shown by Fig. 1.
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Fig. 1. Location map of the examined profiles

ANALYTICAL METHODS

After determination of grain-size distribution and carbonate content of the samples,

mineral and element composition of 66 samples of loess and that of 23 samples of paleosol
were examined in the grain-size fraction of less than 71 um. X-ray measures were used for
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determination of the mineral composition; in cases of 25 samples, fraction of less than 5
um was also examined, and these were prepared with ethylene-glycol for determination of
clay minerals. The calcite-dolomite ratios were determined by the method of TENNANT-
BERGER (1957). Determination of carbonate and clay minerals was promoted by
termoanalytical examinations. Inorganic carbon was removed with HCIl, and then organic
carbon content was determined by using- LECO Carbon-Sulfur Determinator. For the
determination of trace and major elements, destructive attack was performed by using HF-
HC104-HNO3 mixture in Teflon bomb under high pressure. Al, Fe (total), Mn, Mg, Ca, Na,
K, Li, Zn and Sr were analyzed by flame AAS (Na, K and Li with emission), and Cr, Pb
and Cu were analyzed by graphite-tube AAS (Perkin Elmer 4100). After HF-H,SO, attack
in autoclave, Fe?* was measured by titration. Si was measured by RFA, while Ti and P
were analyzed by spectrophotometry (using by the Tiron’s and the molybdenum yellow
methods). All methods are described in HEINRICHS-HERRMANN (1990).

GRAIN-SIZE DISTRIBUTION AND COLOR OF THE SEDIMENTS

Results of the examinations of the grain-size distribution can be summarized as it
follows:

— Main grain-size fraction of the loesses ranges from 20 to 50 pm (43-57 weight %),
ratios of the clay and the sand fraction range 11-18 and 4~14 weight %, respectively The
derasional loess has a similar grain-size distribution, but ratio of the clay fraction is a little
higher (16-20 weight %).

— Because of weathering, grain-size distribution of the paleosols is characterized by
quite higher ratio of the clay fraction (19-41 weight %) and lower ratio of the coarse
aleurite (2642 weight %). The chemozcm—llkc steppe soil has the highest clay and the
lowest coarse aleurite fractions.

— Grain-size distributions of the dlffcrcm sedlmcnts are listed in Table 1.

TABLE [
Grain-size distribution of loesses and paleosols (weight %)

<2pm | 25pm | 5-10um ] 10-20 um | 20-50 pm | 50-100 pm | 100200 pm
Loess 11.2-17.4 3.2-8.1 7.2-13.1 12.5-21.7 | 43.1-574 4.1-14.6 0.2-1.1
Der. loess 16.1-204 | 4.3-52 | 7.4-13.9 | 11.4-15.2 | 456-49.1 | 62-83 | 0.4-15
Humic soil 195-203 | 6.4-9.1 | 54-82 | 153-18.1 | 403425 ] 7.5-93 | 0.9-2.4
Chemn. st. soil. 227436 | 2.9-84 | 10.7-14.5 ] 10.7-14.5 | 24.6-389 | 5897 | 0228

Color of the sediments was determined by the ROCK-COLOR CHART in dry state.
Loess samples are dusky yellow (5Y 6/4) and its darker and lighter shades, the humic loess
horizon are dark yellowish brown (10Y 5/4) and color of the chernozem-like steppe soils
ranges from moderate yellowish brown (10 YR 5/4) through dark yellowish brown (10 YR
4/2) to dusky yellowish brown (10 YR 2/2).

MINERAL COMPOSITION
The X-ray (Fig. 2) and the thermoanalytical (Fig. 3) measures show that loesses and

paleosols dominantly consist of quartz (31,1-48,8%), feldspars (5,2-13,6%), carbonates
(2,72-38,20%), micas (muscovite and biotite) and clay minerals of varying quantity (Ta_b,le'
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2). By the X-ray diffraction examination of the fractions of less than 5 pm illite,
montmorillonite (smectite), chlorite and the illite-montmorillonite mixed layers as
dominant components of the clay fraction could be detected in each of the samples, while
kaolinite, vermiculite, hydrobiotite and the montmorillonite-chlorite as well as the chlorite
swelling mixed layers were of secondary quantity. Clay fraction of the loesses is
characterized by illite and montmorillonite content with a relatively low variation, while it
is characteristic for the clay fraction of the paleosols that montmorillonite (smectite) and
kaohmtc contents are hlgher than that of loesses.

2 - Theta - Scale
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28 30 32 34°

Fig. 2. X-ray curve characteristic for loess. Sample from the 0,50-0,75 m of the profile 14 (South of Mohics)
Q = quartz, D = dolomite, C = calcite, Fp = feldspars, M = muscovite, Ch = chlorite, Sm = smectite, I-M = illite-
montmorillonite mixed layers

Carbonate content (calcite and dolomite) of the studied loess samples is extremely high
(10,7-38,2 weight %, the mean value is 24,36 weight %, the standard deviation is 6,06).
According to several authors (SZILARD 1983, PECSI 1993) samples having carbonate
content higher than 22 weight % can rather be considered as loessy formation (carbonate
accumulating horizons), however, other authors (FUCHTBAUER 1988, HADRICH 1975)
consider sediments of high (as high as 30 and even 40 weight %) carbonate content as
loess.

The dolomitic ratio is strikingly high within the carbonate content. According to
FUCHTBAUER (1988) dominant part of the carbonate content is calcite, and dolomite occurs
only in special cases. According to international analyses (HADRICH 1975, PYE 1983,
TAYLOR et al. 1983, SCHNETGER 1992), the calcite-dolomite ratio of the carbonate
contents in samples from different places of the world ranges from 2:1 to 3:1. Ratio of the
dolomite in the carbonate fraction of the 66 studied loess samples ranges from 49 to 88%,
its average is 69,4% (standard deviation: 10,6), therefore the average calcite-dolomite ratio
is 1:2. High dolomite content was detected for young loess of Hungary by PECSI-DONATH
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(1985) and GEREI et al. (1985), as well. It can be supposed that this high dolomite content
is primary, i. e., it accumulated as dust contemporaneously together with other mineral
components of the loess. Average carbonate content of the derasional loess is 19,4 weight
% (standard deviation is 5,54).

Paleosols have much lower carbonate content due to its leaching: humic loess horizon:
12,73 weight % (standard deviation: 4,39), chernozem-like steppe soil: 2,95 weight %
(standard deviation: 0,89), but calcite has higher ratio (57-82%) than dolomite for these
samples. Therefore, calcite-dolomite ratio of the paleosols ranges from 2:1 to 3:1. The
higher calcite ratio of the paleosols can explained by the fact that quantity of the calcite
increases because of the more solvable dolomite, which has low ordered crystal structure,
leaches more rapidly. Mobility of Ca and Mg ion is influenced by pH relations, as well.

TABLE 2
Quartz. feldspar and carbonate contents of loesses and paleosols (%)
Quartz Feldspar Calcite Dolomite
Loess 31.1-48.8 9.6-13.6 3.1-16.2 7.7-30.0
Der. loess 33.7-40.7 5.2-12.7 1.8-4.5 7.1-14.9
Humic loess hor. 35.3-35.8 3.9-7.6 1.1-5.9 5.3-6.9
Chern. steppe soil 32.2-52.8 4.7-8.8 0.8-5.5 0.4-1.3
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Fig. 3. Thermoanalytical analyses of different sediment types.
a: typical loess from 1,50-1,75 m of the profile 9 near Furkételep. b: humic loess horizon from 9,00-9,25 m of .
the profile 10 of Dunaszekcsd, ¢; chemozem-like steppe soil from 5,10-5735 m of profile 1 north of Szekszard.
H,0" = weakly bound water, Org = organic material, Q = quartz, [ = illite, C = calcite, D = dolomite,
K = kaolinite . )
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ELEMENT COMPOSITION

Major chemical components of the studied loesses are SiO, (49,10-64,53%), Al,O3
(8,04-11,82%), CaO (7,30-14,27%), MgO (3,49-5,16%), Fe 03 (2,30-3,46%), NaO
(0,89-1,35%), K;0 (1,39-1,95%) as well as, in small quantity, TiO, (0,50-0,88%), P,O5
(0,12-0,19%) and MnO (0,058-0,088%). The organic carbont content ranged from 0,06 to
0,12%. Chemical components of the derasional loesses have same intervals. Average of
the iron oxidation indexes of the loesses (OFe=2F¢,03/Fe0) is 11,03 (standard deviation is
4,64). Quantities of the trace elements are the following: Sr: 222-513 ppm, Li: 20-34
ppm, Cr: 52-86 ppm, Cu: 19-38 ppm, Zn: 44-65 ppm, Pb: 4-14 ppm. These values are
correspond to the trace element composition of loess from the different localities of the
world (GONG et al. 1984, LAUTRIDOU et al. 1984, PETROV et al. 1984, SCHNETGER 1992,
WEN et al. 1985) and that of the Hungarian loesses which have been studied (PECSI-
DONATH 1985).

In the paleosols, contents of SiO; (55,69-69,38%), Al,O3 (8,52-13,36%), TiO, (0,69—
0,85%), Fe,05 (2,334,12%), MnO (0,066-0,101%), Na,0O (1,01-1,65%), K,O (1,54-
2,20%), P,0s (0,13-0,22%), Cup (0,11-0,37%) are high, while those of MgO (1,45-
3,78%) and CaO (0,94-11,94%) are quite low as compared to major element contents of
‘the loesses. Increase of the NayO content of the paleosols is small, and in some types
(fossil soils of old loesses) its decrease can be also observed. Among trace elements of the
paleosols, contents of Li (25-40 ppm), Cr (62-94 ppm), Zn (54-82 ppm) and Pb (6-26
ppm) are higher, while those of Sr (167-348 ppm) and Cu (22-27 ppm) are lower (Table
3). Iron oxidation index (Og.) of the paleosols is 20,10 (standard deviation is 12,13) as an
average.

H,0-content is ranged froml,25 to 3,26% for the loesses, from 2,45 to 3,06% for
derasional loesses, from 3,66 to 4,53% from humic loess horizons, and from 4,12 to 6,50
for chernozem-like steppe soils. Distribution of the H,O content of the different sediments
-shows a positive correlation with the quantity of the clay minerals.

Geochemical composition of some representative loess and paleosol samples is llsted in
Table 4.

During the weathering, due to their physical and chemical resistance, SiO, and T102
accumulate in the paleosols, and accumulation of Al,Os, Fe;O3 and alkalines can also be
observed. K is adsorbed on the surface of the clay minerals, and Li mainly occurs micas
accumulated in soils. Quantity of the alkaline earth metals (Mg, Ca, Sr) strongly decreases
in the paleosols because their carbonate minerals are dissolvable and, in this way, washed
out from them. As the pedogenesis becomes more and more intensive, solution of the
carbonates and accumulation of Al,O3 and Fe,0; intensify.

On the basis of the geochemical data FeO/Fe;O;, CaO/MgO, (CaO+K;0+NayO)/
Al,O; and K,0O/NayO ratios were calculated (WEN et al. 1985). FeO/Fe,O; and
(CaO+K,0+NayO)/Al,O3 ratios decrease because of the accumulation of Fe;03; and Al,Os
_during the weathering. Mg can also link to the clay minerals accumulated during the
weathering process, and, therefore, quantity of MgO decreases in a small degree. Beside
CaO/MgO ratio is higher for the paleosols. Value of the K,O/NayO is increased by
weathering, and it reaches its maximum in the paleosols. Potassium is an important
constituent of the clay minerals (illite) and can be adsorbed on the surface of the clay
minerals, therefore, weathered sediments and paleosols are more rich in potassium.

On the basis of the geochemical data, the studied loesses can be divided into two
groups: weakly weathered loesses and weathered loesses. The weathered loess samples are
characterized by higher TiO,, AlO3;, Fe03, K50, Li, Cr, Zn and lower CaO, Sr contents.
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Geochemical data of different sediment types

TABLE 3

Weakly weathered loess

Weathered loess

24 samples) (18 samples)

Limit Average S.D. Limit Average S.D.
Si0; % 49.41-64.53 57.27 547 49.10-62.79 55.80 3.96
TiO, % 0.50-0.78 0.67 0.06 0.58-0.88 0.73 0.09
ALO; % 8.04-9.87 8.81 0.45 8.54-11.82 10.45 0.96
Fe,03 % 2.30-3.09 2.64 0.19 2.64-3.46 3.17 0.27
FeO % 0.18-0.71 0.49 0.13 0.39-0.64 0.51 0.09
MnO % 0.062-0.086 0.070 0.005 0.058-0.088 0.075 0.009
MgO % 3.88-5.16 4.47 0.26 3.494.56 4.01 0.35
Ca0 % 9.80-17.17 11.97 1.81 7.30-14.27 9.48 2.24
Na,0 % 0.89-1.34 1.21 0.11 0.96~1.35 1.27 0.10
K20 % 1.39-1.68 1.52 0.08 1.48-1.95 1.78 0.14
P;0s % 0.12-0.18 0.15 0.02 0.14-0.19 0.16 0.01
Corg % 0.06-0.14 0.09 0.02 0.06-0.12 0.09. 0.01
Li ppm 20-28 24 2 23-34 29 4
Cr ppm 52-78 64 6 59-86 73 8
Cu ppm 22-38 28 4 19-33 27 4
Zn ppm 44-54 50 3 53-65 58 4
Srppm 306-513 400 49 222-414 324 56
Pb ppm 4-14 8 2 4-9 7 1

Humic loess horizon Chernozem-like steppe soil
4 samples) 8 samples)

Limit Average S.D. Limit Average S.D.
Si0; % 55.69-59.73 57.94 2.04 62.13-69.38 64.75 2.83
TiO; % 0.69-0.85 0.80 0.07 0.78-1.03 - 0.93 0.08
ALO; % 8.52-12.51 11.19 1.85 11.61-13.36 12.50 0.67
Fe,0; % 2.33-3.42 3.03 0.49 3.64-4.12 383 0.19
FeO % 0.78-0.97 0.88 0.09 0.31-0.75 0.51 0.14
MnO % 0.071-0.086 0.079 0.06 0.066-.101 0.086 0.013
MgO % 2.72-3.78 3.34 0.51 1.45-2.12 1.90 0.36
Ca0 % 6.21-11.94 8.84 2.54 0.94-6.37 3.18 1.98
Na2,0 % 1.13-1.65 1.42 0.22 1.01-1.46 1.29 0.16
K,0 % 1.54-2.06 1.84 0.23 1.84-2.20 2.03 0.12
P05 % 0.17-0.20 0.19 0.01 0.13-0.22 0.17 0.03
Corg % 0.16-0.37 0.24 0.09 0.11-0.32 0.21 0.09
Li ppm 23-35 32 5 32-40 37 3
Crppm 62-93 "84 15 85-94 90 3
Cu ppm 25-26 25 ! 22-27 25 3
Zn ppm 54-74 65 9 68-82 74 5
Srppm 281-348 310 28 167-288 233 11
Pb ppm 6-9 '8 2 9-26 11 6
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TABLE 4
Element composition of some representative samples
Weakly weathered loess: 1. Szdlka. profile 3. 1.50-1.75; 2. Dunaszekcs®, profile 10, 2.40-2.65 m; Weathered
loess: 3. Bitaapiti, profile 5, 1.75-2.00 m; 4. Mohdcs, profile 11, 1.50-1.75 m; Humic loess horizon:
5. Dunaszekes6, profile 10, 7.25-7.50 m; 6. Dunaszekcsd, profile 10, 9.25-9.50 m; Chernozem-like steppe soil:
7. Szekszard, profile 1, 5.10-5.35 m; 8. Mohdcs, profile 12, 2.85-3.15m

1. 2. 3. 4. 5. 6. 7. 8.
Si0, % 51,17 52,20 55,20 55,17 56,74 55,69 63,62 63,62
TiO2 % 0,67 0.69 0,75 0,65 0,82 0,85 0,85 0,92
ALO; % 8,59 8,87 10,30 9,89 12,33 11,41 11,97 13,36
Fe;01 % 2,70 2,52 3,04 3,04 3,26 3,11 3,73 4.12
FeO % 0,44 0,61 0,51 0,44 0,97 0,83 0,50 0,59
MnO % 0,072 0,070 0077 | 0062 0,079 0,078 0,070 0,093
MgO % 4,56 4,64 4,09 4,22 3,78 2,72 2,16 2,12
Ca0 % 12,52 12,25 9,30 10,10 7,43 9,78 435 3,00
Na,0 % 1,13 1,25 1,35 1.29 1,65 1,38 138 1,41
K20 % 1,49 1,53 1,88 | 168 2,06 1,78 1,99 2,20
P,0s % 0,16 0.13 0,18 0,18 0,18 0,17 0,17 0,14
Corg % 0,10 0,09 0,10 0,09 0.16 0,24 0,32 0,17
Ign. 1. % 15,72 15,13 13,19 13,23 10,44 12,08 8,96 8,31
Total % 99,68 99,98 99,96 100,04 | 9991 100,12 | 10007 99,75
Li ppm 21 26 24 30 34 32 36 39
Cr ppm 64 63 78 69 93 87 85 90
Cu ppm 29 27 25 23 25 25 23 26

!l zn ppm 49 49 59 54 74 63 68 79
Sr ppm 447 462 369 322 299 311 252 288
Pb ppm 10 9 8 5 9 7 10 6

Lower FeO/Fe,O3, CaO/MgQ, (CaO+K;0+Na,0)/Al,0; and higher K;0/Na,O ratios are
also characteristics for the weathered loesses (Table 5). Loess samples from exposures of
Furkoételep, Dunaszekcesd, Lajvérpuszta and from upper parts of the profiles of Szalka and
north of Szekszard belong to the weakly weathered loesses. Exposures near Bataapati and
Mohécs, locsses from the exposure south of Szekszard, samples from lower parts of the
profile north of Szekszdrd can be considered as weathered loess. The studied derasional
loesses (from the exposure lying northern-west of Mohécs) can also be ordered into this
group.

Geochemical data of the paleosols of different genesis show important differences.
Related to the loesses, humic loess horizons (profiles of Dunaszekcs§, Mohdcs and
Lajvérpuszta) have higher TiO;, Al;O3;, K30, NayO, P,Os, Cr and Zn contents; and
quantities of CaO, MgO and Sr do not show considerable decrease because carbonates are
not leached from these levels. Among the four studied sediment types (weakly weathered
loess, weathered loess, humic loess horizons, chernozem-like steppe soils), humic loess
horizons contain the highest Cy, contents. Chemozem-like steppe soils have the highest
Si0,, TiO;, AlLOs, Fe;03, MnO, K;0, Li, Cr, Zn, Pb, and the lowest CaO, MgO and Sr
contents (Table 4). As the intensity of the weathering increases, CaO/MgO and
(Ca0+K,0+Na,0)/Al,0; ratios for the paleosols become lower and lower, and their values
are lowest for the chernozem-like steppe soils. The highest K;O ratio is characteristic for
the chernozem-like steppe soils (Table 5).
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. TABLE 5
Geochemical ratios of different sediment types

Weakly weathered loess Weathered loess
(24 samples) (18 samples)
Limit AVG S.D. Limit AVG S.D.
FeO/Fe,0; 0,06-0,27 0,18 0,06 0,08-0,22 0,15 0,04
CaO/MgO 2,23-442 2,77 0,54 1,49-3,19 2,21 0,40
CaO+K;0+Na;0/AL 03 1,36-2,42 1,67 0,24 0,88-1,61 . 1,09 0,23
K;0/Na,O ] 107-1,74 | 1,31 0,16 1,18-1,66 1,42 0,10
. Humic loess horizon Chermnozem-like steppe soil
4 samples) 8 samples)
Limit AVG S.D. Limit AVG S.D.
FeOfFe, 04 ) 0,21-0,30 0,26 |. 0,04 0,10-0,20 0,13 0,04
CaO/MgO - 1,02-3,59 2,14 1,07 0,60-3,54 1,61 0,52
Ca0+K;0+Na;0/A1,0, 0,40-1,13 0,80 0,31 0,32-0,80 0,52 0,18
K,0/Na,O 1,25-1,53 1,34 0,13 1,26-1,88 1,59 0,19

According to the matrix of the correlation coefficient of weathered loesses, elements,
which have different geochemical characters and react to weathering in different way, can
unambiguously be distinguished (Fig. 4). One group is formed by elements accumulating
‘during weathering (SiO,, TiO;, ALO3, Fe;O3;, MnO, NaO, K,0, Li, Zn, Cr, P,Os);
these show significant correlation. Elements leaching during weathering (MgO, CaO, Sr)
belong to the other group, and these are in significant correlation with each other, too.
However, there is only negative correlation between the elements of these two groups
(Fig. 4).

CONCLUSIONS

Mineral composition of the loesses of this area is characterized by high carbonate
-content with a dominance of dolomite; the calcite-dolomite ratio is 1:2. This high dolomite

content is of primary origin, and, therefore, it was simultaneously deposited together with
the other mineral constituens. Carbonate content of the paleosols is lower due to
weathering, however, the calcite-dolomite ratio is shifted between 2:1 and 3:1.

Element composition of loesses depends on paleoclimatic and geochemical
circumstances as well as on geochemical properties of the elements, and this makes a
geochemical classification of loesses possible. Loesses of the studied area can be divided
into two groups: weathered loesses and weakly weathered loesses. Comparing with the
weakly weathered loesses, the weathered loesses are characterized by higher TiO,, Al,O3,
Fe, 03, K,0, Li, Cr, Zn and lower CaO, Sr contents. In the case of the weathered loesses
the FeO/Fe,03, CaO/MgO, (CaO+K,0+Nay0)/Al,0; ratios are lower, whilte the K»0/Na,O
ratio is higher.

The geochemical data reflect the intensity of weathering and that of pedogenesis for the
paleosols. Therefore, the genetically different paleosols can be distinguished. Humic loess
horizon represent an intermediate formation between the loesses and the chernozem-like
steppe soils on the basis of their carbonate contents and element composition, as well.
Among the sediments studied, the pedogenetic and weathering intensity reaches the maxi-
mum in the cases of the chernozem-like steppe soils. This soil type has the highest SiO,,
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Fig. 4. Correlative profiles of geochemical data of the weathered loesses on the basis of correlation matrix of
geochemical data of 18 samples. Coefficiens > 0.5 and significance level > 99.9
a: positive correlative connections of the components accumulating during the weathering
b: positive correlative connections of the components ‘'decreasing during the weathering
c: negative correlative connections between the elements accumulating and the elements decreasing during the
weathering ’
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Ti0;, ALOs, Fe03, MnO, K50, Li, Cr, Zn, Pb values and the lowest CaO, MgO and Sr
contents. ‘

Comparison of the geochemical composition and the stratigraphic position (i. e.,
stratigraphic correlation on a geochemical base) needs further studies. In this respect,
valuable results can mainly be expected from studies of paleosols.
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- ABSTRACT

Several opinions have been published on the date of the formation of the Ditré syenite massif. Direct contact
of this massif and sedimentary rocks can not be found. It.is probable that the syenite massif
lithostratigraphically formed during the time between the Saalic and the Laramian orogenic cycles. Valuable
radiometric data (less than 30) gained by different methods (Pb/Pb, K/Ar, Rb/Sr) have mainly been related to
the syenites and nepheline syenites (STRECKEISEN and HUNZIKER, 1974; MINZATU, 1980 in JAKAB et al., 1987,
JAKAB and POPESCU, 1979; JAKAB and POPESCU, 1984; JAKAB and POPESCU, 1985 in JAKAB et al., 1987).
Although valuable data for honblendites (BAGDASARIAN, 1972) differ from those of syenites, most researches
dated the formation of the massif as a whole to the Jurassic on the basis of the radiometric data for the syenites
and the nepheline syenites.

In this work 25 K/Ar radiometric data of the rocks (hornblendites, diorites, granites, nepheline syenites,
syenites, alkaline feldspar syenites) are evaluated and based on it, devising of a petrogenetic model is attempted.

K/Ar radiometric age of the hornblendites is Middle and Upper Triassic (Ladinian and Carnian), and that of
the granites is Upper Triassic (Rhaetian) — Lower Jurassic (Hettangian), the diorites indicate mixed age ~ Upper
Triassic (Rhaetian) and Middle Jurassic (Bajocian), age of the nepheline syenites is Middle Triassic (Ladinian),
and that of the syenites and the alkaline syenites is Middle Jurassic (Aalenian) — Lower Cretaceous (Albian),
These data indicate two great geological events (intrusions). One happened in the age of the Upper Triassic —
Lower Jurassic, and the other was formed in the Middle Jurassic — Lower Cretaceous. These events partly
coincide with each other. It is proved by the mixed age of the diorites, which were probably formed by a
hybridization of the homblendites and the syenites during the second event.

INTRODUCTION

The syenite massif of Ditr6 (46’48’ N, 25°30° E) is situated on the S-SW part of
Gyergyé Alps (Romania). Diameters of its surface are 19 km and 14 km in NW and SE
directions; respectively; its area is 225 km? including the bordering zones as well (Fig. 1.).

According to our ptesent knowledge the Syenite massif of Ditré is a complex magmatic
body of E and NE (and perhaps SE and S) inclination, which has divided into some parts.

*  H-6701 Szeged, P. O. Box 651, Hungary
** H-4001 Debrecen, P. O. Box 51, Hungary
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1

Geophysical (telluric and magnetotelluric) investigations of the Pacani-Tirgu Neamt—
Ditr6-Régen geotraverse (VISARION et al.; 1987) showed that it is a 2-2.5 km deep
allochtonous body and it forms a part of the Bucovina Nappe.

According to the two dimensional model of JAKAB et al. (1987) this 6500 m thick
massif is an intrusive, pseudostratified body. Its contact with the surrounding crystalline
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rocks can well be traced; inclination of the plane of the contact is low (10-40°) between its
surface bordering line and the level line of the ~1000m, and it is inclined outward, while it
turns toward the massif below the level of the —-1000 m (50-80°). The syenite massif is
allochtonous, and its reverse fault planes are 3500 and 5000 m deep in the west and in the
east, respectively.

The most important mean tectonic clement of the massif and its surrounding is fracture
zone (G8) running along the line of Salomds—Hodos-Remete—Alfalu (N-W). This zone
was detected by gravitational and magnetotellurical measurement, as weel; according to
the magnetotellurical measurements, it is inclined toward the west. Probably, it is the
“consummation” paleoplane of the Outer Dacides (VISARION et al., 1987), i. e., collision
plane of tectonic plates.

The syenite massif of Ditr6 intruded into the central crystalline rocks of the Eastern
Carpathians, and it took part in the Alpine tectonic events together with them (PAL
MOLNAR, 1994a, ¢). Within the Bucovina Nappe, the greatest part of the massif is in
contact with the Tolgyes Series of the prealpine Putna Nappe. In smaller areas it also
touches the Rebra and the Bretila Series. In the immediate vicinity of the massif the
situation of the series is as follows (upwards from below): Rebra Series, Tolgyes Series,
Bretila Series (PAL MOLNAR, 1994a, c). Each of these series is broken through by the
syenite massif of Ditré. According to KRAUTNER et al. (1976), on the basis of K/Ar
radiometric dating, ages of formation of the series are as follows: Bretila Series and Rebra,
Series — 850+56 Ma; Tolgyes Series — 505+5 Ma.

Any contact of the syenite massif with sedimentary rocks can not be found. According
to BALINTONI (1981) Mesozoic sedimentary rocks are absent, among others, under the
prealpine Putna Nappe because this nappe was formed before the Trias. He suggests that
prealpine nappes broken through y the syenite massif formed during the paroxysm of the
Saalic tectogenesis. '

The alpine nappes were formed under the influence of the Cretaceous orogenic phases
(Austrian, Laramian). Therefore, the syenite massif was lithostratigraphically formed
between the Saalic and the Laramian orogenic phases.

OUR MOST IMPORTANT KNOWLEDGES ON THE FORMATION AGE OF THE MASSIF
AND ON THE SUCCESSION OF THE PROCESSES WITHIN THE MASSIF

REINHARD (1911) was the first researcher who dealt with the formation age of the
syenite massif of Diir6. According to him its rocks are hypabyssal ones of the magma
whose effusion formed the rocks of the Gorgény Alps, i. e., this hypabyssal magmatic
intrusion is younger (post Neocomian) than the last tectonic movements of the Eastern
Carpathians. ‘

In 1923 MAURITZ and VENDL stated that there are not any trace of cataclasis with the
exception of the joints filled with fine sodalite-cancrinite-muscovite material, therefore, it
was the only dynamic influence on the rocks. Consequently, these are traces of young
folding and, in this way, it is not possible that the massif was formed before the Mesozoic.

STRECKEISEN (1931) agrees with REINHARD (1911) that the massif was formed after the
Middle Cretaceous tectonic movements. He is of opinion that correlation of the rocks of
the massif and those of the young Kelemen-Hargita volcanic range is not unambiguous.

IANovICI (1929-1938), however, denies Reinhard’s theory and points out the fact. that
syenites (Atlantic suite) do not correspond to the eruptive rocks (Pacific suite) of the Ke-
lemen-Hargita range. It was a long time between the syenite intrusion and the Neogene
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volcamsm of the Eastern Carpalhxans and during this period rocks covering the massif
were eroded, and, in this way, Neogene andesites, agglomerates and volcanic breccias
deposited direcily on the syenites. He suggests that the syenite intrusion is Pre-Cretaceous.

According to FOLDVARI (1946) volcanic ranges consisted of Tertiary andesites, dacites
and rhyolites have their granitic-dioritic magma chambers in the depth. These granitic-
dioritic intrusions, assimilating the Mesozoic limestones of the Nagyhagymds Mountain,
formed the nepheline syenitic rocks of the massif. If this theory is true, the syenite
intrusion is at least Upper Cretaceous because there are Cretaceous limestones as well in
the Nagyhagymads nappe.

From of his field studies and tectonic characters, STRECKEISEN (1952—-1954) concludes
that alkaline granites and alkaline syenites are of the same age, nepheline syenites are
younger, while the “Diiré” essexites -and the ultrabasic rocks are the oldest ones. In his
opinion these rocks are of common origin.

IONESCU et al. (1966) made the first radiometric age determinations for the rocks of the
massif (Table 1). The measurements were performed on zircons and monazites using Pb-o
method.

. TABLE |
Summarizing table of the radiometric ages of the rocks from the Ditré syenite massif
and the related contact zones

" Author, year | No. Number of [Memod|  The studied rock type, locality The studied Age (Ma)

the sample fraction
"IONESCU et al., | 1. - Pb-a | Monacite - 326
1966 2. — Pb-a. | Zircon — 297
BAGDASARIAN,| 3. 5138 K/Ar | Hornblendite from lens in gneissic | whole rock 1966
1972 diorites, west of the conjunction of|
the Tdszok and the Orotva creeks.
4. 5136a K/Ar | Hornblendite from the zone of the] whole rock 1612

gneissic syenites, west of the con-
junction of the Orotva and the
Simo creeks.

5. 5134a K/Ar | Hornblendite from xenolite, west | whole rock 161+10
of the conjunction of the Orotva
: and the Halasdg creeks.

6. 5139 K/Ar | Hornblendite with plagioclase whole rock 177+)
inclusions, Ditré valley and the
: spring are of the Putna Creek.
7. 5137 K/Ar | Pegmatite syenite, from veins in | whole rock 142+7
homblendites, east of the conjunc-
tion of the Orotva and the T4szok

creeks.
8. 5135 K/Ar | Syenite, east from the conjunction | whole rock 128+
of the Orotva and the Simé creeks.
9. 5134 K/Ar | Syenite, central part of the Orotva | whole rock 121£2
: : : - | valley.

10. -] -. 5140 K/Ar | Syenite from gneissic vein, road | whole rock 121.5+0.5
- between the Ditr$ valley and the

Putna Creek. ~
11 5133 | K/Ar | Leucogranite, conjunction of the | whole rock 12510
Orotva-and the Hompot creeks.
12. 5142 . I K/Ar | Nepheline syenite, road between | whole rock 1521
the Ditr¢ valley and the Putna .

Creek
13, 5141 K/Ar-| Mica-schist, basin of the Putna whole rock 284x14
Creek, Ditré-Tolgyes road, km 20.
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TABLE 1 contd.

Author, year | No. Number of Method] The studied rock type, locality The Su,’d'ed | Age (Ma)
the sample fraction
STRECKEISEN & 14. 429 K/Ar | Nepheline syenite, Komamik platey biotite 1519
HUNZIKER, ‘ !
1974 ’
15. 1764 K/Ar | Nepheline syenite, Ditr6 Creek, biotite - 153£3
] gallery 1. L
16. 1195 K/Ar | Hornfels, Taszok Creek, 750 m SE | biotite 150+6
17. 835 K/Ar | Tinguaite, Csandd feje, 500 m E whole rock 1617
: 18. 204 K/Ar | Tinguaite, Pricske, 500 m, NE whole rock 1566 .
MINZATU et al.j 19. - K/Ar | Biotite syenite, Ditro valley whole rock 112 -
1980 20. - K/Ar | - biotite 117
i 21. - K/Ar | Biotite syenite, Ditré-valley, whole rock 131
gallery VII. .
22. - K/Ar | Biotite syenite, Ditr6-Tolgyes, = | whole rock 136
km 11 .
23. - K/Ar | Biotite hornfels, Auréra, borehole{ whole rock 138
F 144.
24. - K/Ar | Biotite hornfels, Aurora, gallery wholerock - 172
VIIL.
JAKAB & 25. - Pb/Pb | Galenite. Békény. - Jurassic
POPESCU, 1979
JAKAB & 26. - Rb/Sr | 7 rock types (hornblendite, diorite,| whole rock
POPESCU, 1984 nepheline syenite, bostonite, intrepretab.
liebnerite syenite, microsyenite, lj
biotite lamphrophyre)
JAKAB & 27. Rb/Sr Rb/Sr | 8 samples of nepheline syenite + | whole rock about 143
POPESCU, 1985 |- liebernite, 8 samples of white not
nepheline syenite, 5 samples of interpretab
microsyenite, 5 samples of granite,
5 samples of hornblendite-diorite
(Orotva), 5 samples of essexite
(Giidiic-Ditr6)

In 1966, BAGDASARIAN made a short field trip in the massif and determined the
radiometric age of the collected samples using the K/Ar method. His results were
published in 1972 (Table 1). In his opinion the age of the diorite-hornblendite complex is
Pre-Jurassic. He suggests that age of the syenites and the nepheline syenites are
synchronous, and the higher age of the nepheline syenites can be regarded as a result of
the cancrinite of this rock because it has mﬂuence on the radiometric age because of its
higher Ar content.

In 1974 STRECKEISEN and HUNZIKER described the succession of the formation for the
different rocks in the massif that they believed to be a magmatic one: (1) lit-par-lit
intrusion of dioritoid and gabbroid magmas - into the existing crystalline schists; (2)
intrusion of the syenitic magma that broke through the rocks of the dioritic complex; in the
marginal parts of the massif granitic rocks were formed as a result of the assimilation of -
the adjacent rocks; (3) intrusion of the nepheline syenitic magma yielding the common
hybridization and metasomatic processes; (4) pegmatites, nephcline syenitic aplites,
lamprophyres. K/Ar radiometric ages published by them are listed in Table 1. In their
opinion the intrusion is not older than Jurassic.
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According to MINZATU (1980, see in JAKAB et al., 1987) (Table 1) K/Ar radiometric
-age of the -syenites is Lower- Cretaceous, and the contact homfels were formed in the
Dogger.

. JAKAB and POPESCU (1979) and JAKAB (1982) tried to determine the age of the ores
(mostly %lemle) associated to the massif using the Pb/Pb method. On the basis of the
P2 %/Pb?" ratio, comparing the data to those of reference galenites, they regard the
-formation age of the galenites to be Jurassic (Table 1). They state, however, that Pb/Pb
_method is not really suitable for dating Post-Hercynian formations.

Rb/Sr radiometric dating (JAKAB and POPESCU, 1984, 1985 in JAKAB et al., 1987) had
‘not concrete results. More than 40 Rb/Sr measurements were performed on the different
rocks of the massif but only the age of the red syenites could be determined; it-is about 143
Ma. Data for the other rocks could not be interpreted because of the high standard
deviation values. , '

ANASTASIU and CONSTANTINESCU (1978-1980) interpret the formation of the massif as
“process of several phases. On the basis of the great petrographic varlcty they suppose two
independent hypabyssal magmaUc intrusions: .

. — a basic one of mantle origin (parental),

— a crustal one assimilating Si-poor rock-association.

"Formations of these intrusions are spatially similar, but temporally dlfferent

According to JAKAB et al. (1987) the formation history of the massif is the following:
(1) The first great process was a magmatic intrusion causing Fe-Mg metasomatism of
‘'varying intensity for the crystalline rocks. The metasomatism formed ‘very heterogeneous
rocks that are often interjointed. (2) The second great geological event was the intrusion of
‘the. nepheline syenites. This process happened at the marginal parts of the massif
(excluding the western part). The metasomatic process associated with the intrusion
formed, depending on the original compositons, granitoid, melanosyenitic or monzonitic
rocks. These rocks have sialic character (as Sr and La isotopes show), all the other rocks of
‘the massif are simatic. (3) During the third, and the last, process of the general alkali
metasomatism formed the present state. Its material penetrated the existing basic rocks and
created a metasomatic syenite “crown” around them. The alkali metasomatism of the basic
‘rocks led to form diorites, essexites, monzonites, etc. The crystalline schists, depending on
their compositions, transformed into essexites, monzonites or syenites.

-. From. the petrographic studies of the hornblendites of the Orotva-Putna zone. PAL
MOLNAR (1992) concludes that problem of the massif can only be solved by the correct
interpretation of the ultrabasic rocks. :

K/AR RADIOMETRIC DATING THE ROCKS OF THE NORTHERN PART OF THE DITRO
SYENITE MASSIF

As almost each rock type of the massif can be found on the surface in the N-NW part of
the Ditré syenite massif, the K/Ar radiometric measurements were performcd on the fresh
samples colledted from there. Samplmg points of the area is shown by Fig. 2, and the
results are listed in Table 2.

The classification and the general petrographic characterization of the rocks studled is
given in our previous works (PAL MOLNAR, 1988, 1992, 1994b, ¢).
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Figure 2. Localities of the sample studied in the basin of the Orotva Creek (northern part of the Ditr6 syenite massif)
1. hornblendite; 2. meladiorite; 3. diorite; 4. syenite; 5. alkaline feldspar syenite; 6. sodalite nepheline syenite; 7. granite; 8. gallery; 9. pit



TABLE 2

New K/Ar ages of the magmatic rocks from the northern }mrt of the Ditré syenite massif

Number of Rocks type, Studied K-content]  *°Ar,a, “CAr,a| -K/Arage
the sample locality fraction (%) (ncm’/p) (%) (Ma) -
6546 Homnblendite with amphibole 1.158 1.1417-107 | 77.9 237.429.1
textural ordering
Orotva, Felsd Tarnica Creek
6547 Homblendite with amphibole 1.150 1.0245.10° | 56.5 216.0+8.8
textural ordering
. Orotva, Pietrarilor Creek
6548 Homblendite without amphibole 1210 [. 11302107 | 492 226.0+£9.6
) textural ordering
. Orotva, gallery 6
6705 Pegmatoidic homblendite amphibole 1.210 1.1780-10~ 40.5 | 234.7x10.8
Orotva, FelsG Tamica Creek | plagioclase 0.240 1.5729-10¢ | 254 161.3+9.8
(gallery 25) biotite 7.440 4.907410° | 97.6 162.416.1
(D> 0.315 mm)
biotite 4780 | 32758107 | 485 | "168.3+7.2
. (D< 0.315 mm) ]
6549 Meladiorite with textural amphibole 1.894 1.6238-10™ | 64.7 208.3+8.3
ordering feldspar 0.551 3.0753-10° | 52.3 138.2+5.8
| Orotva, Tdszok Creek -
6550 Diorite with textural - amphibole 2.960 2.1309:-10° 88.2 176.66.7
ordering feldspar 1.240 6.8774-10° | 61.3 137.445.5
Orotva, Taszok Creek
5667 Diorite with feldspar amphibole 1.880 1.6974-10~ | 85.8 218.7+8.3
aggregates feldspar 0.520 5.5430-107° | 38.3 255.4+5.8
Orotva, Als6 Tarnica Creek :
6680 Syenite biotite 5.616 2.4163-10° 83.7 107.6+4.1
Orotva, Taszok Creek K-feldspar 3.733 2.7889-10° { 88.5 182.7+6.9
‘| (gallery 19)
6679 Alkaline feldspar syenite biotite 6.405 2.6269-10™ | 72.3 102.6+4.0
Orotva, Sim¢ Creek K-feldspar 5.162 2.3492-10° | 95.3 113.5+4.3
6678 Sodalite nepheline biotite 4.154 3.0968-10~ 94.3 182.4+6.9
: syenite ' nepheline 5.270 5.0820-10°5 | 90.2 232.7+8.8
Orotva, Taszok Creek + sodalite
6677 Granite biotite 4.443 3.9891-10° 84.6 217.6x8.3
Orotva, Torok Creek feldspar 3.728 2.2004-10° | 80.5 146.0+5.6
6703 Granite biotite 3.044 2.6757-10™ | 79.9 213.5+8.2
Orotva, Taszok Creek K-feldspar 3.844 2.1606-10°% | 73.9 139.1+5.4
6704 Granite biotite 4.482 3.8038-10> | 95.2 206.3+7.8
Orotva, Nagyig Creek K-feldspar 3.844 2.2165-107% 62.9 142.7+5,7
Analytical methods

The least weathered ones were selected from more than 100 rock samples for the K/Ar
radiometric dating. '
Measurements' of K/Ar ages were performcd in the Institute of Nuclear Research of the
Hungarian Academy of Science (ATOMKI), Debrecen, Hungary.
As the first step of the preparation process the samples for analysis were broken and
carefully washed out.
Samples were broken to grains of 0.1-0.315 mm. After a dry sieving, dust was washed
out from the samples. The sample part for potassium determination was pulverized before
the chemical digestion that necessary for the flame photometric measurement.
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Separated mineral fractions were used for the radiometric dating. The separation was
performed by magnetic separator, flotation in heavy fluids (bromoform, methylene-
iodide), and a “shaking technique”, which uses the shape varieties of the different
minerals. These techniques were comined with each other. In this way, mostly biotite,
amphibole, feldspars and feldspathoids were separated from the samples. If the state of the
sample made it possible, several mineral fractions were obtained from one rock.

Ar content of the samples was released by ignition at about 1500 °C in closed vacuum
system. Degassing of the samples was pcrformed by high frequency induction heatmg in
molybdenum crucibles, spike enriched in - % Ar to 98% was introduced into the line prior to
degassing with a gas pipette. Zeolite, CuOQ, titanium sponge and traps cooled with liquid
nitrogen as well as SAES St 707 getter were used for cleaning the argon. The cleaned
argon was directly introduced into.a 90" deflection magnetic mass spectrometer of 150 mm
radius suitable for static analysis. This instrument was developed at the Institute of Nuclear
" Research of the Hungarian Academy of Science (ATOMKI), Debrecen. After the
determination of the argon isotopic ratio, quanllty of the radiogene argon was determined
by isotopic dilution analysis using the added - #Ar as a base. '

Potassium content was measured by a digital flame photometer. The pulverized
minerals were digested in HF, adding some H,S0, and HNO; to it. The digested samples
were dissolved in 0.25 N Hcl. By the applied dilution, 1% K was equivalent of 1 ppm
concentration; 100 ppm Na as buffer and 1000 ppm Li as inner standard was used.

Accuracy was checked by repeated measurements of interlaboratory standards: Asia
1/65 (Soviet), GL-O (French), LP-6 (American) and HD-B1 (German). Details of the
instruments, the applied methods and results calibration have been described elsewhere -
(BALOGH, 1985; ODIN et al., 1982). Ages were calculated with the constants suggested by
STE!GER and JAGER (1977).

Limits of errors given beside the age data show only the analytical errors (standard
deviation) because the geological “‘errors” (argon loss, extra argon, etc.) may not be
revealed by study of one sample. Decrease of the geological errors is mainly possible by
study on rocks and minerals that are suitable for K/Ar radiometric dating. Amphibole and,
© in our case, nepheline does not easily release argon (nepheline retains argon very well,
experience gained from study on Precambrian rocks shows that its argon retention ability
is higher than that of amphiboles), but biotite also has a high argon retention ability. Argon
easily escapes from potassium feldspars, in particular, because it is susceptible 'to
exsolution. Consequently, determination of formation age of rocks is primarily available
by study of amphibole and biotite. Feldspars generally show the ages of the postmagmatic
processes or the secondary geological events (magmatic intrusion, assimilation,
hybridization, etc.). Ages measured on hypabyssal magmatic rocks are generally younger
than the real ages because of the argon loss of their feldspars. Therefore, these data can
only be interpreted as minimal ages. K/Ar ages older than the real ones can rarely occur,
mainly in case of minerals of low potassium or that of K-poor rich rocks that crystallized
selaing off from the air in great deep and in geological environs which have radiogenic
argon. Although in different scale, subsequent. teclonic or metasomatic processes -
rejuvenate all types of the minerals.

K/Ar age
It is well-known that K/Ar ages measured on metamorphic rocks can be interpreted as

blocking age in most cases. K/Ar age indicates the date when a rock got under the
blocking temperature of the Ar. This temperature is 4-500 °C for the amphibole, about 300
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°C for the biotite, and ranges from 120 to 130 °C for the feldspars. If a rock body rapidly
emerged (and cooled) after its formation, and it was not affected by other processes, the
K/Ar ages of its particular minerals well approach the real geologic age. Henceforth, if the
formation age of the rock is mentioned only the Ar blockmg age of the partlcular minerals
is considered.

K/Ar radiometric ages were fallen under the geological timetable supposed by
HARLAND et al. (1982).

K/Ar ages of the amphiboles separated from hornblendites (samples 6546, 6547 and
6548) range from 216+8.8 to 237+9.1 Ma. As measures were performed on’minerals
having high Ar retention ability, and taking the fact mentioned above into consideration
that ages of the rocks may only be older, the gained Middle Triassic (Ladinian) — Upper
Triassic (Carnian) age possibly well approaches the real age of these rocks. -

 K/Ar age of the amphibole separated from pegmatoidic hornblendite 6705 (Table 2) is
234.7+10.8 Ma, i. .., Middle Triassic (Ladinian). Feldspars (plagioclase) from the same
rocks are 161.3+9.8 Ma, while the ages of the biotites of diameters less and greater than
0.315 mm are 162.4+6.1 Ma and 168.3+7.2 Ma, respectively. Age of the amphiboles,
which have very high argon retention ability, corresponds to that of amphiboles from the
hornblendite within the limit of error, while the feldspars and the biotites show the age of
the secondary effects (Middle Jurassic [Callovian} — Upper Jurassic [Oxfordian]).

Up to the present only Bagdasarian (1972) performed radiometric (K/Ar) measures on
the hornblendites (Table 1). Although, because of the argon loss of the feldspars of the
rocks his data of whole rock measurements are lower than our ones, however, also suggest
a Pre-Jurassic formation for the hornblendites.

In the case of the diorites (samples 6549, 6550, 6567), the two studied fractions
(amphibole and biotite) are characterized by quite different data. For meladiorites with
textural ordering, age of the amphiboles is 208.3+8.3, while that of the feldspars is
138.2+5.8 Ma. Ages of the amphiboles and feldspars from the diorites with textural
ordering were proved to be 176.6+6.7 and 137.4+5.5 Ma, respectively. Amphiboles and
feldspars of the diorites with feldspar aggregates gave 218.7+8.3 and 255.4+12 Ma,
respectively. Feldspars may lose their argon content without any secondary effects (hence,
in general, they are not suitable for K/Ar radiometric dating), but they are sensitive to
these processes. It is possible that concurrent Upper Cretaceous (Berriasian, Valanginian)
K/Ar ages of the feldspars of meladiorites and diorites (excepting the very high deviating
[?] age of the feldspars of the diorites with feldspar aggregates) indicate such a secondary
effect. Presumably, this fact can explain the slightly lower (Upper Triassic {Rhaetian] —
Middle Jurassic [Bajocian]) K/Ar ages of the amphiboles separated from the same rock in
relation to that of the amphiboles of the hornblendites. By the rule of the mathematical
statistics, difference between two ages with errors of 67% can be determined if the
difference of the data greater than double the sum of the errors. In the present case, highest
K/Ar age of the amphiboles of the hornblendites and the lowest one of the amphiboles of
the diorites (Table 2) give the following ratio:

237.4-176.6
9.1+6.7
therefore, the difference can well be determined. If the average ages of the amphiboles of
the diorites and hornblendites are considered, however, this ratio will be below 2 (1.56).

Taking the above mentioned facts into consideration it is possible that argon content of
the diorites was partly removed, and the determined K/Ar age is a mixed age. It is also
possible that age of the secondary effect corresponds to the K/Ar age of the feldspars.

=3.84,
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BAGDASARIAN could not perform measures on the diorites “in absence of potassium”,
and, therefore, he considered the diorites as old as the hornblendites. JAKAB et al. (1984,
1985 in JAKAB et al., 1987) tried to determined the radiometric ages of the hornblendites
and diorites using Rb/Sr method. This method, however, is really suitable for only
siliceous rocks even in ultraclean circumstances and using up-to-date mass spectrometer.
Other radiometric dating has not been performed yet.

The two analyzed fractions (biotite and potassium feldspars) of the syenite (sample
6680) proved to be 107.6x6.7 and 182.7+6.9 Ma, respectively. The investigated rocks are
not derived from the classic syenitic localities (e.g., the central part of the massif), but
from the rock-debris of a gallery driven at the T4dszok Creek. K/Ar radiometric ages of the
syenites (mainly measured on feldspars) are quite similar to each other (Table 1).
Comparing our data with K/Ar radiometric ages that were previously measured on the
syenites (Table 1: 8, 9, 10, 19, 21, 22), it can be seen that only the value of 182.7+6.9 Ma
is differ from the calculated mean age of 133.2+2.8 Ma. This mean age is averaged value
of at least three measuring series (Table 2; BAGDASARIAN, 1972; MINZATU, 1980 in JAKAB
et al., 1987), and measuring method of one of them is not known (MINZATU, 1980 in
JAKAB et al., 1987). According to the above mentioned facts, the syenites could be formed
in the period from the Middle Jurassic (Aalenian) to the Lower Cretaceous (Albian).

The two fractions (biotite and nepheline+sodalite) of the studied sodalite nepheline
syenite (ditréite) yield 182.4+6.9 and 232.7+8.8 Ma, respectively. K/Ar age of the biotite
fraction is similar to the average value of 152:6+4.3 Ma of the previously determined K/Ar
and Rb/Sr ages of nepheline syenites (Table 1: 12, 14, 15, 17, 18, 27) measured on the
whole rock.

"K/Ar radiometric ages of the two fractions (biotite and potassium feldspars) of the
alkaline feldspar syenite (sample 6679) almost correspond to each other: 102.6+4 and
113.5+4.3 Ma, respectively. This refers to the period of the Lower Cretaceous (Aptian,
Albian). It very possible that it indicates the real formation age of the alkaline feldspar
syenites.

In the case of the granites (samples 6677, 6703, 6704) the biotite and the feldspars were
the separated fractions (Table 2). K/Ar radiometric ages of the biotite and the potassium
feldspars range from 206.3+7.8 to 217.6+8.3 and from 139.1£5.4 to 146.0+5.6 Ma,
respectively. K/Ar age of the biotite of high argon retention ability possibly indicates the
minimal Upper Triassic (Rhaetian) — Lower Jurassic (Hettangian) age of the granites,
while the Upper Jurassic (Tithonian) — Lower Cretaceous (Berriasian) age of the feldspars
refers to a secondary effect.

K/Ar age of the biotite separated from the granites corresponds to that of the
amphiboles of the hornblendites within the limit of the errors. Consequently, the
hornblendites and the granites emerged (cooled) in he same time, and this process was
-rapid because minerals of different blocking temperature indicate the same age within the
limit of the errors. .

Up to the present only one valuable radiometric age (125+10 Ma) has been measured
(BAGDASARIAN, 1972) for the granites. This measure was performed on the whole rock,
and it is lower than our data.

GENETIC IMPLICATIONS OF THE K/Ar RADIOMETRIC AGES

On the basis of the K/Ar radiometric dating performed on rocks from the northern part
of the Ditré syenite massif (principally taking that of the biotite and the amphibole into
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consideration, which are of high argon retention ability) the following sussession can be
stated: :
hornblendite—nepheline syenite—granite—diorite—syenite—alkaline feldspar syenite.

This chronological succession, however, does not mean the succession of the geological
processes. Considering data of the feldspars indicating the secondary processes beside the
age of the minerals of high argon retention, two greater formations chronological intervals
can be determined: ‘

I. Middle Triassic — Lower Jurassic,

I1. Middle Jurassic — Lower Cretaceous (Fig. 3.).

1, (Oxfordizn)

@
©

& (Callovim) - J, (Oxfordian)

® ® =

HORNBLENDITE DIORITE SYENITE
J, (Aslenian) - K, (Albian)

A

T, (Ladinian)-T, (Cernim) T ia5) -1, (Bujocian)

o

(50) ~
NEPHELINE SYENITE \\1/

T, (Ladinisn) 1, (Aelenizn)

(F) .| |ALKALINE BiF}
GRANITE \Fp) FELDSPAR SYENITE
T, Rbactian) - 1, (Hettuogian) 4, (Titbonien)- K, (Berrisinn) K, (Aptien) - K , (Albin)
L IL
Middle Triassic - Lower Jurassic Middle Jurassic - Lower Cretaceus

Fig. 3. K/Ar radiometric ages of the rocks of the Ditr6 syenite massif, and the two formation intervals
determined on the basis of this data
Studied fractions: Hb — amphibole (homblende), Ne - nepheline+sodalite, Bi - biotite, Fp — feldspar
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Differences can not be pointed out by statistics between the ages of the minerals with
high argon retention ability of the hornblendites, nepheline syenites and granites belonging
to the first interval. A petrographical connection of the nepheline syenites and the granites
is possible (PAL MOLNAR, 1988). However, connection of the hornblendites and granites
as well as the nepheline syenites has not been proved yet. Ages of the minerals with lower
argon retention ability of the three rock groups also correspond to each other within the
limits of the errors. Therefore, their ages were changed by the same geological process.

As it was mentioned, mean K/Ar age of the amphiboles from the diorites corresponds to
that of the amphiboles from the hornblendites within the limit of the errors, however,
minimal K/Ar age of it corresponds to the maximum K/Ar age of the feldspars from the
syenites within the limit of the errors. Difference between the minimal K/Ar age of the
amphiboles from the hornblendites and the maximum K/Ar age of the syenites can well be =
determined. Consequently, it is possible that the K/Ar age of the diorites is a mixed age.

Rocks that can be ordered into second group are the syenites and the alkaline syenites.

A schematic model shown by Fig. 4 can be created on the basis of the K/Ar radio-
metric ages of the rocks studied. According to this model two great geological events

HORNBLENDITE DIORITE

T, (Ladinian) - T, (Carnisn) T, (Rhactian) - I, (Bajocian)

67

~
i NEPHELINE
SYENITE
T . (Ladinian) I
GRANITE SYENITE {Z‘XIE:‘LD SP]ER?
— SYENITE
T, (Rhactizn) - J, (Hettangian) 1, (Aalenian) - X | (Albian) X, (Aptan) - K, (Albian)
First geological event Second geological event
Middle Tnassic - Lower Jurassic Middle Jurassic - Lower Cretaceus

Fig. 4. Genetic model of the Ditr6 syenite massif on the basis of the K/Ar data



(magmatic intrusion) can be identified. During the first one, appearance of the
hornblendites was followed by the formation of the nepheline syenites and the granites. In
the second event the syenites and the alkaline feldspar syenites intruded as well as the
diorites were formed. In spite of the fact that mineralogical composition of the diorites is
similar to that of the hornblendites (PAL MOLNAR, 1994c), the diorites formed during the
second event. Their structure suggests an injection bordering zone (PAL MOLNAR, 1994c).
It is possibly the case of mixing hornblendites and syenites.

The alkaline feldspar syenites occur both in the syenites and the hornblendites. as veins
(PAL MOLNAR, 1988), therefore, they represent the magmatic vein phase finishing the
second geological event.

CONCLUSIONS

Evaluation of 25 K/Ar radiometric dating of the studied 6 rock types has thrown a new
light upon the formation of the Ditr6 syenite massif.

The previous radiometric datings (Pb/Pb, K/Ar, Rb/Sr) were mainly performed on the
syenites and the nepheline syenites (STRECKEISEN and HUNZIKER, 1974; MINZATU, 1980
in JAKAB et al.,, 1987; POPESCU, 1979; JAKAB and POPESCU, 1984, 1985 in JAKAB et al.,
1987). Radiometric ages of the hornblendites outcropping in other parts of the massif were
studied by BAGDASARIAN (1972), and he suggested the formation of the rocks before the
Jurassic period. Although radiometric age of the diorites (essexites) was studied (JAKAB et
al., 1984, 1985 in JAKAB et al., 1987), however, valuable results were not yielded. On the
basis of these results it was the dominant idea that the Ditr6 syenite massif was formed in
the Jurassic period.

. According to our studies, there were two greater geological events in the Ditré syenite
massif: one in the Middle Triassic — Lower Jurassic, and another in the Middle Jurassic —
Lower Cretaceous period. '

K/Ar age of the amphiboles of the hornblendites is Middle Triassic (Ladinian) — Upper
Triassic (Carnian) (first geological event), and that of the feldspars and the biotite is
Middle Jurassic (Callovian) ~ Upper Jurassic (Oxfordian) (second geological event, the
age of the formation of the syenites). K/Ar age of the amphiboles of the diorites id Upper
Triassic (Rhaetian) — Middle Jurassic (Bajocian) (first geological event, the age of the
formation of the hornblendites), and that of the feldspars from this rock is Lower
Cretaceous (Berriasian, Valanginian) (second geological event, age of the formation of the
syenites). K/Ar age of the nepheline+sodalite fraction of the nepheline syenites is Middle
Triassic (Ladinian) (first geological event), that of their biotites is Middle Jurassic
(Aalenian) - Lower Cretaceous (Albian) (second geological event). Both fractions (biotite
and potassium feldspars) of the alkaline feldspar syenites are Lower Cretaceous (Aptian,
Albian) (second geological event). K/Ar age of the biotites from the granites is Upper
Triassic (Rhaetian) — Lower Jurassic (Hettangian) (first geological event), that of the
potassium feldspars is Upper Jurassic (Tithonian) — Lower Cretaceous (Berriasian) (second
geological event, age of the formation of the syenites).

Our results confirm the hypothesis that the syenite massif was formed by a multi-stage
process,; i. €., it was formed either by two entirely independent magmatic intrusions (?) or,
perhaps, by an obduction (ultrabasic rocks) and an intrusion (nepheline, syenite, granites)
and, subsequently, another intrusion which partly influenced the rocks formed by the first
geological event (syenites, alkaline feldspar syenites, monzonites). Mixed ages of the
diorites prove that thése rocks are into connection with both the hornblendites and the
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syenites, therefore, they are hybrid rocks. The hybridization undoubtedly connects with the
second geological event.

Evidence of this genetic model and that of the difference or the connection between the
hornblendites and the granites, the hornblendites and the nepheline syenites, the
hornblendites and the syenites, the nepheline syenites and the granites, as well as, the
syenites and the alkaline feldspar syenites can only be proved by major and trace element
geochemistry, radiogene isotopic ratio, and petrogenetic model calculations.
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RETROGRADED ECLOGITE IN THE CRYSTALLINE BASEMENT OF
TISZA UNIT, HUNGARY

T. M. TOTH
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ABSTRACT

Crystalline basement of Eastern part of Tisza Unit in Hungary has been said to be built up of amphibolite
facies rocks. However, some samples of these contain relics of an earlier high pressure event and sporadically
eclogitic remnants also occur. A symplectitic rock from borehole Kdrosladany-5 includes garnet fragments
(Py = 30%), phengite, rutile and also pseudomorph after alkali pyroxene. These traces mrrespondm;, to other
mineralogical observations imply a one-time B or C type eclogitic material.

INTRODUCTION

Crystalline basement of Tisza Unit (Pannonian Basin) consists of mica schist and gneiss
as the most common metamorphic rocks. There are also some amphibolite bodies forming
thin intercalations in the other metamorphites. The mineralogical composition and textural
features of these rocks refer to a Barrow type metamorphism with a peak condition of
medium pressure and temperature. In the southern part of the Unit (Codru nappe)
andalusite bearing metamorphites occur as well, suggesting a LP phase of metamorphic
history (SZEDERKENYI], 1984). There has also been very little data of high pressure
metamorphism in the northern part of Tisza Unit. The first information on HP rocks was
an eclogitic sample found in the borehole Gorcsony-1 (RAVASZNE BARANYAL 1969). This
rock is retrograded and contains only pseudomorph after garnet and pyroxene referring to
the preceding quality of it. In addition to this sample some relict parageneses were found
in amphibolitic rocks in the eastern part of Biharian Autochthonous, which point to an
earlier high pressure metamorphic phase (M. TOTH, 1995a). As a result of a microscopic
work both traces of eclogite and blueschist facies metamorphism were found. However,
since all samples are sufficiently altered, only a detailed mineralogical study may confirm
the existence of the earlier HP metamorphism.

In the near past I was allowed to measure significant minerals of an altered eclogite
sample by electron microprobe at the University of Berne in Switzerland. The purpose of

this paper is presentation of this sample and interpreting its significance in the crystalline
* basement of Tisza Unit. '

*

H-6701 Szeged, P. O. Box 651, Hungary
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GEOLOGICAL SETTING

"Tisza Unit is located in south and south-east Hungary and also may be traced in
Rumania, Serbia and Croatia. In the Palacozoic time it was a part of the European
basement and got to its present setting due to Alpine movements. During Alpine
orogenesis a complicated nappe structure formed in the Tisza Unit. The subsequent nappes
differ from each other petrologically and may be traced on the surface in the Apuseni
Mountains. In Hungary the existence of “Biharian Autochthonous” and Codru nappe has
been inferred so far (SZADECZKY-KARDOSS, 1970; SZEDERKENYI, 1984; BALAZS et al.,
1984). Since metamorphic rocks in the Hungarian part of Tisza Unit are covered by more
than 2000 m thick young sediments, only crystalline rocks from borecores may be
examined. ‘
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The sample in question came from borehole K&rosladany-5 (Fig. 1) which is in the area
of Biharian Autochthonous (SZEDERKENYI, 1984) not far (about 10 km-s) from the border
of Codru nappe. Surrounding borecores consist mainly of micaschist and gneiss. Relative
to other parts of Tisza Unit, in this small sub-area, amphibolite is also a frequent rock type.
Detailed geochemical examination showed the protolith of these metabasic rocks back-arc
basin type tholeiite (M. TOTH, 1994). Further geochemical and multivariate mathematical
methods inferred that amphibolite samples preserve subsequent stages of a former-
tholeiitic differentation trend (M. TOTH, 1995b). Amphibolite samples from boreholes in
question all represent a primitive or partially differentiated T-MORB basalt. Petrologically
all these metamorphosed basalt samples, but one, have equilibrium texture and consist of
minerals of common amphibolite paragenesis (LAIRD, ALBEE, 1981):" Ca-amphibole, -
plagioclase, with or without garnet, epidote, quartz. However, these samples also suggest
uncertain signs of previous high pressure (M. TOTH, 1995a). Hornblende often contains a
big quantity of albite rimmed inclusions of magnetite referring to a reaction product of an
earlier sodic amphibole (YARDLEY, 1982). Mica schist and gneiss have not been reported
yet to show any relict high pressure paragenesis, though these rock types have not been
investigated in detail yet. ,

There is only one sample which contains high pressure minerals and relict textural
characteristics referring to an earlier eclogite facies metamorphism.

MINERALOGICAL FEATURES OF THE RETROGRADED ECLOGITE SAMPLE

The sample is characterized by a conspicuous duality. The bigger part of it has
symplectitic texture (Fig. 2/a). Mineralogical composition of a pseudomorph is fairly
difficult to recognize under microscope. It consists of a set of very fine grained amphibole,
plagioclase and white mica. As amphibole is almost colourless its composition must be
close to tremolite. Sometimes chlorite and epidote may be identified. All of these
symplectites have a zoned structure. The fine grained core is rounded by coarser grains of
plagioclase. Between these relics of earlier minerals newly formed amphibole occurs
forming a duality of a rock (Fig. 2/a). These amphibole grains have a pale green colour
opposite to those in the pseudomorphous part of the rock. Occasionally small garnet grains
_occur in this rock with many opaque minerals (magnetite, ilmenite) and also some biotite
around them (Fig. 2/b). The frequency of this secondary paragenesis suggests that the rock
before the alteration may have contained conspicuous amount of big garnet grains.
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mica.

Fig. 2. (b) Small garnet relict as well as secondary biotite and opaque minerals
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GARNET

The rock sample studied contains only a very few garnet grains, all small in size.
However, garnet is always surrounded by the minerals mentioned above implying that
these garnet fragments are the remains of a previously larger grain existed in an earlier
stage of metamorphic history. Relict garnet grains are not zoned chemicaily, and they all
have a very similar composition. Representative garnet analyses are given in Table 1,
while calculated end-members are plotted in Fig. 3. The relatively high pyrope content
(about 30%) of garnet shows that this mineral may have formed under eclogite facies. The

~typical composition of garnet examined belong to the border of B and C type eclogite

fields (COLEMAN et al., 1965).
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TABLE 1
Representative chemical analysis of characteristic minerals
Garnet Amphibole, Amphibole, - White mica {lmenite
Si0, 39.06 49.70 40.55 49.5] 0.00
TiO, 0.04 0.25 0.49 - 0.00 60.34
ALO; 22.60 5.31 15.29 28.25 0.00
FeO 20.59 13.58 15.45 2.13 36.84
MnO 0.40 0.26 0.26 0.00 2.51
MgO 7.74 13.88 9.45 3.05 0.00
CaO 8.65 10.90 10.44 0.06 0.18
Na,O 0.00 0.47 1.65 0.05 0.00
K,0 0.00 0.14 0.61 10.35 0.00
Total 99.08 94.49 . 94.19 - 93.40 99.88

121



AMPHIBOLE

Amphibole has two typical occurences in the sample examined. There are colourless
amphibole paths very small in size in the symplectitic part of the rock forming the first
amphibole generation. There is also a secondary generation of amphiboles around the
margins of symplectites. These latter grains are strongly pleochroic, and differ from
symplectite amphiboles in both shape and size. Representative amphibole analyses of both
types are given in Table 1. Different important parameters are plotted on Fig. 4. This
figure suggests that the two kinds of amphibole from an exact series of development. In
general, symplectitic ones are close to tremolite in composition. These grains are
magnesian and have little tetrahedral alumina, they-contain essentially no sodium in the
M4 site and only few alkalies in the A site. This composition may be expected for a low
pressure and relatively low temperature phase (LAIRD, 1982). Secondary amphiboles,
however, are pargasites and the diagrams on Fig. 4. clearly show the development of
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amphibole grains from tremolitic towards the near pargasitic composition. That is,
tschermak (Mg_; Si, AlY Al and edenite (A_; Si Na* AlY ) substitution must have
played a significant role in change of amphibole composition, refererring to increasing
temperature during metamorphic history (BANNO, 1964; BARD, 1970; HIETANEN, 1974).

PLAGIOCLASE

Both fine grained symplectite and the secondary part of the rock contain plagioclase in
significant amount. Symplectites always contain plagioclase and most of these relict
structures are surrounded by plagioclase grains yielding a zoned building of them.
Plagioclase also occurs together with pargasitic amphiboles as secondary mineral.
Chemically two discrete groups of feldspar are present, albite (An < 5%) and a more Ca-
rich face (35% < An < 45%) (Fig. 5.). Though this distinction is evident, the tendency of
their occurrence in space is obscure. As a secondary mineral only the An-rich plagioclase
can be found, however, symplectites contain grains of both compositions. Probably, albite
forms the original symplectitic face, while An-rich plagioclase occurs due to increasing
temperature of metamorphism.

Or

Fig. 5. Plagioclase analyses plotted on Ab—An—Or triangular diagram. Sign “+” represents symplectitic grains
while sign 0" secondary grains

OTHER MINERALS

In addition to tremolite and albite, symplectites also contain different amounts of white
mica. These grains are muscovites with a various phengitic component, silica in tetrahedral
position differs between 3.2 and 3.3 with one outstanding value (3.46) (Fig. 6.). The high
phengite content of the white mica may imply this mineral to be an eclogitic remnant. Na-
content of the mica (paragonite) is low, < 15%.

The breakdown of garnets, presented in detail above, yielded biotite and ilmenite.
Biotite is magnesian (Xg < 0.5) and relatively poor in Ti (0.17-0.22). Ilmenite occurs
always in intergrowth with very fine-grained rutile needless suggesting that the original
garnet, as eclogitic garnets commonly do, contained rutile inclusions. Mn-concentration in
ilmenite (pyrophanite) is rather high (MnO > 2.5%).

The sample examined also contain a small amount of chlorite, epidote, tremolite and
magnetite forming small symplectites together with albite.
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THERMOBAROMETRY

Since, not even a little part of the examined sample shows an equilibrium texture,
neither of possible geothermometers or geobarometers (garnet-biotite, plagioclase-
amphibole, GRISP, etc.) may be applied. However, the compositional change of different
relict and newly formed minerals may let us estimate the physical conditions of the
metamorphic history. Chemical composition of the few garnet fragments suggests that the
original metamorphic rock before any retrograde alteration may have been a B or C type
eclogite (Fig. 3.). Theoretically, the temperature border between the two varieties is at
550 °C as an initial temperature of metamorphism may only be accepted approximately.
Estimation of pressure in low temperature eclogite is problematical even in the case of
stable eclogite (GHENT, STOUT, 1994). Supposed white mica (phengite) is also a relict
eclogitic mineral, its chemical composition may give more information about the initial
conditions of the eclogite facies metamorphism. The low paragonite-content of white mica
implies temperature not lower than 450 ‘C based on diagrams of SAssI et al. (1994).
Presuming the temperature about 500 °C, the Si-content of phenglle yields pressure in the
range of 10-13 kbar (MASSONE, SCHREYER, 1987).

The occurence of the tremolite+epidote+magnetite+albite+chlorite paragenesis in the
retrograded eclogite may point to the previous existence of crossite as original component
of eclogite (BROWN, 1977; YARDLEY, 1982; MARUYAMA et al., 1986). Assuming the
appearance of alkali amphibole as initial high pressure constituent one can confirm that
eclogite was metamorphosed under low to medium temperature (< 550 "C) (MARUYAMA et
al., 1986 and references therein).

Although the sample examined contain no pyroxene grain, the previous existence of
this mineral may be assumed. The first step of retrograde breakdown of eclogitic pyroxene
is the formation of a less jadeite-rich pyroxene and a Na-rich plagioclase. Later, the
secondary pyroxene grains are substitued by amphibole, white mica and more plagioclase.
These processes result in a symplectitic intergrowth of amphibole and plagioclase
(O’BRIEN, 1993).

The fact that no orthopyroxene formed in the place of original eclogitic clinopyroxene
as a secondary mineral suggests that retrogression may have been characterized by
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decreasing temperature (O’BRIEN, 1993). This estimated tendency of breakdown history is
confirmed also by the chemical character of garnet replacing minerals: ilmenite and biotite.
The Mn-content of ilmenite (proportion of pyrophanite) is higher the lower the
metamorphic temperature of formation is (POWNCEBY et al., 1987a, 1987b). This value in
the ilmenite grains from our sample is much higher than it would be expected in the realm
of amphibolite or granulite facies. The low content of titanium in biotite implies the
greenschist grade formation of it (GUIDOTTL, 1984) verifying the low breakdown
temperature of the original eclogitic garnets. All these things considered, the breakdown of
the original eclogite was controlled by decreasing both pressure and temperature.

Therefore, the mineral assemblage of symplectites, mainly tremolite and albite,
represents the lowest P and T phase of metamorphic history. The appearance of these two
significant minerals refers to the conditions of greenschist facies. The temperature of this
phase must not have been higher than 450480 °C and assumed pressure not higher than 5
kbar (Fig. 7.). '

The only fresh minerals in the sample are Ca-amphibole with high pargasite content and
plagioclase (Ansss) representing physical conditions of amphibolite facies. Both
tschermak substitution in amphibole and Ca enrichment in feldspar infer that greenschist
facies was succeeded by increase of temperature. The stable amphibole-plagioclase
paragenesis corresponds to that of amphibolite common in surrounding borecores.
Metamorphic condition of these metabasic rock is calculated to be 580-600 °C and 4-6
kbar (SZEDERKENYI, 1984).

A sketch of the three subsequent phases of estimated metamorphic development of the
retrograded eclogite sample is given in Fig. 7.
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Fig. 7. Estimated PT-path of the eclogite from borehole Kdrosladany-3. stability fields of subsequent mineral
parageneses and boundaries of important reactions. Albite-oligoclase and actinolite-hornblende transitions

(MARUYAMA et al., 1983); isopleth of Si in phengite (MASSONE, SCHREYER, [1987); omphacite+quartz =
albite+tremolite (NEWTON, 1986)
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- CONCLUSIONS

Based on detailed mineralogical investigation the retrograded eclogite sample from the
borehole Kdérosladdny-5 proved to be a B or C type eclogite. Unfortunately, the rock
contain no stable high pressure paragenesis, so only the estimation of the physical
condition of development is possible. Based on it, the rock was formed under low to
medium temperature (450-550 °C), while the evaluated pressure was as least 10—13 kbar.
The breakdown of the eclogite was controlled by decreasing temperature yielding
vermicular symplectites of tremolite, albite and white mica in the place of previous
clinopyroxene. The last progressive metamorphic effect was an amphibolite facies
overprint corresponding to other metabasic rocks.in the surrounding boreholes.

Previous works inferred that the protolith of amphibolite and other metabasic rocks
from the investigated area was tholeiitic basalt formed in a back-arc basin (M. TOTH,
1994). Recent papers on metamorphic as well as exhumation development of back-arc
basins showed a special cooling history of such regions (Fig. 8.) (JOLIVET et al., 1994 and
references therein). In the case of Naxos and Corsica the typical P-T path is characterized
by low peak temperature (about 450 °C) and not very high peak pressure (lower than 14
kbar). The original HP-LT associations broke down to greenschist facies parageneses.
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Fig. 8. Metamorphic development and cooling history of back-arc basins during exhumation (after JOLIVET et
: al., 1994).

All these features are similar to those were concluded from the retrograded eclogite
from borehole Korosladdny-5. Therefore, the metamorphic evolution of this sample
corresponds to the previous findings that the investigated area of Tisza Unit belonged to a
one-time marginal basin.
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There are some papers as well as unpublished data which call attention to similar
petrological, chronological etc. characteristics between Tisza Unit and the eastern part of
European Variscides, especially Bohemian Massif. In addition to investigation of these
correspondences the comparison of metamorphic evolution of HP rocks in the two areas
seems important. In the Bohemian Massif the peak pressure and temperature of eclogitic
rocks as well as the breakdown temperature of them decreases from south to north
(O’BRIEN, 1993, MEDARIS et al., 1995). This tendency yields the common occurrence of
granulite facies rocks in the Moldanubian part of the massif, while in Sudetes C-type
eclogite (SMULIKOWSKI, SMULIKOWSKI, 1985) and in Lugicum also blueschist occurs
(GUIRAUD, BURG, 1984). Supposed the Tisza Unit the eastern continuation of European
Variscan Belt, based on the similar characteristics of HP rocks, the small area examined in
this paper may have belonged to the northern part of Bohemian Massif.
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PETROGRAPHICAL STUDY OF SUBVOLCANIC ROCKS SURROUNDING OF
MORAGY AND OFALU (SE-TRANSDANUBE, HUNGARY)

CS. SZABADOS

Department of Mineralogy, Geochemistry and Petrography. Attila Jozsef University

ABSTRACT

Rock types described as bostonites by MAURITZ and CSAJAGHY (1952), JANTSKY (1972) are characterized in
this paper. They can be subdivided into two groups: (1) Light-reddish, brownish-coloured, fine-grained rock
“characterized by trachytic texture with potassium feldspar microlites in the groundmass showing a subparallel
arrangement among K-feldspar phenochrysts forming by flow parallely with the wall-rock. This type occurs
only in dykes which penetrate the granite mass. On the basis of petrographical examinations this group is
classified as alkalitrachyte. (2) Greenish, greyish-coloured, fine-grained rock characterized by a micro-
holocrystalline, porphyritic texture. It forms a small laccolith-like subvolcanic body in the quarry of Kismordgy
No. §. and like a centre, dykes run from here to every directions. On the basis of petrographical examinations
this group is classitied as trachyandesite (or latite).

INTRODUCTION

The researched rocks outcrop in the territory of Méragy, Kismordgy, Bétaapati and
Ofalu (Fig. 1.), but they occur in the boreholes of Alséndna No. 1 and 2., too. As pebbles
they also appear in the NE Mecsek Mountains (SZAKMANY and JOzZsA 1994).

The origin and age of these rocks are unsettled question. MAURITZ and CSAJAGHY
{1952) regarded them bostonites on the basis of their mineralogical composition and major
element content which can be ranged them into the products of granitoide magmatism or
the Early Cretaceous volcanism.

Using the bostonite term is fitting if the origin of these rock-types are really granitoid.
Bostonite (“soda-trachyte-aplite”, TROGER 1935) is the silky, leucocratic, faneritic,
hypabyssal syenitic dyke-rock. It is characterized by a trachytic or flow texture in which
lath-like feldspar grains are arranged in a rough, but no perfect, parallelism or in radiating
patterns. The groundmass consist mostly of alkali feldspar at least in 90% portion. The
porphyritic version contains feldspar phenocrysts. The feldspar may be orthoclase,
microcline, sanidine, anorthoclase or albite. Biotite, alkali amphibole or pyroxene form the
scarce ferromagnesian minerals. Quartz in small amounts (max. 10%) is almost always
present, particularly in the matrix. According to ROSENBUCH (1907) every type which has
more than 90% alkali feldspar (plagioclase is or no), may be classified as bostonite rock.
This term has been used rarely in the modern literature, moreover the Glossary of Geology
(1980) does not recommend the usage of bostonite name.

K/Ar age of examined rocks is ranged in Early Cretaceous (106-117 Ma, ARVANE S. E.
1987). A “Bostonite” and an Early Cretaceous alkaline basalt dyke contact penetrated by
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. Fig. 1. Occurrence of the subvolcanic trachytic rocks in the investigated area
1. Mordgy quarry (reddish dyke), 2. Kismordgy quarry (reddish dyke), 3. Kismordgy quarry (reddish dyke), 4.
Kismordgy quarry, No. 6. (greenish dyke), 5. Kismoragy quarry, No. 5. (greenish laccolith), 6. Kismérdgy
quarry, No. 3. (reddish dyke), 7. Kismérdgy quarry, No. 1. (reddish dyke), 8. Kismoéragy quarry, No. 10.
(greenish vein), 9. Kismérdgy quarry (reddish dyke), 10. Kisméragy, outcrop (reddish dyke), 11. Bétaapéti,
outcrop (reddish dyke), 12. Bataapiti Koves-creek, outcrop (reddish dyke), 13. Bétaapati Koves-creek, outcrop
(reddish dyke), 14. Rudics farm, outcrop (reddish dyke), 15. Ofalu, Aranyos-valley, outcrop (reddish dyke), 16.
Studer valley, outcrop (reddish pebbles), 17. Ofalu, Aranyos-valley, outcrop (reddish dyke), 18. Ofalu, Till
farm-valley, outcrop (reddish dyke).

the borehole Alséndna No. 1. suggests that the bostonite is younger than the Early
Cretaceous volcanism (JANTSKY 1979). So, these (bostonite) rocks can be regarded Early

Cretaceous alkalitrachytes, trachytes.
Aim of this paper to give a mineralogical-petrographic and tectonic characterization of

these rocks using also field observations.
PETROGRAPHICAL CHARACTERIZATION
On the basis of the field observations, colour, mineralogical composition and textural

features this trachytic group can be divided into two types: (1) Reddish-brownish coloured
dyke rocks, (2) greenish-coloured laccolith-like rocks.
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1. Reddish-brownish dyke-rocks

Aphyric, from fine-grained to slightly porphyric, visibly fluidal arrangement compact
rocks occuring as 0.1 m to 20 m thick veins or dykes which penetrate the granite (Fig. /.
to their contacts typical granite mylonile stripes with calcite veinlcts are characteristic.
However, some dykes invade into metamorphic rocks, too (Ofalu Formation in the valleys
East of Ofalu Fig. 1. No. 17, 18).

Spatial arrangement of dykes shows a predominant E-W orientation (Fig. /. No. 1, 6,
12), but N-S and NE-SW ones also occur (Fig. /. No. 2, 3,7, 9, 15, 17). Dip of dykes are
steep, 75°-90°. Their rocks contain naked eye feldspar phenocrysts, rarely. Tabular
sanidine in 1 cm size, and red-stained tabular orthoclase crystals are embedded into the
microcrystalline groundmass. But the smaller portion of these phenocrysts are empty
cavities or pseudomorph calcites surrounded by limonite coat.

On the basis of their granulation these rocks can be divided into two subtypes:

(1) Fine-grained. light coloured rocks without phenocryst located into the thin (0,6 m
thick) veins (Fig. 1. No. 6, 18).

(2) Phorphyric, fine-grained, dark-coloured rocks having a coarser groundmass than
that of the previous type (Fig. 1. No. 1, 17, 18). A naked eye fluid texture is characteristic.

1.1. Description of typical outcrops of dyke rocks
1.1.1. Dyke in the granite quarry at Mordgy free time centre

A 2.8-3.4 m thick dyke outcropping the southern side of quarry having a 6-8 m height
is open along its strike in 10 m length (Fig. 2.). This rock penetrate the granite next to a
fault having 360°/85-90° dip. The northern side of dykes is fractured. A 1-2 cm thick
calcite vein marks the contact of dyke and granite. A 1-2 m thick and strongly sheared
granite wall-rock accompany the dyke with a network of calcite veinlets.

Megascopically the rock is reddish in colour and ranged into the 2. type.

Microscopically it shows a microholocrystalline trachytic texture (Fig. 3) and the
microlites of groundmass manifest more or less fluidal arrangement. The oriented samples
shows that the dyke material flowed from East to West (before the rock solidification). The
groundmass consist mostly of lathy, elongated perfectly crystallized alkali feldspar, mainly
sanidine. The lath-like feldspars are arranged parallely, but near the phophyritic crystalls
they follow their outlines. Average grain size of groundmass material measures 24x240
pm. They form 85% portion of the rock. Sanidine phenocrysts are scarce and their average
size is 144x780 um. (Fig. 4.). Xenomorphic quartz fills the interstitial places between
sanidines in the groundmass giving 10% portion of the rock. Idiomorphic quartz in typical
hexagonal prism also occurs. Limonitization and hematitization are rather common.
Limonite (2% of the groundmass) display as unshaped, reddish-brownish-coloured patches
originating from the breakdown of pyrite but in several parts of the rock small fresh pyrite
hexaeders are preserved. In the groundmass are a lot of very small grains of zircon (8x7
pum). Opak minerals are also visible sporadically in less than 2% portion. Secondary
minerals are calcite and calcedony after decay of feldspars (1% of the groundmass). On the
basis of mineralogical composition this rock can be classified as alkaliquartztrachyte.
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Fig. 2. Sketch about the alkaline dyke rock with trachytic texture in the granite. Moragy quarry.
Legend: 1. soil, 2. reddish-coloured dyke, 3. calcite vein, 4. granite mylonite, 5. medium-grained granite, 6.
debris, 7. sampling locality and number of samples.
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Fig. 3. Microholocrystalline trachytic texture with phenocrysts of sanidine from the Mdrdgy quarry.
1. phenocrysts of sanidine, 2. fluidal arrangement of alkali feldspar laths, 3. limonite, 4. pyrite, 5. quartz.
100x, +N.

Fig. 4. Sanidine penetration from Mordgy quarry. 100x, +N.



1.1.2. Dyke in the granite quarry at Kismdrdgy No. 3.

The examined dyke rocks occur quarries located behind the Méragy railway station
(Fig. 5.). One of the typical occurrences is shown by Fig. 6. Here the dyke is 0.6 m thick
only and intruded into a fault which has a 6-8 m high and broad slickenside. It is
accompanied by 0.5 m thick tectonic breccia wall-rock with 10/85-90° dip, consisting of
alkalitrachyte and granite mixture. Dip of the dyke is the same, and indentical with that of
dyke of Mérigy granite quarry. Megascopically the rock is fine-grained type (1. type).
Due to a lot of fissures and cooling stripes the dyke material is strongly altered.

PR e
et

Fig. 5. Sketch about granite quarries at Kismoérdgy (SZEDERKENYI in FOLOP 1994)

The microscope shows a microholocrystalline, porphyric, trachytic texture corres-
ponding to that of dyke of Méragy quarry. Alkali feldspars of groundmass give about 90%
portion of the rock, but they are strongly linonitized, calcitized and sericitized. These
secondary minerals form 10-15% portion of .the rock. Secondary quartz is less than 5%
forming little xenomorph grains. Mafic minerals are do not occur or invisible.

The laths of alkali feldspar of groundmass are only 10x70 -um long. The oriented
sampling shows that the dyke material flowed from East to West before the melt solidified
in the same way as the dyke of Méragy did. This dyke contains feldspar phenocrysts, too.
Optically these are negative, their crackings are very dens and they probably are
orthoclase, but in highly sericitized state. Their average grain size measures 2250x1560
pm. On the basis of mineralogical composition this rock can be classified as alkalitrachyte.
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Fig. 6/a. Sketch ot alkah dyke rock with trachytic texture and his breccia in the gramte. Kismordgy quarry, No. 3.
Legend: 1. soil, 2. fractured granite, 3. granite mylonite, 4. debris, 5. reddish-coloured dyke and slickenside
accompained by granite breccia wall-rock, 6. reddish-coloured dyke, 7. sampling locality and number of
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Fig. 6/b. Sketch of alkali dyke rock from frontial situation. Kismoragy quarry No. 3.
Legend: 1. fractured granite, 2. red dyke and slickenside of accompained granite breccia wall-rock, 3. red
dyke, 4. calcite vein, 5. granite mylonite.

135



1.1.3. Ofalu: Aranyos-valley and Till farm-valley

East of Ofalu in several valleys reddish-coloured, trachytic textured dykes or sills occur
penetrated into the metamorph rocks. In the occurence of Aranyos valley (500 m towards
South of Percel farm, right side of the bank of creek) the dip of dyke is 310°/83° and it
length is 20 m (Fig. 7.). Due to the tectonical fracturing the border of this dyke is not
definable.

Megascopically the hard and relative fresh rock is red, brown coloured and ranged into
the 2. type. 1x0.2 cm large sanidine naked eye phenocrysts are visible with tipical cross-
cracking.
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Fig. 7. Sketch of alkali dyke rock with trachytic texture in metamorphic surroundings, Ofalu, Aranyos-valley.
Legend: 1. metasandstone, 2. sericitized micaschist, 3. migmatite, 4. clay schist and silica schist with chert, 5.
reddish-coloured dyke, 6. soil, 7. sampling locality and number of samples, 8. fault.

Microscopic feature of this rock is also trachytic with fluidal arrangement of strongly
sericitized feldspar groundmass. Phorphyric sanidine crystals characterized by 100 plane
and typical cross-cracking (Fig. 8.) occur with a fairly big frequency. Their average size
measures 2460x1 140 pm. A lot of phenocrysts are altered and surrounded by wreath of
very small zircon minerals. On the basis of mineralogical composition this rock can be
classified as atkalitrachyte.

In the Till farm-valley (700 m towards the South of the farm, located on the both side of
the creek) at the hydrological object a dyke and abundant debris of this dyke occur. Length
of the outcropped dyke in the metamorphic sericite schist is 4 m, and its material is
strongly fractured. Rather dense red spottedness is conspicuous on the rock. In the centre
of every patch 1x0.5 cm big feldspar table is observable (Fig. 9.).

Microscopic features are.similar to that of the rock of Aranyos-valley, but here the
phorphyries are orthoclase crystals. The rock is strongly altered, the feldspars are
surrounded by wide solution stipes with red-coloured, unshaped limonites. On the basis of
mineralogical composition this rock is also classified as aikalitrachyte.
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Fig. 8 Sanidine phenocryst in the microholocrystalline trachytic groundmass from Ofalu, Aranyos-valley.
Legend: 1. sanidine, 2. fluidal arrangement of alkali feldspar laths, 4. pyrite, 4. quartz. 50x, +N.

Fig. 9. Weathering of feldspar phenocryst. Till farm-valley.
1. feldspar, 2. limonitized, weathered part, 3. alkali feldspar laths of groundmass. 50x, +N.



2. Greenish-coloured, microholocrystalline, porphyric rock forming a subvolcanic
(laccolith) body

These rocks occur in Kismérdgy No. 5, 6, 10 quarries, exclusively (Fig. 5.). The bigest
outcrop is found in the quarry No. 5. (Fig. 10.). In this quarry the rock-body shows very
complicated surface having 30°, 70° or 90° dip. It resembles to a small 40 m long and 5-20
m high and 10-20 m broad laccolith body with a dome configuration. Eastern side of the
outcrop a fault is found with 360°/60° dip. Left from it a “layered dyke” occurs. Inner part
of this “layered dyke” becomes gradually decayed and it turns into clayey consistency. 1-2
cm thick calcite crust and 2-3 cm thick undefinable greenish-coloured, gelatinous material

Fig. 10. Sketch of subvolcanic laccolith in Kisméragy quarry, No. 5.
Legend: 1. soil, 2. calcite vein, 3. fractured granite, 4. coarse-grained granite, 5. green-coloured intrusion
(laccolith), 6. debris, 7. sampling locality and number of samples, 8. fault.
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cover the rock body which may exist as a remnant of an inner contant of laccolith. Its
exocontact zone is hidden in the strongly fractured closing granite. Probably the elevating
melt of laccolith crushed and arched the granite above the dome. Apart from the local
fracturing, the closing large granite mass was impermeable, therefore volatiles of the
laccolith were trapped within the subvolcanic body and covering brecciated granite
causing a powerful decomposition in them. During the period of this autometasomatism
the iron content of the laccolith could not oxidizing so the greenish colour became
widespread.

Besides the laccolith subvolcano the greenish-coloured trachyandesites as 1-3 m thick
dikes also occur in the Kisméragy quarry No. 6. (Fig. /]1.) and No. 10. In the latter has

EN ke v =

Fig. 11. Sketch of subvolcanic dyke rocks from Kismérdgy quarry, No. 6.
Legend: 1. medium-grained granite, 2. fine-grained granite, 3. coarse-grained granite, 4. granite-mylonite
5. debris, 6. green-coloured dyke rocks, 7. sampling locality and number of samples

139



152°/40° dip and the dyke is represented by strongly-folded rock. These greenish-coloured
dykes occupy more than 150 m’ area in the quarries. A direct connection between the
laccolith and dykes is not recovered yet.

Megascopically, every trachytic rocks of mentioned quarries are similar to each other i.
e.: fine-grained, greenish-, greyish-coloured, homogeneous, massive rocks with fine calcite
network.

wn

Fig. 12. Tabular feldspar in the sericitized, glassy groundmass from Kismoragy quarry, No.
1. feldspar phenocryst, 2. radiating feldspar crystal germs, 3. pyrite, 4. calcite. 50x, +N.

Fig. 13. Sericitized tabular feldspar phenocryst with apatite embedded into the microholocrystalline groundmass
from Kisméragy quarry, No. 6. 1. feldspar, 2. apatite, 3. groundmass. 50x, +N.
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The microscope shows an altered microholocrystalline porphyric texture with trachytic
base. In the groundmass there are a lot of crystal germs and sometimes glass (Fig. 12.),
suggesting a quick cooling. Needle-shaped minerals in the groundmass (feldspar is 80x10
um) settled down radially and their quantity reach the 70-90%. Slight fluidal arrangement
1s characteristic in the dyke rocks, exclusiveley. The groundmass is strongly calcitized,
cloritized, sericitized and clayey. Opak minerals are fairly abundant (3% of the
groundmass). Pyrite, limonite (5% of the groundmass) are visible mainly next to the
feldspar phenocrysts (Fig. 12.). Apatite also occurs and, it measures 90x25 um (Fig. 13.).
Mafic minerals were probably amphiboles but nowadays they exist only as pseudomorphs
consisting of limonite, opacite and mainly calcite (10-30% of the groundmass). These
pseudomorphis are surrounded by carbonatic or clay minerals as well as limonite. The
phenocrysts are tabular feldspars and amphibole pseudomorphs. Their bigest measurement
is 33001600 pm. Quartz is less than 3%.

On the basis of mineralogical composition this rock is qualified as subvolcanic
trachyandesite (or latite) which have phenocrysts of plagioclase and K-feldspar in nearly
equal amounts, little or no quartz and from fine-crystalline to glassy groundmass. The
latter consists of undeterminable feldspars.

CONCLUSIONS

Two different trachytic subvolcanic rock-types are recognized in the valleys of Mérégy,
Kismoéragy, Bataapati, and Ofalu. On the basis of their relations, modal composition,
macroscopic .and microscopic features, using the IUGS nomenclature they can be
classified as follows:

1. Alkalitrachytes. Reddish-coloured, fine-grained, oxidized rocks which occur only as
dykes. Their srikes E-W are in general, but subordinatelly N-S and NE-SN ones also
occur. Macroscopic features of these rocks are really similar to that of the scarcely
occuring “bostonite” reference rocks. The microscope shows microholocrystalline,
porphyritic, ‘trachytic texture and alkali feldspar microlites more or less fluidal
arrangement ;v with phenocrysts of sanidine.

2. Trachyandesites (or latites). Greenish-coloured, fine-grained strongly calcitized rocks
which occur in two kind of forms: local intrusion (probably laccolith) and related dykes.
The microscope shows a microholocrystalline, porphyritic texture with trachytic base. The
phenocrysts are strongly altered feldspars, probably plagioclase and sanidine or orthoclase
in nearly equal amounts. The groundmass are from microcrystalline to glassy which may
consists of obscure feldspars.

These petrographic estimations require through geochermcal confirmation carried out
on every rock-type written in this paper.
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EVOLUTION OF CHONDRITIC PARENT BODIES I: CORRELATION AMONG
FERROUS COMPONENTS
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**Central Research Institute for Physics

ABSTRACT

The thermal and chemical evolution of the precursors of chondritic meteorites are discussed by using the
data of recent chemical analyses performed in the NIPR, Tokyo, Japan. mainly on Antarctic meteorites.

INTRODUCTION

Meteorites are small bodies, but many of them show clear signs of previous intensive
thermal evolution and transformation, which is quite possible if they are fragments of
bigger objects, the so called parent podies. A few parent bodies have been identified: e. g.
some very few meteorites are fragments of Luna and Mars, and it is quite possible that
eucrites come from the asteroid Vesta. However all these meteorites are differentiated
achondrites.

Chondrites still preserve partially the primordial structure. So their parent bodies must
have been smaller. One can guess that they were comets or medium or small asteroids,
with much less chance to be individually identified. Still some general properties of these
parent bodies can be traced back from the chondrites.

Such a reconstruction needs a large number of data to be collected, mainly for texture
and chemical composition. In 1995 a Japanese group published the database largest up to
now for chemical compositions. We try to draw some conclusions from this database about
the thermal and chemical evolution in the parent bodies. We also were able, by the
courtesy of the NIPR, Tokyo, to perform optical investigations on representatives of all
standard chondrite types, on a thin section collection from Antarctic meteorites.

The present approach will be empirical. In Sect. 2 we recapitulate the classification of
chondrites, in Sect. 3 the Japanese database is discussed, and in Sect. 4 we make some
statistical evaluation based on this database. Sect. 5 contains the results and discussions.

ABOUT THE VAN SCHMUS-WOOD CLASSIFICATION

Meteorites are traditionally classified triadically according to the main chemical
components as

+
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1) Irons (mainly FeNi)

2) Stony-Irons (mosaics of FeNi and the next group); and

3) Stones (mainly silicates).

The main component of stone meteorites is some silicate, 1. €. a SiO, lattice with metal
oxides inside. The stones are further subdivided dually according to the presence of small
beads of silicates called chondrules (of sizes from 0.1 mm up to mm’s). Then we get:

A) Achondrites (chondrules missing); and

B) Chondrites (chondrules present).

Third, chondrites can be further divided according to the dominant silicates in the
matrix and in the chondrules, plus the state of the chondrules. Before going into details, we
summarize the classification up to this point according tot he ROSE-PRIOR—-MASON-
ANDERS scheme (BERCZ1, 1991) on Fig. 1.

ROSE- PRIOR-MASON-ANDERS TABLE OF METEORITES

PRINCIPAL MINERALS TYPES OF METEORITES GROUPS COF METEORITES

KAMACITE HEXAHEDRITE
KAMACITE, TAENTE COARSE CCTAHEDRITE
KAMACTTE, TAENITE MEDIUM OCTAREDRITE
KAMACITE, TAENITE FINE OCTAHEDRITE
TAENTTE ATAXITE
i Ni
OLIVINE, NICKEL- IRON PALLASITE
ORTHOFYROX, MICKEL- IRON SIDEROPHYRE
OPIROX,OLIVINE, NI-FE LODRANITE
OLIVINE, TROILITE NI~ FE SOROTHE
{PYROX PLAGIOCLASE NI- FE MESGSIDERITE -
FeQ : €0
PLAGICCLASE, HYPERSTH. HOWARDITE -2
PLAGIOCLASE, PIGEONITE S /4 BCRIGE . g §
PLAGIOGLASS),PIG, AUG. @ SHERGOTITE _ HMA Q
AUGITE g
OLIVINE, DIOPSIDE.
OLIVINE PIGEQONITE, Ni-FE
SLIVINE g % ' SILICATES
ENSTATITE AUERITE
HYPERSTHENE 3% DICGENTE
ENSTATITE NICKEL: FRON FeO[ ENSTATIE CH. METAL
OLIViNE, BRONZITE. NI-FE BRONZITE_CH.
JOUIVINE, HYPERSTH.NI-FE HYPERSTHENE OH.
HYPERSTHENE, OLIVINE Y AMPHOTERITE
OLIVINE, ENSTATITE 1. CARBON. CH.
QUIVINE, SERPENTINE NN . CARBON.CH.
SERPENTINE R I CARBON.CH HO

Fig. 1. The ROSE-PRIOR-MASON-ANDERS scheme.,

Classical classifications of meteorites into irons, stony-irons and stones, and further distinction in the last group
to chondrites and achondrites are shown on the right edge column. In middle column the meteorite types with
their names are given. On the left column the main mineral components of the corresponding meteorites ~ in the
same row — are given. Generations of investigators worked on this classification of which here ROSE, PRIOR,
MASON and ANDERS were emerged.

Further developments of this system happened, when lunar and Martian meteorites were identified. To lunar
meteorites |3 distinct samples belong in 1995 January. (see for instance: YANAIL KOJIMA, 1991) To Martian
meteorites 10 distinct samples belong in 1995 January. Most of them belonged erlier to the Nakhlite,
Shergottite, Chassignite group (the SNC meteorites), but later such type of meteorite 'was found among

diogenties, too. (see i. e. MITTLEFEHEDT, 1994.) : :
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According to common opinion, chondrites seem to be less evolved than achondrites.
Achondrites are understood as bodies where the chondrules have been obliterated by heat
& c. Here we concentrate on chondrites. They were classified first by PRIOR (1916), who
summarized -their main chemical characteristics in the PRIOR Rules. UREY and CRAIG
(1953) named two groups of chondrites according to their non-oxidized vs. oxidized Fe
content. These two central groups on the 2-dimensional plot are the L (low) and H (high)
ones, meaning the non-oxidized (metallic and sulphide) component.

WIIK further developed both PRIOR Rules and UREY-CRAIG classification (WIIK, 1956).
He subdivided the carbonaceous chondrites into three types. Then MASON (1962)
subdivided the two UREY-CRAIG groups, and included carbonaceous chondrites. So a
system emerged with 5 types, mainly according to the percentage of the non-oxidized Fe
in the total mass of the meteorite. From above down the 5 types were

E-H-L—-LL-~C
In accordance with the PRIOR Rules the non-oxidized Fe content strongly correlates with
the type of silicate dominating in the pyroxenes of the meteorite as (MASON, 1962):

E — enstatite

H — bronzite

L — hypersthene

LL — pigeonite
(In C’s serpentine is frequent.) By this observation one could determine the type without
chemical analysis from microscopy of thin sections. It remains open how strict is this
correlation.

In the early 60-ies J. A. WooOD and E. ANDERS studied in details the texture of
chondrites and they recognized, that thermal transformations can be deciphered from
different textural features of meteorites with the same type. From these studies grow out
the next important step in the chondrite classification. VAN SCHMUS and WoOD (1967)
introduced the notion of petrologic class, a number from 1 to 6 as

1) Still no chondrules (very much volatiles).

2) Sharp chondrule boundaries, more volatiles.

3) Sharp chondrule boundaries, less volatiles.

4) Slightly blurred chondrule boundaries.

5) Obscure chondrule boundaries.

6) Badly defined chondrule boundaries (hardly seen).

Recently a Class 7 has been introduced too in which chondrules cannot be seen at all,
but still the general texture is similar to that of chondrites of Class 6. A possible
explanation is that this sequence shows the higher and higher heat impact in the history of
the body, washing out the sharp boundaries by diffusion.

When WK (1956) recognised, as thum rule, from 30 selected chondrites that, removing
volatiles, there seems to be a tendency to get only two values for total Fe content: cca.
27% for E’s, H’s and C’s, and cca. 22% for L’s and LL’s, the possibility of evolutionary
models were opened (see €. g. SZTROKAY 1966).

However all these results were obtained from very limited samples below 100
specimens, and it is easy to see that in the full VAN SCHMUS-WOOD classification the
number of possible classes is between 20 and 30 (petrologic classes 1 and 2 are known
only for C’s up to now), therefore the classes were so poorly populated that the statistical
analysis was almost hopeless.
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THE CATALOG OF ANTARCTIC METEORITES

The National Institute of Polar Research in Tokyo started to collect meteorites from the
icefields of the Antarctic interior in 1969. Conservation conditions are the best there on
Earth, all of them are easily discriminated from the environment, and accumulating for
tens of thousand of years. So the statistics is best for Antarctic meteorites. A group
working first under K. YANAI and now under H. KOJIMA is continuously classifying and
analysing the meteorites and the recent stage of research was published in 1995 in a
Catalog (YANAIL, KOJIMA and HARAMURA, 1995). The Catalog contains some 8000
meteorites in the NIPR collection, of which more than 3000 have been classified into the
VAN SCHMUS-WO0O0D scheme, and standard wet chemical analysis has been performed for
549. This is the biggest available homogeneous sample whose chemical compositions are
known. _

By using this huge database one can get many data characterizing the various chondrite
types with at least modest statistical reliability. Here we note that the distribution of the
analysed chondrites is such that more populated C and LL classes contain samples in the .
order of 10, L and H ones are more numerous and the most populated class is L6 with 94
meteorites. We have started a statistical analysis of the data and give here some
preliminary results concentrated on Fe contents.

SOME CHARACTERISTIC DATA OF THE CHONDRITE COMPOSITONS

Fig. 2 gives the average values of Fe concentration in FeO, Fe;O3, FeS and metallic
phase, relative to the Si content. One can see that the total Fe contents of E’s, H’s and C’s
are rather similar (cf. WIIK’s observation), but there are some differences between L’s and
LL’s (at some petrologic classes they are statistically significant). Also, one sees that FeS
is substantial in early C’s and E’s, but nowhere else.
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Now, for the reconstruction of the past history of the chondrites, it is important to see
the correlations between the different ferrous compounds; they reflect the processes which
transferred the common Fe stock from one form to another. Correlation coefficient
between two quantities x and y on the same manifold is defined as (EZEKIEL and FOX,
1969). T '

Iyy = (<Xy>—<x><y>) / (G4Oy) 4.1

This quantity is between +1 and —1 by construction, and values near to +1 are signals
for strong positive connections between the individual fluctuations of the two quantities.
High negative values indicate similarly strong. connection, but in opposite direction.
Values near 0 do not prove disconnectedness, but strongly suggest that. In first
approximation the statistical mean error of r is

sr=(1-r)/Vn 4.2)
where n is the size of the sample. Significant negative correlation between 2 ferrous
compounds at least suggest that the two compounds may go into each other in a process,
and strong positive correlations are suspected for similar behaviour in the dominant
processes.

The correlation coefficients read as:

TABLE |
Correlation coefficients r between the concentrations of Fe in different chemical positions.
Always the Fe content is meant
Type T pTp
FeO, Fe, 0, FeO, Fe FeO, FeS Fe,0;, Fe Fe,0;, FeS Fe, FeS

E3 -0.42 -0.85 -0.60 -0.04 -0.40 +0.73 0.44
H3 -0.20 -~0.56 +0.11 -0.63 -0.30 +0.17 0.29
H3-4 -0.65 -0.27 +0.45 -0.41 -0.62 -0.23 0.50
H4 -0.26 -0.36 -0.36 ~0.59 - +0.11 +0.16 0.12
H4-5 +0.11 -0.41 -0.61 -0.84 +0.12 +0.04 0.33
HS5 -0.38 -0.41 ~0.17 -0.59 -0.07 -0.10 0.15
Hé +0.53 -0.77 +0.74 —0.86 +0.62 -0.76 0.21
L3 -0.14 -0.52 -0.55 —0.43 -0.15 +0.30 0.22
L4 -0.40 -0.22 -0.36 -0.43 +0.13 -0.05 0.19
L5 -0.59 +0.38 +0.11 -0.78 -0.35 +0.42 0.24
L5-6 -0.80 +0.50 -0.47 -0.92 -0.14 +0.52 0.58
L6 -0.41 -0.25 -0.34 -0.41 +0.17 . +0.01 0.10
LL3 -0.61 —0.41 -0.51 +0.08 +0.02 +0.11 0.32
LL4 . -0.62 -0.61 -0.32 +0.28 +0.30 -0.26 0.33
LLS -0.43 -0.79 -0.65 +0.49 -0.15 +0.20 0.33
LL6 -0.93 -0.18 -0.37 +0.03 +).16 +0.55 0.24
C2 -0.76 -0.19 -0.05 -0.18 -0.32 —0.24 0.24
C3 -0.72 -0.39 +0.03 -0.33 +0.02 -0.16 0.32

For the omitted types there are no enough samples for calculating the correlation
coefficient. The last column is to see the significance of the coefficients.

There is no room to discuss all the correlations in all types. We choose only several
characteristic classes.

For E3’s the only significant r’s show that Fe and FeS are both concurrents of FeO. In
H4 everything else concur with FeO. In L4 both Fe;0 and Fe are concurrents of FeO. The
same is true for L6, but there Fe and Fe,O3 change together. In LL3 again FeO concurres
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with everything else; the same is true for LL6, but there also Fe and FeS change together,
just as for L6. C2, however, is quite different: Fe;O3 changes opposuely to FeO and FeS,
and Fe changes oppositely to FeS too.

Even with the present huge database in some VAN SCHMUS-WOOD classes the measured
correlations are not significant. One can guess that for significant results in each class 50—
100 analysed samples would be needed, and this number will be reached when some 3000
meteorites will have been analysed.

RESULTS AND DISCUSSIONS

First let us see again Fig. 2. Our hope is that this Figure tells something about the
relations among the different chondritic types. Namely, chondrites may differ in initial
conditions and in subsequent evolution-as well. The only clear point is that higher
petrologic classes got higher heat impact. But we practically do not know anything about
the origin of main types. Namely, C, H and E chondrites may have been developed from
their own primordial progenitors (say C1, H1 and El), but, since petrologic classes 1 and 2
are known only among C’s, it is also possible to imagine some evolution from C2 to H3 or
E3 as well. Obviously, average C’s cannot be progenitors of LL’s and L’s because of the
different total Fe/C ratio, conserved without global differentiation.

Now, Fig. 2 shows that the letters of the van Schmus—Wood scheme differ mainly in the
degree -of oxidation of Fe. This is not surprising at all, since these types are defined
according to the FeO content of the pyroxenes and olivines. Now, if some part of the Fe is
reduced then the resulting Fe is not a part of the silicate lattice. So a higher metallic
(+sulph1de) content of the whole meteorite must be strongly correlaled with a lower FeO
content in pyroxenes and olivines.

However, dependences on the petrologic class are more complicated. Let us first see the
oxides and the metallic phase. First, FeO always dominate Fe;Os; the latter is minor
constituent except for some C’s. So in the early thermal history of parent bodies the
environment was mainly reducing. Still, FeO/Fe is not monotonous with the petrologic
class. So some oxidizing agent must have been present too. Except for E’s and C’s, the
ratios of free and bound Fe’s show some oscillations (see Fig. 3). Note that FeO generally
anticorrelates with both Fe,Oy and Fe. This suggests that FeO is the original source, and
both hypothetical processes influence the quantity of FeO and that of something else.

The sulphide Fe/Si ratio is generally about 0.2. There are two exceptions: the low
petrologic class C’s, where the ratio rapidly decreases with the petrologic class and reaches
the asymptolic value at C3, and E’s, whose sulphide contents are similar to those of C2's
(slightly in the direction of Cl1’s). So the process reducing FeS was not effective beyond
the heat impact of petrologic class 3, and was not effective at all in E’s. E3’s more or less
smoothly follow C2’s, if one can invent circumstances in which something (C?) strongly
reduces the Fe oxides, while nothing influences the sulphide. Unfortunately the early
environment is rather unknown, and anyways, it was exotic compared to those about
which ‘'we have experience. Iron sulphides are not used in human iron metallurgy, and
definitely not in reducing atmospheres.

At the hlghcst petrologlc classes metallic Fe and FeS both decrease. The simplest
explanation is iron loss by iron melting, possibly starting in this stage. The liquid may
leave the silicate body via the gravity of the parent body; note that Fe and FeS are similar
to melting points, and also neither of them are in the silicate lattice. So they are lost
together, and this is seen in LS, L5-6 and LL6 (but, interestingly, not seen in H6 and L6).
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Fig. 3. Average_ free Fe/Si vs. bound Fe/Si weight ratios for the different classes of chondrites of the NIPR
"~ analysis. Petrologic classes are indicated by labels above the points.

Finally, the data suggest that some “transitional” classes do not fit into the VAN
ScHMUS-WoOD scheme. The analysers found a few percent of chondrites awkward for
petrologic class, which they classified, as best available solution, between two well
definied petrologic classes. Now, Fig. 2 clearly show that H3—4 is not transitional between
H3 and H4, and the same is conjectured for LL5—-6 and H5-6. These chondrites need
further analysis. They may even not be H's or LL’s, at least the total Fe/Si content of the
average H3—4 is extremely high.

The present treatment was purely empirical. The possible explanatory models will be
discussed in a subsequent paper.
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