
T. G. Weiszburg et al. 

Fig. I. Sketch map of the Úrkút manganese ore deposit (Polgári et al.. 2000). 
Legend: 1: carbonate ore sequence, complete. 2: carbonate ore sequence, 
incomplete. 3: hiatus (limestone facies in the Upper Liassic). 4: oxidised 
manganese ore. 5: transitional zone of carbonate and oxidised ores. 6: redeposited 
Mn-ore sequence. 7: abraded areas. 8: ferruginous Mn-ore (oxide) of Csárdahegy. 
9: underlying rocks. 10: anticline, syncline. 11: flexure, reverse fault. 12: fault, 
horizontal displacement. 13: profile direction. 
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minerals present in the ore, as 
references for the infrared studies, gave 
the semi-quantitative phase composition 
of the 20 samples. 

Dódony (1986) described the green 
clay mineral as a hydromica with 1M 
structure (rarely having two- and three-
layer polytypes, too). Applying one-
dimensional electron-density calculations 
to determine the chemical composition of 
the mineral, he gave the formula: 
K0.725(Al|.275Mg0.725) (Si4O10)(OH)4 and 
thus called the mineral alumino-
celadonite. 

Based on the XPD studies of a 
mixed sample, B. A. Sakharov used the 
term "1M celadonite-type Fe-mica" 
(determined on the base of a reflection 
at 1.504 Á) for the green phyllosilicate 
and found that it may contain up to 
20% smectitic layers (Varentsov et al., 
1988). 

Tóth (1990), discussing all the 
results obtained on the phyllosilicate in 
a second research report of Grasselly et 
al. (1990), presented three chemical 
analyses (all performed in 1989) of 
celadonite-rich samples (sample #187, 
#188 and #188a, with the first one 
being an "average sample" originating 
from materials collected at different 
spots of the mine). However, the 
mismatch between the given chemical 
data and the supposed dioctahedral 
mica stucture was not discussed. 

A crucial point in the understanding 
of the ore genesis can be hidden in the 
10-Á phyllosilicate of the Úrkút 
manganese carbonate ore. If it is a 
primary precipitate (see e.g. Kaeding et 
al., 1983) and not a product of 
diagenetic transformation (Varentsov 
et al., 1988), it can provide a decisive 
argument for volcanic contribution in 
the ore genesis. For this reason, we 
tried to obtain high-quality 
mineralogical data on the green layer 
silicate, which became possible only 
after an appropriate separation 
procedure was designed for the given 
mineral assemblage (Mizák et al., 
2000; Weiszburg et al., 2004). 

GEOLOGICAL SETTING AND GENERAL 
IDEAS ON THE ORE FORMATION 

The Úrkút Manganese Ore 
Formation, embedded in a pyritic black 
shale sequence, is a local facies in the 
Bakony Mountains, Transdanubian 
Central Range zone (TCR), Hungary 
(Fig. 1), confined to an area not larger 

than 10 km2 today. The black shale 
series is of Early Toarcian age 
(Falciferum Zone, Géczy in Jenkyns, 
1988), and is considered as a product 
of the Toarcian Oceanic Anoxic Event 
(Jenkyns, 1988; Jenkyns et al., 1991). 
Its maximum thickness is about 40 m. 

At the time of the black shale 
formation, the TCR was part of the 
southern margin of the rifting Tethys 
Ocean and, as a result of the 
Sinemurian-Pliensbachian tectonic 
disintegration, was characterised by 
dissected and uneven bottom 
topography, i.e. submarine horsts and 
basins (Vörös and Galácz, 1998). The 

black shale sequence was formed in an 
intrashelf basin of restricted 
circulation. The depth of the basin is 
estimated to be around 600 m (Vörös, 
1986; Lantos et al., 2003). 

The manganese occurs both in 
carbonate and oxide phases in the 
ore, with part of the oxide being a 
secondary product. The manganese 
carbonate ore forms two horizons in 
the black shale: the so-called "Main 
Ore Bed" and "Bed No. II", with 
maximum thicknesses of 10-12 m 
and 4 m, respectively (see idealised 
profile. Fig. 2). The two ore horizons 
are separated by a dark grey 

Ú r k ú t M a n g a n e s e 
O r e Fo rma t ion 

( L o w e r T o a r c i a n ) 

P l i ensbach i an 

Bed N o Ii 

Main O r e Bed 

[ j G r e e n i s h l ime-mar l , l i m e s t o n e 

I Reddi sh b r o w n che r t 

H H H I M a n g a n e s e c a r b o n a t e o r e 

1 Red pe lag ic l i m e s t o n e s 

Fig. 2. Schematic profile of the Úrkút manganese carbonate ore (after Polgári et al„ 2000). 
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radiolarian marl ("black shale"). The manganese ore sequence 
is covered by a brown chert bed of 0.2-0.3 m thickness. 

The manganese carbonate ore is banded: green, grey and 
brown bands of a few centimeters' thickness alternate (Fig. 
3). At a higher resolution, the bands are built up of mm-scale 
light-coloured carbonate-rich and fossiliferous laminae and 
dark clay-rich laminae, the proportion of dark and light 
laminae being approximately 9:1 (Lantos et al., 2003). The 
dark laminae are built up predominantly of the 10-Á green 
phyllosilicate, rhodochrosite, goethite and other 
phyllosilicates e.g. smectites (mainly nontronite) while the 
light laminae are dominated by rhodochrosite and the 10-Á 
phyllosilicate (Lantos et al., 2003). Based on both 
sedimentological and mineralogical observations, Lantos et 
al. (2003) suggest that the material of the whitish laminae 
was originally deposited on the slopes of a neighbouring 
undersea high and was later redeposited in the Úrkút basin, 
while the darker, clay-rich bands deposited in the deepest 
part of the basin, under suboxic conditions. 

The origin of Mn and Fe in these sediments is still 
debated, both terrigeneous (Szabó-Drubina, 1957, 1959) and 
volcanogenic-hydrothermal sources have been implied 
(Szabó-Drubina, 1961; Szabó et al., 1981; Kaeding et al., 
1983; Varentsov et al., 1988; Polgári et al., 2000; Polgári, 
2001; Lantos et al.. 2003). The uncertainties rise from the 
fact that only indirect evidences exist for volcanism during 
the Early Toarcian in the TCR (Árgyelán and Császár. 1998). 
Szabó-Drubina (1957, 1959), based partly on heavy mineral 
studies, suggested that distant basic igneous and 
metamorphic rocks, undergoing subaeral erosion could be the 
source of metals. Manganese and iron were transported into 
the basin in solution and the Mn- and Fe-bearing minerals 
were formed by precipitation. Kaeding et al. (1983), 
considering the different redox potentials of manganese and 
iron, argued that these elements would have been spatially 
separated in case they were of terrigeneous origin. They 
implied that volcanogenic CCK-rich waters could mobilise 
these ions from basic lavas and tuffs of the ocean floor in 
quantities large enough for the ore formation. They 
interpreted the whole mineral assemblage of the ore as a 
chemical precipitate. Varentsov et al. (1988) pointed out that 
some geochemical characteristics of the ore are typical of 
volcanogenic, while others of hydrogenic Mn-deposits, with 
some of them having transitional values. As a conclusion, 
they suggested strong hydrothermal and limited hydrogenic 
contributions in the ore genesis. The diagenetic origin of 
rhodochrosite was proved by stable isotope data (Polgári et 
al., 1991). Polgári et al. (2000) suggest that the metals 
originated from a distant hydrothermal source, easily covered 
huge distances due to the special geochemical and circulation 
conditions in the World Ocean during the Toarcian, and that 
rhodochrosite formed during early diagenetic processes from 
the primarily precipitated manganese oxyhydroxides. Polgári 
(2001) gives an overview of the arguments that suggest fine-
grained vitreous volcanic matter (glass, tuff) contribution to 
the basin sediments during the formation of the deposit. 
Lantos et al. (2003) implied that some fine particulate matter, 
originating from a hydrothermally altered basaltic sequence, 
rich in magnesium, manganese and iron, entered the suboxic 
local deep to form the base material of the ore mud. A 
significant amount of carbonate reached the deep from the 

Fig. 3. Sample #URK6K (ID number of the bulk samples at 
the Natural History Museum of the Eötvös Loránd University: 
BE81854-BE81857): a banded manganese carbonate ore 
with the special green colour that is due to the high green 
phyllosilicate content. The 2 mm-thick pale yellow layer in 
the middle of the sample is a rhodochrosite layer, denoted as 
"whitish lamina" by Lantos et al. (2003). Parts of the sample 
BE81857, denoted as #U-1 (BE81858), #U-2 (BE81859) and 
#U-3 (BE81860) were used for preliminary control of the 
mineralogical homogeneity of the subsequent green bands. 

adjacent slopes, and the present-day carbonate formed as a 
result of drastic early diagenetic transformation. 

Jenkyns et al. (1991), in their review of the Jurassic 
manganese carbonates of Central Europe, argued that the 
formation of an extended oxygen-minimum layer throughout 
the World Ocean can lead to a significant concentration of 
manganese (Mn"") in the ocean water, without any necessary 
volcanic source, however, they did not exclude the 
possibility of volcanic metal contribution in the case of ore 
grade manganese accumulations. 

SAMPLE PREPARATION AND SEPARATION CONTROL 
Due to the mining operations going on for almost half a 

century now, a well-documented and carefully chosen set of 
manganese carbonate ore samples is at disposal. When 
selecting the proper sample for studying the green clay 
mineral, three major criteria were considered: (1) the 10-Á 
clay mineral should possibly be void of swelling components 
and the sample itself should not contain other layer silicates 
such as smectites or chlorites, as the separation of one layer 
silicate from another is practically impossible; (2) the 10-Á 
clay mineral should possibly be highly concentrated in the 
sample; (3) the amount of sample should be sufficient for 
purposes of separation and chemical analysis, all to be done 
on the very same sample. XPD data and colour information 
helped with finding the sample best meeting the 
requirements. 

The availabe samples richest in celadonite, together with 
preliminary XPD data are listed in Table 1. The sample 
selected for further investigation (Fig. 3) originates from the 
top of the Main Ore Bed, at 283 m of Profile "B3" of 
Shaft III (175 m above Baltic sea level), Western Mine Field, 
Úrkút (Fig. 1). It was collected by Polgári in 1989 (sample 
#URK/6) from a location that was sampled in the 1980s by 
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Table 1. Samples rich in the colouring green clay mineral, collected by Grasselly et al. (': code used by Grasselly et al., 2: code used by Polgári), their relation to the sample 
studied in this work (3: code used in the present work), and results of former (Polgári et al., 2000) X-ray powder diffraction studies (4) and preliminary X-ray powder 
diffraction studies done in this work (5). (6: Sample locality after Polgári et al. (2000), Vadász ( 1952) did not publish the exact locality of the sample. sample from the same 
occurrence, but not identical to the one collected formerly. =: identical sample. *: above Baltic sea level.) 

Code1 Code? ,, , . , . ,. , . Mineral composition . . . . 5, • . , 
Sample description Sample locality Stratigraphic position (Polgári et al ">000) Mineral composition (this work) 

#188 
. „ So-called "green clav" Green clay , , • , c. , . underlying the ore after Yadasz J c ,, 

(Vadász, 1952) 

#2 

Main: quartz, smectite, 
10-Á phyllosilicate, smectite Subordinate/trace: 

^ ^ Úrkút, Shaft III, Western Bed direc 1 underl in > (montmorillonite). glauconite, 10-Á phyllosilicate 
.. a r 'B r e> Mine Field, Northern part e i r e c Y u n ei ying anatase, rutile, chlorite?, gypsum, (001 stronglv asymmetric), 

rad IO lanan clay marl _ the mam ore bed , , V . . n - - . . • . . . 
(+256 m*). Profile ' A dolomite, pyrite, quartz, feldspar?, leldspar, pynte, double carbonate 

zeolite (clinoptilolite, heulandite) (di04=2.89 Á, e.g. dolomite), 
gypsum 

#188a 
(*#3a) 

Green part of a úrkút, Shaft III, Western , , Main: 10-A phyllosilicate 
green-urey . . „ , , . Lowermost layer of the , . fc, 3 Mine Field, Northern part , . (001 symmetric, dor,ti=1.510 A), 

carbonate ore n c . main ore bed 
(+256 m*), Profile A quartz sample 

#4a 

Main: 10-A phyllosilicate (001 
Dark green part of a Úrkút, Shaft III, Western , ^ c , , .. I r. « , „ ... . slightly asymmetric; du6o=l 510 A\ , . . . . . . . . Lower part of Rhodochrosite, 10-A phyllosilicate b J , , , grev-green carbonate Mine field, Northern part , , , . . . ,, , ... rhodochrosite, e - ° . J the mam ore bed (glauconite), goethite, rutile 

ore sample (+256 m*). Profile A Subordinate/trace: goethite, 
quartz 

«URK6K 
(=URk/6,2 

#49 collected by 
Polgári et al.) 
in July 1989 

T'TJ CU Ű NI «1/ . Main: Rhodochrosite, Uikut, Shaft ül, Western . , . , . „ ... , ^ , , , . _. . . . , , , _ c RJiodochrosite, 10-A phvllosilicate 10-A p h v o s i i c a t e (001 Green laminated Mine Field, deep level Uppermost part of , . - L > , . . / , n c « * -,<>•> I . (celadonite), seriate, symmetric; dor,o=1.510 A), carbonate ore (+175 m*), at 283 in of the mam ore bed . , _ f ,. , u 

Profile "B muscovite,goethite Subordinate/trace: goethite, 
quaitz 

#15 

^ _ ,RV S 1 it 1 . Main : quartz, smectite. Quartz, pynte, 10-A phyllosilicate . 1 

I T . . „ ,, , ...... . • , , . , 10-A phvllosilicate (001 ,, ,. . . . Urkut, Shaft III, (llhte, glauconite-celadonite), 1 

Radiolanan clav , , , . . . .. . , , .. ... , .. ... .. asymmetric; dofio cannot be , ' Western Mine Field. Bed directly overlying sidente, zeolite (clinoptilolite, J . , , , , ,. niarl , . , . . ,. „ , • . ... determined),Subordinate/trace: Northern part (+256nr) , the mam ore bed heulandite.', mordentte), smectite n rit ' zeol 'e 
Profile "A" (montmorilloiiite), dolomite, . pv ri e, AO H 

, •. .-, , , . (chnoptilolite/heulandite), double ankente, rutile, gypsum, chlorite r , . carbonates (d,»4=2.98 A; 2.87 A) 

#187 Average sample rich Úrkút Collected at different 
in celadonite points of the main ore bed 
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Fig. 4. Schematic representation of the separation process performed on the Úrkút 
manganese carbonate ore, sample #URK6K (BE81861: powdered reference 
sample). The starting material was 100 g in the case of the HC1 separation branch 
and 50 g in the case of the acetic acid separation branch. Shaded boxes represent 
the pure samples subjected to detailed investigation. (BE81862: Reference samples 
on the hydrochloric separation branch; BE81863: Reference samples on the acetic-
acid separation branch; BE81864: Solution remaining after goethite removal on the 
acetic acid separation branch.) 

Grasselly et al. (sample #49), too. For 
the complete documentation of these 
samples and former analyses 
performed on them see Polgári et al. 
(2000). 

An amount of 186 g material was 
subjected to a three-step separation 
procedure (Fig. 4). Each separation 
step was documented by a few grams 
of reference material. XPD, FTIR 
spectroscopy and full chemical 
analysis were applied to monitor the 
course of the separation. For the 
complete documentation of the three-
step separation procedure, together 
with the detailed description of the 
method developed for quartz removal 
from clay-sized materials see 
Weiszburg et al. (2004). 

ANALYTICAL METHODS 
X-ray powder diffraction (XPD) 

patterns were obtained at the 
Department of Mineralogy, Eötvös 
Loránd University (Budapest). Most 
of the patterns were done on a 
SIEMENS D500 diffractometer of 
Bragg-Brentano geometry, equipped 
with secondary pyrolithic graphite 
monochromator and applying Cu-Ka 
radiation. Rotation speed of the 
goniometer was 2°/min. Patterns of 
the most interesting samples, 
including all the patterns published 
here, were obtained on a SIEMENS 
D5000 diffractometer of Bragg-
Brentano geometry, equipped with 
secondary pyrolithic graphite 
monochromator and applying Cu-Ka 
radiation. Counting time was 10 
seconds, step size was 0.05°. Oriented 
samples were prepared by applying 
drops of an ethanol-mica suspension 
on a glass slide, with the help of a 
pipette. For testing the quartz content 
of the pure samples, also precision 
patterns were obtained with detection 
time of 10 seconds and a step size of 
0.02°. 

Fourier transform infrared 
spectroscopy (FTIR) was done at the 
Institute of Mineralogy and Crys-
tallography, University of Vienna. 
Powder spectra were recorded from 
4000-400 cm"1 on a Perkin-Elmer 
FTIR spectrometer 1760 X equipped 
with a TGS detector, using a Csl 
microfocus accessory for the 
measurements of the prepared KBr 
micropellets. Background and sample 
spectra were obtained from 25 scans 

each with a nominal resolution of 
2 cm"1. 

Transmission electron microscopy 
(TEM) was applied for the 
morphological observation of the green 
phyllosilicate. Images were obtained 
on a JEOL JEM 100U microscope at 
the Department of Mineralogy, Eötvös 
Loránd University. Selected area 
electron diffraction (SAED) patterns 
were obtained at 100 kV accelerating 
voltage and 120 mA beam current. 

Bulk chemical analyses (inductively 
coupled plasma atomic emission 
spectrometry, ICP-AES) of the powdered 
samples were performed on a Jobin 
Yvon JY70 spectrometer at the 

Geological Institute of Hungary 
(MÁFI) by András Bartha and Éva 
Bertalan. The amount of FeO was 
determined by titration. 

All samples (except for sample 
#URK6Kca) were fused with lithium 
metaborate before the analysis. The 
analysed samples weighed 1.24 g 
(#H4/1), 0.79 g (#H3) and 0.18 g (#A3). 
In the case of sample #URK6Kca 
concentrated acids (1 ml of cc HC1, 
HNO3 and H2F2 each were added to 
0.25 g of sample) were applied to 
decompose the silicate structures and in 
a second step 10 ml of saturated boric 
acid was added to the solution to bind 
excess fluoride. 
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2 thêta [°] 

Fig. 5. Oriented (#A2, #H2) and oriented glycolated (#A2eg, #H2eg) X-ray 
powder diffraction patterns of the Úrkút green mica (Cu-Ka radiation) 

rhodochrosite, as represented by absorption bands at around 1420, 866, 837 and 
726 cm -1; and smaller amounts of goethite, quartz and apatite, the latter being 
represented by small shoulders at around 606 and 576 cm"'). Pure samples are #A3 
(decarbonated by acetic acid and thus still containing traces of apatite, represented 
by small shoulders at around 606 and 576 cm"') and #H4/1 (decarbonated by 
hydrochloric acid and thus void of apatite). The sharp, distinct bands in the OH-
stretching region (3700-3500 cm -1) are typical of celadonite, as defined by Bailey 
(1980), based on Buckley et al. (1978). For comparison of the FTIR spectra of the 
Úrkút mica with those appointed to be typical of celadonite and glauconite see Fig. 7. 

RESULTS 
X-ray powder diffraction 

XPD was used to (1) monitor the 
separation process, (2) test if the studied 
layer silicate contains any swelling 
component and (3) test the method that 
distinguishes between glauconite and 
celadonite upon the do«) value, as 
described by Buckley et al. (1978). 

For shortage in pure phyllosilicate 
samples, oriented and oriented 
glycolated patterns (Fig. 5) were 
obtained on the samples still containing 
low amounts of quartz (sample #H2 
and #A2, a few percentage). Neither 
asymmetric broadening on the lower 
20-side of the 10 A-reflection, nor 
reflection-shift on glycolation was 
observed. The d06o spacing of the 
studied phyllosilicate equals 1.510 A 
(±0.001 A). 

Infrared spectroscopy 
The FTIR spectra of the whole rock 

(sample #URK6K) and the separated 
phyllosilicate are presented in Fig. 6 
and Table 2. Rhodochrosite is present 
in the whole rock as a major 
component (indicated by the strong 
absorption bands at around 1420, 866 
and 726 era"1). 

Goethite cannot be detected neither 
in the whole rock (=8 wt%), nor in the 
pure samples (<1 wt%) as its main 
absorption bands (at 890 and 797 cm"1, 
Farmer, 1974) are completely 
overlapping with intense celadonite 
absorption bands. The amount of 
goethite in the pure samples is smaller 
than 1%, the detection limit of 
voltammetry (Grygar et al., 2002), as 
measured by Grygar (personal 
communication, 2002). 

Apatite has been indicated by small 
peaks and shoulders at around 603-
605, 576 and 564-566 cm"1 (Farmer, 
1974) in the whole rock (sample 
#URK6K) and in the pure sample #A3 
(decarbonated by acetic acid) while it 
is missing from sample #H4/1 
(decarbonated by HC1). These findings 
are in accordance with both the 
chemical data (phosphate contents are 
0.23 and <0.02 wt% in samples #A3 
and #H4/1, respectively) and the 
known acid resistance of apatite (it 
dissolves in HC1 but not in acetic acid). 

Quartz has a characteristic doublet 
at 798/780 cm"1. This doublet is 
completely hidden by celadonite bands, 
however, there is a very weak shoulder 

at 780 cm"1 on each pattern. This 
shoulder might either refer to the 
small quartz impurities known from 
the XPD patterns or correspond to the 
shoulder visible at 777 cm"1 on the IR 
pattern of synthetic celadonites (both 
OH and OD varieties) of Russell et al. 
(1970). 

The clear and distinct absorption 
bands in the OH-stretching region 
indicate that the studied mineral has a 
well-ordered octahedral sheet. 

TE M investigations 
Samples #H3 and #H4/1 have been 

studied by transmission electron 

www. sci. u -szeged, hu/asvanytan/acta. htm 

http://www.sci.u-szeged.hu/asvanytan/acta.htm
http://www.sci.u-szeged.hu/asvanytan/acta.htm
http://www.sci.u-szeged.hu/asvanytan/acta.htm
http://www.sci.u-szeged.hu/asvanytan/acta.htm
http://www.sci.u-szeged.hu/asvanytan/acta.htm
http://www.sci.u-szeged.hu/asvanytan/acta.htm


Celadonite, the 10-A green day mineral of the manganese carbonate ore, Urkut 

Table 2. Band assignments of the FTIR spectra shown on Fig. 5. 

71 

identified phase #URK6K #H4/1 #A3 
name assignment w. n. int. prof. w.n. int. prof. w.n. int. prof. w.n. int. prof. 

C v Al-Mg-OH 3603 s 1 shp 3602 s shp 3602 s shp 3602 s shp 
C v Al-Fe2+-OH 3575-3577 s 1 shp 3570 w sh 3571 w sh 3570 w sh 
C v Fe3+-Mg-OH 3558 s shp 3557 s shp 3557 s shp 3556 s shp 

C 
v Fe3+-Fe3+-OH " 
v Fe3+-Fe2+-OH . 

35351 s shp 3534 s shp 3533 s shp 3533 s shp 

R 1420 s b 1419 s b 
C v T (Si-O) 1110 s shp 1109 s b n.d. 1108 s shp 
C v T (Si-O) 1070-1080 s sh 1074 s b n.d. 1074 s b 
C2 n.d. n.d. 980 s b 
C v T (Si-O) 955-970 s b n.d. n.d. 961 
C3 ô A1-A1-OH ~ 920 w i 918 w sh 918 w sh 917 w sh 
R 866-867 s shp 863 s shp 
C 5 Al-Mg-OH 840 s i shp 842 w shp 841 w b 
R 837 w sh 837 w shp 

C 
ô Fe3+-Mg-OH " 
5 Fe3+-Fe2+-OH . 

800 s shp 800 s shp 800 s shp 800 s shp 

sh 778 v w sh 778 V w i 781 V w i 
C ô T (Al-O-Si) 748 w b 746 w sh 747 ss sh 747 w sh 
R 726-727 s shp 725 s shp 

686 V w sh 

C4 ô Fe3+-Mg-OH " 
5 Fe3+-Fe2+-OH J 

679-680 s shp 681 s shp 681 s shp 681 s shp 

A 603-605 s shp 604 w shp 606 w sh 
A 576 s shp 579 V w b sh ??579 w sh 581 V w b sh 
A 564-566 564 w shp 564 w sh 

C 2 . 4 ~ 550 w sh 551 V w sh 552 w sh 551 w sh 
c ô T (Si-O) 488-492 s shp 494 s shp n.d. 494 s shp 
c ô T (Si-O) 460-462 s b 460 s b n.d. 461 s b 
c 6 T (Si-O) 436-437 s shp 440 s shp n.d. 440 s shp 
A 425 sh 425 w sh n.d. 426 w sh 

Legend: C - celadonite (peak positions and band assignments from Farmer (1974), Odin et al. (1988) and Beran (2002)); R -
rhodochrosite (peak positions from Farmer (1974) and Jones and Jackson (1993)); A - apatite (peak positions of hydroxy- and 
fluorapatite from Farmer (1974)); w.n. - wave number (cm1) ; n.d. - no data due to non-transparency; int. - intensity; s - strong; 
w - weak; v w - very weak; s 1 - sometimes lacking; prof, -profile; shp - sharp; b - broad; sh - shoulder; i - inflection 
': Slonimskaya et al. (1986) 
2: celadonite from Odin et al. (1988), as seen on Fig. 10 of page 355 
3: a very weak shoulder at celadonite C44A in Odin et al. (1988), as seen on Fig. 10 of page 355. This band is assigned to ô Al-
Al-OH in synthetic Mg-Al-celadonite by Velde (1978) 
4: also present in synthetic Mg-Al-celadonite according to Velde (1978) 

microscopy (TEM). The grains in both 
samples are euhedral laths (Fig. 8A), the 
only difference detected is the grain size. 
The length of the laths in sample #H4/1 
is ranging between 2.09-0.09 /xm, the 
width between 1.14-0.05 /xm. Grain size 
distribution is more balanced in sample 
#H3, probably due to its separation 
mechanism (suspension, see above), with 
the grains falling in the lower size range 
of sample #H4/1: lath length is ranging 
between 0.9-0.09 /xm and width between 
0.45-0.06 Jim. 

The two samples were identical in 
their diffraction pattern, too. In the 
SAED pattern of sample #H4/1 (Fig. 
8B) the lack of turbostratic structure 
(typical of illite-lMd and most 
glauconites) is also evident. 

Chemical analysis 
All separation steps were 

documented by full chemical analysis 
(for all the data and a detailed 
discussion see Weiszburg et al., 2004). 
Possible Li content of the green mica 

was checked (applying a different 
digestion method), but was found to be 
only in the trace element range (16-32 
ppm). To check whether goethite has 
a significant manganese substitution 
(i.e. groutite component), as proposed 
by Lantos et al. (2003), the solution 
remaining after goethite removal 
(acetic acid separation branch) has 
also been analysed for Fe- and Mn-
content. 

Chemical formulae of the 
phyllosilicate were calculated from the 
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analyses of samples #A3, #H3 and 
#H4/1 (Tables 3-4). The chemical data 
of sample #A3 indicated the presence 
of some phosphate-bearing phase 
(P 2 0 5 = 0.23 wt%), which has been 
confirmed by infrared spectroscopy, 
referring to apatite. The amount of 
CaO was thus reduced according to the 
P205-content in the analysis #A3 
before the formula calculation. 

Formulae of the green phyllosilicate 
were calculated for 11 O atoms. The 
total amount of Si was assigned to the 
tetrahedral position and A1 was used to 
fill up the remaining tetrahedral sites. 
The rest of Al, together with Fe3+, Fe2+, 
Mg, Ti4+ and Mn2+ filled up the 
octahedral positions. Ti was assigned 
to the phyllosilicate as in case it was 
present in the form of rutile (or other 
T i 0 2 polymorphs) in the ore, it should 
have got separated during the last 
separation step. K, Na and traces of Ca 
were assigned to the interlayer position. 
Loss of ignition was considered as 
water. After the deduction of the water 
amount required by the hydroxy! groups 
of the mica structure about one 
molecule water (p.f.u.) was still left. 
The calculated formulae are presented 
in Table 4. 

A "residue" composition, denoted 
#R was also calculated using the 
chemical data of the untreated sample 
(#URK6K, after the subtraction of 
apatite and pyrite) and the data of the 
sample #H4/1. A linear equation 
system with 7 unknowns was set up: 
certain amounts of MnO, CaO, FeO, 
MgO (carbonate phase), Fe 2 0 3 

(goethite), S i0 2 (quartz) and derived 
ignition loss, corresponding to the 
C02-content of the carbonate phase 

Fig. 7. Infrared patterns of celadonite (#G and #E) and glauconite (#27L and 
#1 ID) from Buckley et al. (1978). It is clear that the infrared spectra of the Úrkút 
green mica (Fig. 5.) are quite similar to the celadonite spectra in the OH-stretching 
region (3400-3700 cm -1), and they differ significantly from the spectra published 
for glauconite. 

and the H20-content of goethite, were 
subtracted from the chemical data of 
sample #URK6K to obtain the oxide 
values of the analysis #H4/1. 

The effect of quartz, a very small 
amount of which was indicated by 
XPD in the "pure" samples (except for 
sample #H3), on the formula of the 
phyllosilicate was also tested. For 
details see Weiszburg et al. (2004). 

The above described consideration 

also allowed an estimation on the 
mineral composition of the studied ore 
sample (Table 5). Thus the composition 
of the ore richest in celadonite is the 
following: celadonite 43 wt%, 
carbonate 41 wt%, goethite 8 wt%, 
quartz 6 wt% and apatite 2 wt% (pyrite 
0.23 wt%). 

The mean composition of the 
carbonate phase(s?) is M n C 0 3 87 wt%, 
CaC0 3 9 wt%, M g C 0 3 3 wt% and 

• - ' 1 

' • » • 
• 4P » • • • 

Fig. 8B. TEM SAED pattern of sample #H4/1. Concentric 
reflection circles (characteristic of illite-lMd and most 
glauconites) are missing. 

i 1 iim 
Fig. 8A. TEM image of sample #H3. The Úrkút green mica 
occurs as well-crystallised laths. 
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Table 3. Chemical analyses of sample #URK6K, #URK6Kca and the derived pure 
phyllosilicate samples #A3, #H3 and #H4/1. Analysts: Bartha, A. and Bertalan, E. 
(Geological Institute of Hungary). Data are given in weight percent, except for the 

sample# #URK6K #URK6Kca #A3 #H3 #H4/1 
bulk rock x X 

separated from 
carbonates X X X 

goethite X X X 

quartz X X 

Si0 2 29.7 53.6 52.9 53.9 
T i0 2 0.08 0.06 0.07 0.09 
AI2O3 1.51 2.18 1 2.53 2.84 
Fe 20 3

2 14.2 15.9 18.7 16.2 
FeO2 1.4 2.2 2.6 2.3 
MnO 21.30 21.26 0.40 0.33 0.28 
CaO 2.97 0.63 0.06 0.06 
MgO 3.41 6.44 7.26 6.46 
N a 2 0 0.07 0.07 0.10 0.22 
K 2 0 4.54 9.59 9.56 9.29 
LOI 18.30 7.31 5.07 6.30 
H2O- 0.40 0 . 0 0 0.84 1.18 
P 2 0 5 0.79 0.23 <0.02 <0.02 
so3 0.30 0.09 <0.02 0.01 
BaO 0.006 0.005 0.005 0.003 
SrO 0 . 0 1 1 0.004 0 . 0 0 1 0 . 0 0 1 

s 98.98 98.73 100.02 99.12 
Fe 2 0 3 (total) 15.7 15.68 18.4 21.6 18.7 
Li [Hg/g] n.d. 16 n.d. n.d. n.d. 
sample weight [g] 3.36 3 0.18 0.79 1.24 

': Low value, probably erroneous measurement. 2: In the case of sample #URK6K, 
the amount of FeO has been determined by titration. Iron and manganese data 
obtained on differently digested portions of the same sample (#URK6K: lithium 
metaborate fusion and #URK6Kca: digestion with concentrated acids) are equal 
within the analytical error. In the case of samples #A3, #H3 and #H4/1, the total 
amount of iron was given only in the form of Fe203 , and that value was divided 
according to Fe : Fe = 14 : 86, a ratio obtained on two independent samples 
(#H2 and #A2) that still contained quartz beside the green phyllosilicate 
(calculated values are shown in italics). 3: total amount of sample subjected to the 
two digestion methods (#URK6K and #URK6Kca). n.d.: not determined. 

FeC0 3 1 wt%. XPD data of sample 
#URK6K shows the presence of only 
one cabonate phase (of calcite 
structure). Its most intensive d ( 1 0 4 ) 

reflection is at 2.86 A. This value is 
slightly higher than that of pure 
rhodochrosite (2.84 A), thus X-ray 
powder diffraction data do not 
contradict chemical data, indicating 
calcium substitution in rhodochrosite. 
FTIR data reveal only one carbonate 
phase, too. 

Based on the analysis of the liquid 
remaining after goethite removal, Mn 
may substitute 5% of Fe in goethite 
(i.e. (Fe0.95Mn0.O5)OOH). 

DISCUSSION 
Chemical composition 

Layer silicates are classified upon 
their chemical composition (Bailey, 
1980, 1986; Rieder et al., 1998). 
Chemistry-based classification is 
especially emphasised in the 1980 
AIPEA classification (Bailey, 1980) 
concerning glauconite and celadonite: 
"Mode of origin is not a criterion, and 
a green fecal pellet in a marine 
sediment that meets the definition for 
celadonite should be called 
celadonite". 

The studied green phyllosilicate 
exhibits a clear dioctaliedral character 
and has high interlayer cation content 
(Table 4). The interlayer cation 
is predominantly potassium, the 
octahedral position is dominated by 
trivalent iron and magnesium and the 
tetrahedral position has only minor 
aluminium content. Based on its 
chemical composition, it is classified 
as celadonite according to the 
three latest classification schemes 
(Bailey, 1980, 1986; Rieder et al., 
1998; Table 6). To compare the 
chemical composition of the studied 
phyllosilicate with that of glauconite 
(series name for interlayer-deficient 
micas) and celadonite (true mica 
species), the compositional fields given 
by the nomenclatures have been 
transformed into a charge diagram 
(Fig. 9). This diagram has three axes 
(T, O, and IL) corresponding to the 
total cationic charges of the tetrahedral, 
octahedral and interlayer positions, 
respectively and can be considered as 
an intersection of the block diagram 
presented in Fig. 1. of Rieder et al. 
(1998) with an V,A1 / (VIA1 + VIFe3+) 
value in the 0-0.5 range. Our analytical 

data meet both the IMA (Rieder et al., 
1998) and the AIPEA (Bailey, 1980, 
1986) criteria (Fig. 9). Formerly 
published chemistry-based formulae 
(Table 7A, B) of this green mica, not 
considering possible impurities, plot 
outside both the glauconite and the 
celadonite fields (Fig. 10), thus 
emphasising the importance of minute 
separation or at least careful data 
processing (Table 7C). 

Water content left after filling up of 
the mica formula is hard to interpret. 
Though in related layer silicates 
(glauconite, illite) more strongly bound 
water of about the here observed 
amounts is common (Földvári, M., 
personal communication, based on 
DTA/DTG data showing loss of 
water between 170-190 °C), in the 

present case neither the FTIR data, 
nor the calculation of the chemical 
formula (no - very few - empty 
interlayer positions available for 
water or H 3 0 + ) support the presence 
of such a high amount of water in the 
structure. 

FTIR and XPD data 
Buckley et al. (1978), studying a 

great number of celadonites and 
glauconites, came to the conclusion 
that these minerals can be 
distinguished by both infrared 
spectroscopy and X-ray powder 
diffraction. The two analytical methods 
have been incorporated in the AIPEA 
nomenclature (Bailey, 1980) as tools 
proper for distinguishing between 
celadonite and glauconite. At the same 
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Table 4. Calculated formulae of the green clay mineral. 
A3 H3 H4/1 R 

IL 
K 0.91 0.89 0.87 0.98 
Na 0.01 0.02 0.03 0.02 
Ca 0.03 0.00 0.01 0.00 
I 0.95 0.91 0.91 1.00 
Xcharge 0.98 0.91 0.92 1.00 
0 
Fe3+ 0.89 1.03 0.90 0.91 
Mg 0.72 0.79 0.71 0.72 
Al 0.19 0.07 0.23 0.19 
Fe2+ 0.14 0.16 0.14 0.14 
Mn 0.03 0.02 0.01 0.02 
Ti 0.00 0.00 0.00 0.01 
I 1.97 2.07 1.99 1.99 
I R 2 + 0.89 0.97 0.86 0.88 
XR 3 + 1.08 1.10 1.13 1.10 
Icharge 5.02 5.24 5.11 5.10 
T 
Si 4.00 3.85 3.97 3.90 
Al 0.00 0.15 0.03 0.10 
Fe3+ 0.00 0.00 0.00 0.00 
S 4.00 4.00 4.00 4.00 
Schärpe 16.00 15.85 15.97 15.90 
O* 10.00 10.00 10.00 10.00 
OH* 2.00 2.00 2.00 2.00 
H 2 0 1.64 0.47 1.10 0.38 
IL: interlayer cation. O: cation in octahedral position. T: 
*: fixed for the calculation. 

time they are not included (and can not 
be included) in the IMA nomenclature 
(Rieder at al., 1998), as it is obvious that 
part of Buckley's glauconites plot in the 
celadonite field of the IMA nomenclature 
(for a detailed discussion of the problem 
see Weiszburg et al., in prep). 

FTIR 
Our infrared spectroscopical data (Table 
2, Fig. 6) agree well with the data 
published earlier for the Úrkút mineral 
by Kaeding et al. (1983), Pápay (1985) 
and Tóth (1990), and are quite similar to 
those published by Buckley et al. (1978) 
(Fig. 7) and others (e.g. Odin et al., 1988) 
for celadonite. 

In the sense of the nomenclature of 
the AIPEA (Bailey, 1980), and based 
upon Buckley et al. (1978), infrared 
spectroscopy has been widely used as a 
reliable method for distinguishing 
between celadonite and glauconite. 
Both minerals have absorption bands at 
similar wavenumbers, but celadonite 
has sharp and distinct peaks in the OH-
stretching region (3400-3700 cm"1) 
while glauconite is characterised by 
less pronounced, broader peaks 
(Fig. 7). The sharpness of the 
absorption bands in the OH-stretching 
region is dependent on the cation 
ordering in the octahedral sheet. This is 
influenced by both the chemistry of the 
octahedral sheet and the tetrahedral AI 
substitution. The 1980 AIPEA 
nomenclature (Bailey, 1980) defines 
the border between the two minerals 
upon the tetrahedral Al substitution, 
the 1986 AIPEA nomenclature (Bailey, 
1986) mainly upon the charge of the 
octahedral sheet, thus the AIPEA 
nomenclatures are somehow coherent 

Table 5. Mineral composition of the 
studied ore sample and mean composition 
of the carbonate phase(s?). 
Clay fraction [weight%l 
green clay mineral 
E carbonate 
goethite 
quartz 
hydroxylapatite 
I 

43 
41 
8 

6 
2 

100 

AIPEA (1986) 

IMA (1998) 

ra 
II 
cc 

• GG 

VZA CG 

CZZ] GC 

EZ5 C0 

• GO 

EEü OG 

G: glauconite 

® C: celadonite 

6 0: not classified 

Fig. 9. Chemical formulae of the Úrkút green mica, plotted on a T-O-IL charge 
diagram. The horizontal axis (£ O, values increasing right) of the diagram displays 
the total octahedral charge, the vertical axis (X IL, values increasing upwards) the 
total interlayer charge while the diagonal axis ( S T , values increasing left 
downwards) the total tetrahedral charge. The total cation charge equals 22 at each 
point of the diagram. TOT layer silicates plot on the right half of the diagram 
(L T < 16, corresponding to max. 4 Si in the 4 tetrahedral positions). Our data plot in 
the CC field, thus the Úrkút green mica is classified as celadonite according to both 
the AIPEA (Bailey, 1980, 1986) and the IMA (Rieder et al., 1998) nomenclatures. 

Carbonate phase(s?) 
M n C 0 3 

C a C 0 3 

MgCOj 
F e C 0 3 

S 

[weight%] 
87 
9 
3 
1 

1 0 0 
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Table 6. Mineralogical definitions of celadonite and glauconite, based on the IMA and the AIPEA nomenclatures. The table 
also contains the corresponding parameters of the studied green clay mineral. All analyses fulfil the celadonite criteria of all 
three nomenclatures. 

CELADONITE GLAUCONITE 
KFe t +(Mg, Fe2+)DSi4O10(OH)2 KO.8R',+ I , 3 3 R 2 + 0 . 6 7 D Alo. 1 3 S Í 3 870]o( OH)2 

IMA 
(Rieder et al., 1998) 

(mica end member *****) 
v iR2 + / (VIRZ+ + VIR3+) > 0.25 
VIA1 / (VIAI + v lFe3+) < 0.5 
Mg / (Mg + VIFe2+) > 0.5 

(series name) 
v iR2 + / (v iR2 + + 
VIAI / (VIA1 + VI 

V , R 3 + )>0 .15 
Fe3+) < 0.5 

KMgFe3+Si4O l 0(OH)2 
1VA1 ( l vFe3+) = 0.0-0.2 

K ( R J + , . 3 3 R Z + 0 . 6 7 ) ( S i 3 . 6 7 A l 0 . 3 3 ) O , 0 ( O H ) 2 
IVA1 ( , vFe3+) > 0.2 * 

AIPEA I IL charge > 0.6 *** R > 1.2* 
(Bailey, 1980) Fe3+ » Al ** 

Mg > Fe2+ ** 
d 060 < 1-510 A and sharp infrared spectra**** d 060 > 1-510 A and broader infrared spectra**** 

AIPEA (Bailey, 1986) S O charge < 5 . 3 E O charge > 5.3; I IL charge = 0. 8 - 0 . 9 
#H4/1 #A3 #H3 #R 

V . R 3 + 1.13 1.08 1.10 1.10 
V . r 2 + / ( V . r 2 + + V 1 r 3 + ) 0.43 0.45 0.47 0.44 
VIAI / (VIA1 + VIFe3+) 0.20 0.18 0.06 0.17 
Mg / (Mg + v lFe2+) 
VIA1 

0.82 
0.23 

0.81 
0.19 

0.81 
0.07 

0.82 
0.19 

v ,Fe3 + 0.90 0.89 1.03 0.91 
Mg 0.71 0.72 0.79 0.72 
v ,Fe2 + 0.14 0.14 0.16 0.14 
,VA1 ( , vFe3+) 0.03 0 . 0 0 0.15 0.10 
X IL charge 0.92 0.98 0.91 1 . 0 0 

£ 0 charge 5.11 5.02 5.24 5.10 
2 T charge 15.97 16.00 15.85 15.97 

*Usually. **Unless altered. ***As defined by the upper limit for smectites. ****Further characteristics of the mineral, based on 
Buckley et al., 1978. *****ln case of the IMA nomenclature, four end-members have been defined for celadonitic micas: 
celadonite, ferroceladonite, aluminoceladonite and ferro-aluminoceladonite. In the first two cases iron is the dominant trivalent 
octahedral cation, while in the others aluminium. Concerning divalent octahedral cations, magnesium dominates in celadonite and 
aluminoceladonite while iron dominates in ferroceladonite and ferro-aluminoceladonite. As the Úrkút green mica is inevitably 
celadonite, the criteria of only this mica have been plotted. 

Table 7A. Formerly published analytical data of the Úrkút green mica. 
Sample # 

Paper 

Analyst 

Vadász 
(1952)1 

Grasselly 

Nagy 
(1955)' 

12 
Szabó-Drubina 

(1962)2 

Jankovits 

4758 4759 
Kaeding et Kaeding et 
al. (1983)3 al. (1983)3 

Dódony 
(1986)3 

187 
Polgári et 
al. (2000)' 

Bittó 

188 
Polgári et 
al. (2000)' 

Bittó 

188a 
Polgári et 
al. (2000)' 

Bittó 
S i0 2 65.34 54.25 50.51 56.10 55.70 - 47.54 47.60 63.72 
T i 0 2 0.21 - 0.53 0.10 0.10 - 0.26 0.10 0.21 
A\2O, 5.00 5.95 4.15 2.60 3.60 - 2.97 3.95 1.78 
Fe 2 0 3 10.09 17.80 16.48 19.10 16.20 - 18.15 17.28 9.48 
FeO 1.78 - 2.05 1.20 1.40 - 1.38 2.42 1.46 
MnO 0.11 0.15 0.13 0.40 0.00 - 1.80 0.09 0.86 
MgO 5.45 6.92 6.96 5.70 6.10 - 7.80 6.14 4.21 
CaO 1.14 1.86 2.40 0.50 0.90 - 2.37 2.75 1.32 
N a 2 0 - 0.00 0.58 - - - 0.09 0.09 0.10 
K2O 5.61 8.40 7.72 7.70 10.10 - 8.45 8.37 4.92 

M n 0 2 - - - - n.d. - 0.00 1.54 3.73 
P 2 0 5 0.40 - 1.09 0.2 0.30 - 1.35 1.69 0.14 
LOI - 5.30 - - - - - - -

H2O+ 3.95 - - 7.3 5.6 - 5.31 6.02 3.98 
H 2 0" 1.85 - - - - - 1.58 1.14 0.64 
co2 - - 0.07 - - - 0.27 0.20 2.50 

S - - - - - - 0.53 0.58 0.04 
Total 100.93 100.63 92.67 100.90 100.00 - 99.85 99.96 99.09 

J •) -i 
: For sample location see Table 1. : Bluish green clay, Shaft I, sample #12 in Table 8 of Szabo-Drubina (1962). : No data on the 

exact location of the sample. 
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Table 7B. Formulae calculated by the authors of the original papers. 
Sample 

Paper 
Vadász 
(1952) 

Nagy 
(1955) 

#12 
Szabó-Drubina 

(1962) 

#4758 
Kaeding et 
al. (1983) 

#4759 
Kaeding et 
al. (1983) 

Dódony 
(1986) 

#187 
Polgári et 
al. (2000) 

#188 
Polgári et 
al. (2000) 

#188a 
Polgári et 
al. (2000) 

Analyst Grasselly Jankovits Bittó Bittó Bittó 
Ref . to Fig. 10 1 2 3 4 5 6 7 8 9 
IL 
K 
Na 
Ca 
£ 
£ charge 

Al 
Mg 
Fe £ 

£ charge 
T 
Si 4.03 3.99 4 3.64 3.76 4.47 
Al 0 . 0 1 0 0.27 0.24 0 
O 10.00 10.00 10 10 10 10 
OH 2.00 2.00 2 2 2 2 
£ 4.03 4.00 4.00 3.91 4.00 4.47 
£ charge 16.10 15.97 16.00 15.37 15.76 17.88 
I ca t ion c h a r g e 22.05 21.95 22.00 21.69 21.94 21.53 

0.70 0.92 

0.04 0.07 
0.74 0.99 
0.77 1.05 

0.725 0.826 
0 

0 0.19 
0.725 1.02 
0.725 1.21 

0.844 0.44 

0.23 0.099 
1.07 0.54 
1.30 0.64 

1.03 0.87 0 
0.25 0.29 1.275 
0.61 0.65 0.725 
0.07 0.08 0 
1.95 1.89 2.00 
5.18 4.93 5.275 

1.05 0.91 0.5 
0 0.13 0.15 

0.89 0.72 0.44 
0.09 0.16 0.09 
2.03 1.92 1.18 
5.11 4.88 3.01 

Table 7C. Recalculated formulae of the formerly published analytical data (Table 7 A), after the subtraction of the 'impurities' indicated. 
Sample 

Paper 

Analyst 

Vadász 
(1952) 

Grasselly 

Nagy 
(1955) 

#12 
Szabó-Drubina 

(1962) 
Jankovits 

#4758 
Kaeding et 
al. (1983) 

#4759 
Kaeding et 
al. (1983) 

Dódony 
(1986) 

#187 
Polgári et 
al. (2000) 

Bittó 

#188 
Polgári et 
al. (2000) 

Bittó 

#188a 
Polgári et 
al. (2000) 

Bittó 
Ref . t o Fig. 10 1 2 3 4 5 6 7 8 9 
IL 
K 
Na 
Ca 
£ 
£ charge 

0.63 
0.00 
0.06 
0.69 
0.74 

0.77 
0.00 
0.00 
0.77 
0.77 

0.74 
0.08 
0.08 
0.90 
0.98 

0.73 
0.00 
0.02 
0.75 
0.77 

0.92 
0.00 
0.04 
0.96 
1.00 

0.84 
0.01 
0.05 
0.90 
0.95 

0.85 
0.01 
0.03 
0.89 
0.92 

0.85 
0.03 
0.00 
0.88 
0.88 

O 
Fe3+ 

Al 
Mg 
Fe2+ 

Mn 
Ti 
£ 
£ charge 

0.67 
0.50 
0.71 
0.13 
0.01 
0.01 
2.04 
5.27 

0.82 
0.38 
0.74 
0.13 
0.01 
0.00 
2.08 
5.36 

0.93 
0.16 
0.78 
0.13 
0.00 
0.03 
2.04 
5.22 

1.07 
0.19 
0.63 
0.07 
0.00 
0.01 
2.00 
5.27 

0.87 
0.30 
0.65 
0.08 
0.00 
0.01 
1.91 
5.01 

-

1.06 
0.00 
0.91 
0.05 
0.09 
0.02 
2.12 
5.33 

1.03 
0.16 
0.73 
0.12 
0.00 
0.00 
2.05 
5.30 

0.97 
0.20 
0.65 
0.16 
0.00 
0.02 
2.00 
5.21 

T 
Si 
Al 
Fe3+ 

£ 
£ charge 

3.98 
0.02 
0.00 
4.00 
15.98 

3.88 
0.12 
0.00 
4.00 
15.88 

3.80 
0.20 
0.00 
4.00 
15.80 

3.96 
0.04 
0.00 
4.00 
15.96 

3.99 
0.01 
0.00 
4.00 
15.99 

-

3.71 
0.27 
0.01 
4.00 
15.71 

3.79 
0.21 
0.00 
4.00 
15.79 

3.91 
0.09 
0.00 
4.00 
15.91 

£ cat. charge 
H , 0 

22.00 
0.30 

22.00 
0.19 

22.00 22.00 
1.62 

22.00 
0.67 

- 22.00 
0.72 

22.00 
1.13 

22.00 
1.60 

Corrected bv iwt%l 
hvdroxvlapatite 
CaCO, 
MgCO, 
MnCO, 
quartz 
pvrite 

0.95 
0 . 0 0 

0 . 0 0 

0 . 0 0 

20.00 
0 . 0 0 

0 . 0 0 

3.32 
0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

2.57 
0 . 0 0 

0 . 0 0 

0.18 
0 . 0 0 

0 . 0 0 

0.48 
0 . 0 0 

0 . 0 0 

0 . 0 0 

3.00 
0 . 0 0 

0.71 
0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

-

3.21 
0 . 0 0 

0 . 0 0 

0.71 
0 . 0 0 

0.99 

4.02 
0.33 
0 . 0 0 

0.15 
0 . 0 0 

1.09 

0.33 
2.02 
2.07 
1.39 

35.00 
0.08 
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Fig. 10. Formerly published chemical formulae (numbered triangles) of the Úrkút celadonite and chemical formulae 
recalculated from the formerly published analytical data (numbered crosses), plotted on a T-O-IL charge diagram. Numbers 
refer to the publications: 1: Vadász (1952); 2: Nagy (1955); 3: Szabó-Drubina (1962); 4: Kaeding et al. (1983), sample #4758; 
5: Kaeding et al. (1983), sample #4759; 6: Dódony (1986), based on crystallochemical calculations (1986); 7: Polgári et al. 
(2000), sample #187; 8: Polgári et al. (2000), sample #188; 9: Polgári et al. (2000), sample #188a. 
Triangles of the formerly published formulae evolve from the fact that the total cationic charge of the mineral differs from 22 
while the formula is calculated for 11 O atoms, i.e. - 2 2 negative charge (The length of the perpendicular sides of the triangle 
equals the discrepancy between the total cationic charge and the theoretical value 22). 
All formerly published formulae (except for that of Dódony, 1986) plot outside the charge field accepted for TOT layer 
silicates with monovalent interlayer cation (tetrahedral charge = 15-16, interlayer charge < 1 and octahedral charge = 5-6) . 
Sometimes really small corrections (e.g. subtraction of small amounts of apatite or carbonates according to the P 2 0 5 and C0 2 -
contents, respectively) are sufficient to get formulae that are in accordance with the supposed TOT structure. 
Concerning the corrected formulae, 5 (out of 8) formulae (No. 3, 5, 7, 8 and 9) plot in the celadonite compositional field of the 
IMA nomenclature (Rieder et al, 1988), while 7 (No. 1, 2, 3, 4. 5, 6 and 9) and another 7 (1, 3 ,4 , 5, 6, 8 and 9) formulae plot in 
the celadonite field of the two AIPEA nomenclatures (Bailey, 1980, 1986). 3 formulae (3, 5 and 9) are classified as celadonite 
in all three nomenclatures. 

A I P E A ( 1 9 8 6 ) 

I M A ( 1 9 9 8 ) 

1 
mm cc 

with the infrared spectroscopical data of the literature (e.g. 
Buckley et al., 1978; Odin, 1988). The IMA nomenclature 
(Rieder et al., 1998), on the other side, differentiates between 
the two minerals upon the interlayer content, suggesting that 
celadonites and glauconites can have similar tetrahedral Al 
substitution, similar VIR2+ / VIR3+ ratio and consequently, 
similar grade of ordering in the octahedral sheet and similar 
infrared pattern shapes. These different approaches may lead 
to confusion in the case of (1) Fe3+-rich dioctahedral micas 
on the far right side of the celadonite field of the IMA 
nomenclature (see Fig. 9 and Fig. 10), i.e. celadonites with 
significant tetrahedral Al-substitution and viR2+ / N 'R3+ ratio 
considerably smaller than 1; (2) Fe3+-rich dioctahedral micas 
on the left side of the glauconite field of the IMA 

nomenclature, i.e. glauconites with small or no tetrahedral Al-
substitution. Fortunately, the studied green clay from Úrkút does 
not plot in these problematic regions of the diagram, so in this 
case Buckley's IR criteria can be applied. 

XPD 
The symmetric, for glycolation not responding 001 XPD 

reflections suggest the absence of swelling component in mica. 
Our measurement gave the d06o spacing of the Úrkút 

green phyllosilicate to be 1.510 ± 0.001 A. These values are 
close to, but slightly higher than the data formerly given on 
this mineral (Tóth, 1985, 1990; d05o between 1.507-1.509 A). 

Buckley et al. (1978) supposed an almost linear 
relationship between the octahedral Fe3+-content of the 
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do6ü ( Á ) 
— T h e Úrkút green phyllosilicate 

• Celadonites 
• Glauconites 
• Mixed-layered celadonite 
° Mixed-lavered glauconites 

1.522 — 

1.520 — 

1.518 -

1.516 -

1.514 -

1.512 -

1.510 — 

1.508 — 

»27L 

111)" 

. % 

•E 
T 

0.6 0.8 1.0 1.2 

Octahedral Fe 

1 1 T 
1.4 1.6 1.8 

3+ 

Fig. 11. Relationship between the octahedral Fe ,+-content and the d06o reflection of 
celadonites and glauconites, as presented by Buckley et al. (1978). #E and #G are 
celadonites while #11D and #27L are glauconites (their IR spectra are shown on 
Fig. 7). Data of the Úrkút green phyllosilicate are shown with error bar. Together 
with sample #G of Buckley et al. (1978), the infrared spectra of which was 
presented as typical for celadonite, the Úrkút green phyllosilicate plots exactly on 
the celadonite-glauconite border, as defined by Buckley et al. (1978) and 
incorporated in the AIPEA nomenclature by Bailey (1980). 

phyllosilicate and the do«) spacing, and 
suggested that the phyllosilicate is 
celadonite if the d06o < 1.51 Á and 
glauconite if do6o>l-51Á. The 
1.510 A do6o value was given as a 
discriminating value by the AIPEA 
nomenclature (Bailey, 1980). 

The IMA nomenclature (Rieder et 
al., 1998) does not deal with the 
applicability of any simple and 
practical XPD parameter for that 
discrimination, moreover, it is clear 
that the IL occupancy should not be in 
direct relationship with the d06o spacing 
in the mica structure. 

Fig. 11 shows that the d0&o value of 
the Úrkút green mica plots right into 
the empty celadonite-glauconite border 
zone of Buckley et al. (1978). This 
observation suggests that there are 
cases when X-ray powder diffraction 
data can not be used so clearly for the 
discrimination between celadonite and 
glauconite, even in the AIPEA 
nomenclature system. 

ASPECTS OF GENESIS 
The findings from TEM 

investigations, namely that the mineral 
is predominantly an 1M polytype 
(Dódony, 1986), occurs as euhedral 
laths, exhibits no signs of turbostratic 
structure, together with the lack of 
swelling components and the high 
interlayer-content suggest that the 
studied mineral is a well-crystallised 
true mica formed by primary 
precipitation. 

Our results contradict the opinion 
of Varentsov et al. (1988), who 
explained the formation of the "1M 
celadonite-type Fe-mica" by 
transformation from Fe-smectites 
during early diagenetic processes. 

A problem is rising, however, from 
this mica being celadonite: the lack of 
volcanic rocks is a strong discrepancy 
between the Úrkút occurence and the 
known occurrences of celadonite-CC 
(celadonite in the sense of CC in Fig. 9 
and Fig. 10; for further details see 
Weiszburg et al., in prep.). Celadonite-
CC has only been observed in intimate 
association with basic volcanic rocks 
so far (Buckley et al„ 1978; Odom, 
1984; Odin et al„ 1988). It has been 
described from oceanic basalts as (1) 
vesicle fillings (vesicle diameter 0 .1-
15 mm); (2) replacement of 
phenocrysts like olivine, pyroxene and 
plagioclase and even the groundmass 

of volcanic rocks; (3) diffuse 
celadonite in tuffs and altered lava 
flows; (4) films e.g. around voids filled 
with zeolites and calcite; (5) veins, 
fissures and lenses filled by 
celadonite—CC, with veins and fissures 
sometimes even having a thickness of 
tens of centimeters (Odin et al., 1988). 
Odin et al. (1988) suggest that 
celadonite is a synsedimentary-early 
diagenetic mineral that is formed from 
low-temperature interstitial waters of 
marine origin that became enriched in 
ions while circulating through a 
basaltic rockpile. From oxygen isotopic 
data the formation temperature of 
celadonite-CC is estimated to range 
between 50 °C and the temperature of 
seawater. Basic rocks are thus 
supposed to play an important role in 
celadonite genesis both as the source of 
cations and the host rock or substrate 
of the mineral. 

The Úrkút manganese ore, in 
contrast, was formed in a sedimentary 

environment and no Toarcian volcanic-
rocks have been reported from the area. 
Celadonite-CC occurs as a constituent 
of the clay-sized ore material and its 
proportion varies widely in the ore 
bands. Kaeding et al. (1983), 
considering the absence of altered 
eruptive rocks, assumed that celadonite 
could have precipitated from 
hydrothermally modified sea- or 
porewater in a way similar to the 
accompanying montmorillonites i.e. by 
adsorption of silica onto the surface of 
iron oxyhydroxides and mixed Fe-AI 
gels. In their interpretation, seawater 
becomes rich in CO2 due to volcanism 
and is thus able to mobilise and 
transport elements far away from the 
source volcanic rocks. In the model of 
Kaeding et al. (1983), the rocks that 
form the ion-rich solutions and the 
minerals that precipitate from these 
solutions are spatially separated; the 
model solves the problem of the lack of 
volcanic rocks and is otherwise close 
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to the genetic picture outlined by Odin et al. (1988) for 
celadonite. Similar approach has been adapted for the 
problem of lack of volcanic rocks by Polgári et al. (2000), 
while Lantos et al. (2003) implies that fine particulate matter 
(remnants of a basaltic sequence) was transported into the 
anoxic deep to form the base material of the ore. 

Manganese-bearing Toarcian black shales are widespread 
in the Alpine Europe and represent the world-wide 
significant Toarcian Oceanic Anoxic Event (Jenkyns, 1988; 
Jenkyns et al., 1991). As pointed out by Jenkyns et al. 
(1991), the formation of an extended oxygen minimum layer 
can lead to a significant enrichment of manganese in the sea 
water and thus it is not necessary to assume a volcanogenic 
source of this metal in these shales, though it might be 
supposed at ore grade enrichment. According to the authors 
of the present paper, it is exactly the presence of well-
ordered 1M polytype celadonite (together with the unique 
enrichment of manganese among the Toarcian Mn-bearing 
black shales of Europe) that suggests volcanogenic 
contribution to the genesis of the Úrkút manganese ore. 

The present genetic interpretation of the Úrkút celadonite, 
as a precipitate syngenetic with the embedding ore, would 
indicate a Toarcian age for that mineral. The only 
radiometric data available, 151±6 and 166±7 Ma (Grasselly 
et al., 1994), show clearly younger ages by about 20-30 Ma. 
A similar situation was observed by Odin et al. (1988) for 
celadonite in a Toarcian basaltic sequence in Teruel, Spain, 
where the apparent age of celadonite was 147.7±3.0 (Rb-Sr) 
and 153±6 (K-Ar) Ma. When explaining the age misfit in the 
basaltic complex of Teruel, Odin et al. (1988) had to 
calculate with both real (postgenetic alteration of the basalt) 
and artificial (Ar release) causes. The undisturbed 
sedimentary record in Úrkút, embedding celadonite, without 
known primary volcanic rocks, reduces very much the space 
for a postgenetic effects-based interpretation of the younger 
age. A more detailed discussion of the age issues will be 
published elsewhere. 

It is important to note that green peloids and elongated, 
platy green grains much resembling to glauconite grains have 
also been reported from the manganese carbonate ore under 
the term glauconite (Szabó-Drubina, 1957, 1959, 1962). 
Polgári et al. (2003) pointed out that these grains were 
originally not studied by any relevant analytical technique, 
thus they can be called only glaucony. Pekker et al. (2003), 
studying the insoluble fraction of the limestone formation 
overlying the manganese ore in Úrkút found green rounded 
grains, resembling somewhat to glauconite grains. These 
grains could not be determined properly, but their chemical 
composition (based on SEM+EDX measurements) excludes the 
celadonite-glauconite series and suggests them to be a mixture 
of iron-oxides(s) and some kind of oxidised chlorite, or 
chemically related substance. As a closing of the "glauconite-
issue" in Úrkút, we can state, that for the moment there is not 
a single proved observation that would indicate the presence 
of a second type of green mica in Úrkút beside celadonite. 

CONCLUSIONS 
By studying a pure separate of the 10-Á phyllosilicate of 

the Toarcian Úrkút manganese carbonate ore, obtained by a 
three-step separation procedure, it has been unambiguously 
proved that the dominant, colour-giving green clay mineral 
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of the ore is not glauconite, but well-crystallised celadonite 
(celadonite-CC, Weiszburg et al. in prep), that was formed 
by primary precipitation. 

Though the Úrkút occurrence differs from the known 
celadonite occurrences in that it is not found in direct 
association with submarine basic volcanic rocks, the authors 
of this paper consider its presence in the ore as an evidence 
for volcanic contribution to the ore genesis. 

Based on X-ray powder diffraction data of the Úrkút 
celadonite, doubts have been risen concerning the general 
applicability of the d06o spacing as a distinguishing feature 
between glauconite and celadonite (in the sense of AIPEA; 
Bailey, 1980) and thus review of the method suggested by 
Buckley et al. (1978) and accepted by Bailey (1980) is 
proposed. 
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