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Graphitization of carbon matter during metamorphism of Western Carpathians rocks

The crystallinity of graphite indicates the metamorphic grade in the wide range of tempera-
tures with the advantage that successive lower-temperature metamorphic processes did not
change already obtained crystal structure of graphite. It allows determining of the highest
temperature of graphite crystallization also in the case with polymetamorphic phase relations.

The temperatures of graphite crystallization were investigated and compared with known
petrological data in the case of high temperature graphitic quartzite from the crystalline
basement of Veporicum (localities Muran and Kokava nad Rimavicou-Hrabina; Veporské
vrchy Mts.), the medium-temperature (upper part of greenschists facies to amphibolite facies)
cataclased micaschist to paragneiss from the crystalline basement of Tatricum (Cavoj-Gapel and
Brezno-Kozlovo, Nizke Tatry Mts.) and low-temperature (greenschists facies) graphitic phyllite
from localities Pezinok-Sirkova and Trojarova (Tatricum; Malé Karpaty Mts.), as well as locality
Rudnany-Zlatnik (Gemericum, the Spi§-Gemer Ore Mts.).

The research based on X-ray diffraction analysis observed structural parameters and
crystallinity of graphite, being determined by the measured ratio coefficient of intensities of the
crystal planes in X-ray diffraction record d = 0.1158 nm to d = 0.1232 nm. This method was
well complemented by finding of their thermic stability using DTA-TGA and loss by ignition at

temperatures characteristic for metamorphic grades.
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Uvod

Castou sucastou sedimentov je organickd substancia.
Pri metamorfnych procesoch citlivejSie reaguje na zmeny
teploty nez iné anorganické mineraly, a preto je dobrym
indikatorom zmeny teplotnych podmienok metamorfézy.

Pri progradnej metamorféze sa s rastom teploty
aromatizuje organicka hmota pri su¢asnej strate prchavych
zloziek. Z pévodnej amorfnej hmoty (fazy) vznikaju krysStality
a spociatku ich tvoria subparalelne usporiadané planarne
Struktury. Velkost kryStalitov s rastucou teplotou rastie
a zaroven sa znizuje vzdialenost medzi nimi. Subparaléine
plochy sa stavaju bazalnou rovinou 002 grafitu s medzi-
rovinnou vzdialenostou d = 0,335 nm. ZniZovanie medzi-
rovinnej vzdialenosti (d) a rast krystalitov (L) sa da vyuzit
pri uréovani rozhrania medzi sedimentmi a metamorfitmi,
a hlavne na indikaciu teploty metamorfnej rekrystalizacie.
Podmienkou pouzitia grafitu ako indikatora teploty
metamorfézy je teda primarna pritomnost uhlika v hornine.

Lokalizacia vzoriek a vysledky skorsej termometrie

Stupen krystalizacie grafitu sme skumali na vzorkach
vysokoteplotne, strednoteplotne a nizkoteplotne
metamorfnych hornin, t. j. hornin amfibolitovej facie a facie
zelenych bridlic. Ziskani maximalnu teplotu krystalizacie
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grafitu sme v pripade jednotlivych vzoriek porovnavali
s publikovanymi termometrickymi udajmi z regiénov
a litotektonickych jednotiek, z ktorych vzorky pochadzali.
Vysokoteplotni metamorfézu reprezentovali vzorky
grafitickych kvarcitov odobrané z lokality Muran (MT)
a Kokava nad Rimavicou—Hrabina (KR; obr. 1). Vzorka
z katastralneho uzemia Murana (MT) sa odobrala 5 km
na JZ od obce v okoli kéty 978 m a z lokality Kokava nad
Rimavicou—Hrabina (KR) v priestore Hrabiny 2,5 km na SZ
od Kokavy nad Rimavicou nedaleko magnezitového lozis-
ka. Vzorky boli z kontaktu variskych hybridnych granitoidov
a migmatitov s horninami spodnopaleozoického komplexu
biotiticko-granatickych rul veporika. Teplotnu charakteristiku
metamorfézy kohutskej zény veporika, z ktorej pochadzali
vzorky, ktoré sme skumali, uz skor skumal Vrana (1964,
1980), Méres a Hovorka (1991), Kovacik (1993, 1996), Kori-
kovskij et al. (1989) a Vozarova (1990). Prehlad teplotnych
charakteristik viacstadialneho metamorfného procesu
v skimanej oblasti prehladne podava aj monografia Krista
et al. (1992) a sumarizuje ich Bezak (in Petro, 1998)
— 650-700 °C pri hercynskom vyvoji s vysokostupfiovymi
podmienkami (lokdlna migmatitizacia) a maximalne 400 °C
pri alpinskom procese (tektonizacia, mylonitové zény).
Vznikom magnetitovo-grafitovej mineralizacie pri Kokave
nad Rimavicou sa novsie zaoberal Radvanec (2000; 400—
600 °C) a diskutoval o iom Kovacik (2000) a Dyda (2000).
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Strednoteplotnu (mezozonalnu) metamorfézu repre-
zentuju vzorky z lokality Cavoj-Gapel (VCS) a Brezno-
-Kozlovo (BK; tatrikum; obr. 1). Vzorka z Cavoja-Gapla bola
z vrtu VCS—1 a reprezentuje kataklazovany svor az pararulu.
Vzorka z Brezna-Kozlova bola odobrana z Kozlova 250 m na
SV od Zelezni€nej trate Rohozna — Bujakovo v kamenolome.
Reprezentuje mylonitizovany kvarciticky svor kontaktne
postihnuty intrdziou biotickych granodioritov az granitov
a hybridnych granitoidov az migmatitov. Skorsi vyskum
izotopického zlozenia grafitov (Molak et al., 1989) indikoval
ich organicky pévod a to, ze horniny neprekrogili stredny
stupen metamorfdzy (l. c.). Paragenéza metamorfovanych
minerdlov biotit + plagioklas + muskovit indikovala pomerne
Siroky teplotny rozsah metamorfného procesu (Klinec et al. in
Biely et al., 1997). Na zéklade zachovania sedimentarnych
textur, nizkej bazicity plagioklasov (oligoklas) a stupna krys-
talinity organickej hmoty autori (I. c.) predpokladaju najvyssi
stupefl premeny na rozhrani biotitovej zény facie zelenych
bridlic a spodnej ¢asti amfibolitove] facie (450-550 °C).

Nizkoteplotnu (epizonalnu) metamorfézu z tatrika
zastupuju vzorky odobrané z Malych Karpéat — zo §télne
Sirkova a Trojarova z oblasti Pezinka (C a PVC), ako aj
z gemerika z lokality Rudnany-Zlatnik (ZL; obr. 1). Vzorky
reprezentuju grafitické fylity.

Vzorky z Malych Karpat su z tzv. produktivnych (mine-
ralizovanych) zén a reprezentuju spodnu ¢ast vulkanicko-
-sedimentarnej formacie B v rdmci perneckej sekvencie
(Puti$ et al., 2004). Pri skorSom termoanalytickom Studiu
¢iernych bridlic tychto produktivnych zén (Andra$ a Horvath,
1985) sa za pomoci DTA zistilo, ze je pre ne typicky inten-
zivny exotermicky vrchol uhlikatej hmoty pri teplote 540—
560 °C. Geotermometricka analyza fazovych vztahov tychto
kry&talickych bridlic viacerych autorov potvrdila teplotny
rozsah metamorfnych reakcii 350-600 °C (Cambel et al.,
1990). Podla Kleinartovej (1975), ktora Studovala organicku
hmotu bridlic kryStalinika Malych Karpat, iSlo o uholnu
substanciu blizku antracitu (95 %) s primesou bitimenov
(4-5 %) a huminov (0—1 %).

Mineralia Slovaca, 40 (2008)

Lokalizacia grafitickej bridlice z lokality Rudnany-Zlatnik
je Jama Zlatnik — 10. horizont, smerna chodba, podlozie
kalcitovej zily. Kalcitova zila sa vyvinula v tektonickom
kontakte v nadlozi €iernych bridlic a v podlozi rulovo-
-amfibolitového komplexu. Metamorféza paleozoickych
hornin gemerika sa vSeobecne povazuje za nizku, nepre-
kracujucu 400-460 °C (Faryad, 1991). Rulovo-amfibolitovy
komplex sa intenzivne petrologicky skumal v poslednych
dvoch dekadach 20. storoCia (DianiSka a Grecula, 1979;
Hovorka a SpiSiak, 1981; SpiSiak a Hovorka, 1985; Faryad,
1986). V poslednom obdobi sa zistilo, Ze metamorféza
v amfibolitovej facii v rudnianskom rudnom rajéne, v ktorom
je aj kalcitova zila, miestami viedla az k lokalnemu taveniu
so vznikom biotitového granitu (Radvanec, 1994).

Metodika vyskumu

Vzorky boli podrvené v ¢elustovom drvi¢i a potom
pomleté vo valcovom mlyne na frakciu pod 0,020 mm. Grafit
sa separoval postupnym chemickym rozpustanim mine-
ralov horniny. Pre koincidenciu reflexu d = 0,335 nm grafitu
a kremena bolo nevyhnutné dokonale odstranit kremen
ako bezny mineral horniny. MenSie mnozstvo akcesoric-
kych a €asto zastupenych mineralov pyritu, rutilu, zirkénu,
turmalinu a pod. neznizovalo pouzitelnost metodiky.

Chemicku separéaciu grafitu tvoria nasledujuce
operacie:

— odstranenie karbonatov v zriedenej HCI (1 : 2)
zohriatej na 80 °C poc¢as 60 minut

— odstranenie silikatov a kremena v zmesi 6M kyseliny
chlorovodikovej a koncentrovanej kyseliny fluorovodikovej
(1 : 3) pri laboratdrnej teplote

— odstranenie sekundarnych fluoridov 6M kyselinou
chlorovodikovou alebo 0,1 M chloridom hlinitym pocas
Siestich hodin

Medzi jednotlivymi postupmi bolo niekolkonasobné
premyvanie destilovanou vodou teplou 70 °C. Ziskany
vysokokvalitny koncentrat grafitu sa skumal rtg. difrakénou
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Obr. 1. Lokalizacia skimanych vzoriek s vy-

Kokava nad Rimavicou
Hrabina
KR1=855°C
KR2 = 860 °C

jadrenim maximalnej zistenej teploty krystalizacie
grafitu.

Fig. 1. Sampling sites with maximum registered
temperatures of graphite crystallization.
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Obr. 2. Celkovy pohlad na monokrystaly grafitu. Lokalita Muran,
vzorka MT-1. Transmisny elektronovy mikroskop.

Fig. 2. General view on graphite monocrystals. Locality Muran,
sample MT-1. TEM.

a termickou analyzou (DTA-VTA). Rtg. difrakéna analyza
vyuziva zmenu usporiadania grafitovej Struktury. Landis
(1971), Grew (1974) a Bluman et al. (1974) pouzivali hodnoty
medzirovinnej Strukturnej vzdialenosti doz) = 0,335-0,336
nm na zistovanie teploty rekrystalizacie organickej hmoty
a na zaradenie skimanych hornin do metamorfnych facii.
Na moznost vyuzivat hexagonalnu modifikaciu ako termo-
meter upozornil Sengelia etal. (1977), ktori experimentalne
rOntgenograficky aj termograficky prestudovali spravanie
prirodného grafitu z metamorfnych hornin v teplothom
intervale 300—850 °C a konstatovali, Ze sa zvySovanim
teploty zakonite zmenSuje mriezkovy parameter ,c* grafitu
vrozsahuod0,6742do 0,6684 nm.Bluman etal.(1974) zistili,
ze v polymetamorfovanych hornindch aj po nasledujucej
retrogradnej metamorféze zostava Strukturny stav grafitu
nadobudnuty pri progradnej metamorféze. Zadsadnym bolo
zistenie Landisa (1971), ze stupen grafitizacie uhlikatych
latok zavisi iba od teploty metamorfézy a ze tlak ma iba
podradnu dlohu. Podobne Bluman et al. (1974) potvrdili, ze
tlak 200—600 MPa nema vplyv na Struktdrnu zmenu grafitu.
Metodiku uréovania zakladnych Strukturnych vlastnosti
grafitu opisala Volkova (1990) a vyuzila nasledujuce
parametre: dgp — medzirovinna Strukturna vzdialenost,
velkost krystalitov v smere osi ¢ (L;) a osi a (L), P — podiel
chaoticky orientovanych vrstiev v krystalitoch, M — stredna
hodnota grafitu v krystalitoch. Ta ista autorka (1. c.) vy¢lenila
tri typy uhlikatej hmoty:

— prvy, s dggs = 0,3354-0,3376 nm, P = 0-0,5, M > 100,
je grafit

— druhy, s dgy, = 0,3376-0,344 nm, P = 0,5-1,0, M =
15-30, je uhlikata latka s priznakmi pociatocnej grafitizacie

— treti, s dgopp = 0,344 nm, P = 1, M = 5-10, je uholna
hmota

Vyskumom nasich vzoriek sme zistili, ze stupen
grafitizacie zodpoveda pomeru intenzit uvedenych reflexov
dy2 = 0,1158 k dyi9 = 0,1232 nm. l415/1459 reprezentuje
stupeni grafitizacie a zaroven pravdepodobne aj teplotny
stupel metamorfézy. Termicka analyza (DTA-VTA)
dobre dopifia vysledky rtg. difrakénych analyz indikaciou
stupha a teploty grafitizacie uhlikatej hmoty. Tato metéda
sa da dobre pouzit pri koexistencii dvoch krystalickych
modifikacii prejavujucich sa bimodalitou kriviek DTA-

MT-1. Transmisny elektronovy mikroskop.

Fig. 3. Detail of the graphite crystal morphology. Locality Muran,
sample MT-1. TEM.

VTA. DTA-VTA metdda je vyhodna pre faciu albitovo-
-epidotickych amfibolitov, pri ktorej sa indikuje hranica
zmeny kryptokrystalického grafitu na krystalicky. Rtg.
difrakénou analyzou sa identifikuje iba vySSia krystalicka
forma grafitu, t. j. grafit s vy§Sou kryStalinitou.

Mineralogicka charakteristika vzoriek grafitu

Separaciou sme ziskali koncentraty grafitu s Cistotou
97-99 %. Koncentraty sa podrobili rtg. difrakénej a ter-
mickej analyze (DTA-VTA), ako aj pozorovaniu v transmis-
nom elektrénovom mikroskope. Dopinkovou metédou bolo
zihanie grafitu do 500, 500-700 a 700—1000 °C v peci.

Grafit vysokoteplotného stupria metamorfézy (lok. Muran
a Kokava nad Rimavicou-Hrabina) ma monokrystalicky
idiomorfny tvar (obr. 2 a 3). Monokrystaly su velké 0,02-0,63
mm, priemerne 0,09-0,13 mm. Rtg. difrakénou analyzou gra-
fitu sme zistili kryStalovu Struktdru blizku dokonalej teoretickej.
Rtg. difraktogramy maji maximalne mnozstvo jestvujucich
reflexov podla rtg. Standardu JCPDS'74. Zakladny reflex dgg,
=0,3354 nm je ostry a symetricky a intenzita dalSieho reflexu
d = 0,168 nm | = 47. Velkost zakladnych parametrov krystalitov
je L, =35,5-36,0 nm a L, = 12,2—14,7 nm (v zmysle Volkovej,
1990). Stupen trojrozmerného usporiadania zodpovedajuci
stupnu grafitizacie je 1,54-1,66. Vzorky teda obsahovali
vysokokrystalicky grafit (tab. 1). Termicka analyza grafitu (DTA)
sa vyznacCovala exotermou s pociatkom pri 615, vrcholom
pri 860-870 a ukon&enim exotermického vrcholu pri 970 °C
(tab. 2). Laboratérnym sledovanim klasickej straty zihanim
grafitu do 500 °C bola pomerna strata hmotnosti 0 %, pri
500-700 °C 33-41 % a pri 700—1000 °C 59-67 % (tab. 3).

Grafit strednoteplotného stupna metamorfozy (lokalita
Cavoj-Gapel a Brezno-Kozlovo) ma monokrystaly hypidio-
morfného az xenomorfného tvaru. Monokrystaly su hrubSie,
tvoria skor subor Supinatych agregatov (obr. 4), velké 0,009—
0,020 mm, priemerne okolo 0,01 mm. Rtg. difrakénou analy-
zou sa zistila kryStalova Struktura grafitu s hlavnym reflexom
doe2 = 0,336 nm. Intenzita dalSieho ostrého a symetrického
reflexu d = 0,168 nm bola | = 5-15, ¢o indikovalo dobru
krystalinitu grafitu. Velkost zakladnych parametrov krystalitov
L. je 34,0-36,3 nm, L, 8,5-11,8 nm a stuperfi trojrozmerného
usporiadania priblizne 1,05. Vzorka Brezno-Kozlovo (BK)
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Tab. 1
Zakladné Strukturne parametre grafitu stanovené rtg. difrakénou analyzou
Principal structural parameters of graphite determined by X-ray diffraction analysis

Stupen metamorfézy Oznag. vzorky Z&kladné Strukturne parametre — Principal structural parameters
Metamorph. grade Sample design.  dgoz) (NM) l004) L (nm) L, (nm) La12y/L110)
vysokoteplotny MT 0,3354 53 36 12,2 1,66
high-temperature KR 0,3354 47 35,5 14,7 1,54
strednoteplotny BK 0,336 15 36,3 8,5 1,57
medium-temperature VCS 0,336 10 34 11,8 1,05
nizkoteplotny C 0,34 0 0 0 0
low-temperature ZL 0,34 0 0 0 0

Tab. 2

Termicka stabilita grafitu stanovena pomocou DTA-VTA (derivatograf)
Thermic stability of graphite determined by DTA-TGA (derivatograph)

Stupen metamor.  Oznagé. vzorky Exotermic. reakcia grafitu — Graphite exothermic react. (°C) Strata hmot. — Ignition loss
Zaciatok Maximum1 Maximumz2 Ukonéenie
Metamorph. grade Sample design. exotermickej exotermickej exotermickej exotermickej
reakcie reakcie reakcie reakcie (%)
vysokoteplotny MTA 615 - 860 970 78
high-temperature MT2 625 - 870 970 99
KR1 615 - 855 970 90
KR2 620 - 860 970 99
strednoteplotny BK 570 - 760 970 90
medium-temper. VCS 510 - 720 860 97
nizkoteplotny C1 430 570 - 610 55
low-temperature c2 470 570 660 750 73
ZL1 430 570 - 680 87
ZL2 470 530 640 730 87
Tab. 3

Termicka stabilita grafitu stanovena stratou zihanim grafitu (s vydrzou 1 hod.)
Thermic stability of graphite determined using the loss by ignition (1 hour duration)

Stupen metamorfézy Oznag. vzorky Pomerové vyhorievanie grafitu — Ratio of graphite ignition (v %)
Metamorphic grade Sample designation <500 °C 500-700 °C 700-1000 °C
vysokoteplotny MTA - 33 67
high-temperature MT2 - 40 60
KR1 - 37 63
KR2 - 41 59
strednoteplotny VCs1 9 86 5
medium-temperature VCS2 17 83 -
VCS3 11 84 5
nizkoteplotny C1 30 70 -
low-temperature Cc2 40 60 -
PVC1 27 73 -
PVC2 38 62 -
ZL1 33 67 -

Z12 43 57 -
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Obr. 4. Detail monokrystalov grafitu. Lokalita Cavoj-Gapel, vzorka
VCS. Transmisny elektrénovy mikroskop.

Fig. 4. Detail of graphite monocrystals. Locality Cavoj-Géapel,
sample VCS. TEM.

ma stupen usporiadania 1,57 (tab. 1). Termicka analyza
grafitu (DTA-VTA) sa vyznaduje exotermou s pociatkom pri
505-510, vrcholom pri 720 a ukon&enim exotermickej analyzy
pri 860 °C. Vzorka BK ma& pociatok exotermickej reakcie
pri 570, vrchol pri 760 a koniec pri 970 °C. Pri vzorkach BK
a VCS (Brezno-Kozlovo a Cavoj-Gapel) je poéiatok a vrchol
exotermickej reakcie velmi blizky. Znac¢ne je posunuty koniec
exotermickej reakcie na 970 °C, ¢o pravdepodobne poukazuje
na nasledujuci nalozeny vysokoteplotny metamorfny proces
(tab. 2). Sledovanim klasickej straty zihanim grafitu do 500 °C
je pomerova strata hmotnosti 9-17 %, pri 500-700 °C 83—
86 % a pri 700-1000 °C 5 % (tab. 3).

Krystaly grafitu nizkoteplotného stupria metamorfozy
(vzorka C1 a C2 z Malych Karpat a ZL1 a ZL2 zo SpiSsko-
-gemerského rudohoria) maju submikroskopické rozmery. Gra-
fitvystupuje prevazne ako agregat mikrokrystalitov velkych pod
0,003 mm. Rtg. difrakéna analyza grafitu: reflex dyg, = 0,34 nm
je Sirsi, difizny a ma relativne niz8iu intenzitu. Ostatné reflexy
sa nezaznamenali. Chyba aj reflex dy;o a dqo. Poukazuje to
na neusporiadany charakter grafitu. Stupen trojrozmerného
usporiadania (grafitizacie) je 0 (tab. 1). Termicka analyza
grafitu sa vyznacuje exotermickou reakciou so zaciatkom pri
430-470, vrcholom pri 560-640 a ukon&enim pri 710-730 °C
(tab. 2). Sledovanim klasickej straty zihanim grafitu do 500 °C
je pomerova strata zihanim 27-40 %, pri 500-700 60-73 %
a pri 700—1000 °C 0 % (tab. 3).V tomto nizkoteplotnom stupni
metamorfézy sa bezne vyskytuju dva vrcholy exotermickej
reakcie, a to pri 520-570 a 640-680 °C. Bimodalita vrcholov
exotermickych reakcii poukazuje na teplotny interval, pri
ktorom nastava pociatocna premena kryptokrysStalického
grafitu na nizkokrystalicky. Strednokrystalicky grafit ma vrchol
exotermy pri 720 a vysokokrystalicky pri 860 °C.

Zaver

Zakladnou metdédou uréovania stupna kryStalizacie
grafitu bola rtg. difrakéné analyza zalozena na ur€ovani
stupria trojrozmerného usporiadania Struktury grafitu, t. j.
stupna krystalinity. Vyuzivala sa aj schopnost grafitového
termometra menit mriezkovy parameter ,c“ v zavislosti od
dosiahnutej teploty. Dal$ou pouzitou metédou bola termicka
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Obr. 5. Vztah stupfia krystalinity grafitu a vrcholu exotermicke;
reakcie (plna ciara). Ciarkovana c¢iara indikuje zaciatok
a bodkociarkovana ukon&enie exotermickej reakcie.

Fig. 5. Determination of graphite crystallinity and the peak values of
exothermic reaction (solid line). Dashed line indicates the beginning
and dash-and-dot line the termination of exothermic reaction.

analyza (DTA-VTA) grafitu, ktora dopifiala vysledky rtg.
difrakénej analyzy pri koexistencii dvoch krystalickych
modifikacii grafitu. Rtg. difrakéna analyza zaznamenava len
vysSiu kryStalickd modifikaciu. Pri ur€ovani stupria premeny
uhlikatej hmoty v systéme sediment — anchimetamorféza
— nizkoteplotna metamorféza je DTA-VTA podstatnou
metddou, kde je rtg. difrakéna analyza nepouzitelna. Preto
pri rieSeni sledovanej problematiky odporu¢ame pouzivat
kombinaciu tychto metdd.

Na moznost vyuzivat grafit ako grafitovy termometer
na zéklade zmeny mriezkového parametra ,c“ v zavislosti
od teploty vzniku poukazal Sengelia et al. (1977, 1978).
Podrobnym &tidiom grafitu v ramci tlohy SGUDS Grafity
Slovenska sme zistili aj dalSie osobitosti v Struktire
grafitu, a to pomerovej intenzity reflexu d = 0,1232 nm
a d = 0,1158 nm a kontrolovali sa aj zmenou termickej
stability grafitu a neusporiadanej uhlikatej hmoty (DTA).

Vyhodou metodiky, ktoru sme pouzili, je, ze retrogradny
metamorfny proces nasledujuci po progradnej vetve
metamorfnej rekrystalizacie uz nemeni nadobudnutu
krystalicku formu grafitu z progradnej vetvy, a preto touto
metodikou mozno zistit najvyssiu teplotu, ktoru grafit pocas
metamorfnej drahy prekonal. Tuto kons$tataciu potvrdili
vysledky rtg. a DTA analyz v pripade vSetkych vzoriek,
ktoré sme skumali.

Korelaciou ziskanych vysledkov so skor definovanymi
teplotnymi stupfiami regionalnej (orogénnej) metamorfozy
sme predlozili metodiku na ur€ovanie stupna krystalinity
grafitu stanovenej rtg. difrakénou a DTA analyzou (obr.
5). Vysokoteplotné metamorfity maju stupen krystalinity
grafitu od 0,90 do 1,66—1,70 a strednoteplotné 0,0X-0,90.
Epizonalne metamorfované horniny uz neobsahuju grafit,
ale uhlikatu hmotu maximalne v pociatoénom S§tadiu
rekrystalizacie na grafit.

Vysledky vyskumu grafitu pouzitou metodikou indikuju
pri vysokoteplotnych metamorfovanych horninach veporika
z lokality Muran (MT1 a MT2; obr. 1) a Kokava nad
Rimavicou-Hrabina (KR1 a KR2) pociatok krystalizacie
grafitu pri 615-625 °C s teplotnym vrcholom pri 855—
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870 °C. Tato metodika indikovala vy$Siu vrcholovu teplotu
vzniku grafitu, ako bola doteraz znama teplota variskej
metamorfézy v kohutskej zéne veporika (650-700 °C).

Pri strednoteplotnych (mezozonalne) metamorfovanych
horninéch tatrika z lokality Cavoj-Gapel (VCS) a Brezno-
-Kozlovo (BK) je pociato¢na teplota krystalizacie grafitu 510—
570 °C s teplotnym vrcholom 720-760 °C. Takéto teplotné
parametre, dokladajuce teplotu metamorfozy vyse 700 °C,
sa inymi geotermobarometrickymi metédami nezistili.

Grafitické bridlice z produktivnej zény Malych Karpat
odobraté zo $t6Ine Sirkova pri Pezinku (C1 a C2) potvrdili
pociatok progradneho termického procesu pri 430-470
a dosiahnutie najvyssich hodn6t pri 570-660 °C. Pri dalSich
vzorkach zo $télne Pezinok-Trojarova (PVC1 a PVC2) sa
pomocou straty Zzihanim zistila teplota 500—700 °C. Ziskané
udaje Ciasto€ne prekracuju teplotu zistenu pri skorSom
termoanalytickom vyskume &iernych bridlic (540-560 °C).

Vzorky zo severogemerickej zony (SpiSsko-gemerské
rudohorie; Rudnany-Zlatnik, ZL1 a ZL2) maju pociatocnu
teplotu krystalizacie grafitu 430470 °C a vrchol premeny
pri 530-640 °C. Aj toto zistenie indikuje vysSiu termalitu
variskej metamorfézy v gemeriku.

Podakovanie. Za mnohé podnetné navrhy na skvalitnenie rukopisu
dakujeme oponentom prof. RNDr. Marianovi PutiSovi, DrSc., doc.
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Graphitization of carbon matter during metamorphism
of Western Carpathian rocks

The organic substance is a common constituent of
sediments. Its sensitivity on temperature changes allows
to indicate well the temperature conditions of prograde
metamorphism.

The graphite crystallinity was studied on samples of
high-, medium- and low-temperature metamorphic rocks,
i.e. amphibolite and greenschists facies rocks. The found
maximum temperatures of graphite crystallization were
compared with published thermometric data from host
regions and lithotectonic units.

The high-temperature metamorphism was represented
by samples of graphitic quartzites from localities Muran
(MT) and Kokava nad Rimavicou-Hrabina (KR, tectonic
unit Veporicum; Fig. 1). The sample from Muran (MT) was
taken 5 km to SW from the village Muran near the altitude
point 978 m. Sample from locality Kokava nad Rimavicou—
Hrabina (KR) was taken in the Hrabina area 2.5 km to NW
from Kokava nad Rimavicou near the magnesite deposit.
Samples come from the contact of Variscan hybridic
granitoids and migmatites with Lower Paleozoic biotite-
garnet gneisses of Veporicum.

Medium temperature (mesozone) metamorphism was
represented by samples from localities Cavoj-Gapel (VCS)
and Brezno-Kozlovo (BK, Tatricum; Fig. 1). Sample from
Cavoj-Gapel (VCS) of cataclased micaschist to paragneiss
was taken from the drill VCS-1 at Cavoj-Gapel. The sample
from locality Brezno-Kozlovo was taken from the Kozlovo
cadastral part, 250 m to NE from the railway Rohozna—
Bujakovo in the quarry. It represents the mylonitized
quartzitic micaschist with contact metamorphic overprint
by intrusion of biotite granodiorites to granites and hybridic
granitoids to migmatites.

Low temperature (epizone) metamorphism in
Tatricum is represented by the samples from productive
(mineralized) zones of the Malé Karpaty Mts. — adits
Sirkova and Trojarova in the Pezinok area (C and PVC), as
well as Gemericum from the Rudnany-Zlatnik area, Zlatnik
shaft, 10th mining level (ZI; Fig. 1). These low temperature
samples are represented by graphitic phyllites.

Methodology

After crushing and milling of samples on fraction
beneath 0.020 mm, the graphite was separated by
successive chemical dissolution of rock-forming minerals.
Because the harmful coincidence of the reflexd = 0.335 nm
of both — graphite and quartz, the total quartz removal was
inevitable. The small amount of accessoric pyrite, rutile,
zircon, tourmaline, etc., does not lower the applicability of
used methodology. Chemical separation of graphite was
done by following technique:

— removal of carbonates in diluted HCI (1 : 2) heated on
80 °C during 60 minutes,

— removal of silicates and quartz in mixture of 6M HCI
and concentrated HF (1 : 3) at laboratory temperature,

— removal of secondary fluorides by 6M HCI or 0.1 M
aluminium chloride during 6 hours.

Particular steps of removal were separated by multiple
rinsing by distilled water at 70 °C. Obtained high-quality
graphite concentrate was investigated by X-ray diffraction
and thermic analyses (DTA-TGA). X-ray analysis used
the change of graphite structure arrangement. Landis
(1971), Grew (1974) and Bluman et al. (1974) used the
values of intercrystalline distance dyg,) = 0.335-0.336 nm
for revealing of organic matter crystallization temperature
and classification of investigated rocks into metamorphic
facies. The possibility to use hexagonal modification as
thermometer was suggested by Sengelia et al. (1977), based
on their experiments at temperature range 300—850 °C. They
observed the lowering of the graphite lattice parameter “c”
from 0.6742 to 0.6684 nm by the increase of temperature.
Bluman et al. (1974) found that in polymetamorphic
processes the retrograde metamorphism does not change
the structural state of graphite obtained during prograde path.
Landis (1971) confirmed that the degree of graphitization
of carbon matter relates on metamorphic temperature, but
pressure has only minor role. Bluman et al. (1974) proved
that pressure in the range 200—-600 MPa has no influence
on structural change of graphite. The methodology for
determining of principal structural parameters of graphite
was described by Volkova (1990).

Our research showed that the degree of graphitization
corresponds to ratio of reflex intensities d, = 0.158
to dyjp = 0.1232 nm. lyy,/l319 represents the degree of
graphitization and simultaneously the temperature level of
metamorphic recrystallization. The thermic analysis (DTA-
TGA) supplements well the results of X-ray diffraction
analyses by indication of the degree and temperature
of graphitization of the carbon matter. This method can
be used in the case of coexistence of two crystalline
modifications manifested by the bimodality of DTA-TGA
curves. The DTA-TGA method is appropriate for rocks of
albite-epidote amphibolite metamorphic facies, indicating
the boundary of the change from cryptocrystalline graphite
to crystalline one.

Mineralogical characterization of graphite samples

Studied graphite concentrates of purity 97-99 % were
studied by X-ray and thermic analyses (DTA-TGA), as well
as by microprobe. The graphite ignition at 500, 500-700
and 700-1000 °C represented a complementary method.

The high-grade metamorphic graphite (localities Muran
and Kokava nad Rimavicou-Hrabina) has monocrystalline
idiomorphic shape (Figs. 2 and 3). The monocrystals
dimensions are 0.02-0.03 mm, in average 0.09-0.13 nm.
X-ray diffraction analysis revealed crystal structure close
to theoretical one. X-ray diffraction records have numerous
reflexes in accordance with the standard JCPDS 74. The
basic reflex dgg, = 0.3354 nm is sharp and symmetric.
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Intensity of further reflex d = 0.168 nm is | = 47. The
parameters of crystallites are L, = 35.5-36.0 nm and L,
= 12.2-14.7 nm (sensu Volkova, 1990). The degree of
three-dimensional arrangement, corresponding to degree
of graphitization is 1.54-1.66. Samples contained graphite
with high crystallinity. Thermic analysis of graphite (DTA)
manifested exotherm with the beginning at 615 °C, peak at
860-870 °C and termination of exothermic peak at 970 °C
(Tab. 2). The laboratory testing of loss by ignition of graphite
to 500 °C has demonstrated the weight loss 0 %, at 500—
700 °C 33—-41 % and at 700-1000 °C 59-67 % (Tab. 3).

The graphite of the medium metamorphic grade (locali-
ties Cavoj-Gapel and Brezno-Kozlovo) has monocrystals
of hypidiomorphic to xenomorphic shape. Monocrystals
are coarser and form the scale-like aggregates (Fig. 4).
They are large 0.009—0.020 mm, in average 0.01 mm. The
X-ray diffraction analysis found crystal structure of graphite
with the main reflex dyg, = 0.336 nm. Intensity of next sharp
and symmetric reflex d = 0.168 nm was | = 5-15, indicating
good graphite crystallinity. Dimensions of basic parameters
of crystallites are Lc = 34.0-36.3 nm, La = 8.5-11.8 nm and
degree of three-dimensional arrangement is approximately
1.05. The sample Brezno-Kozlovo (BK) has the degree
of order 1.57 (Tab. 1). Thermic analysis of graphite (DTA-
TGA) demonstrates exotherm with beginning at 505—-
510 °C, peak at 720 °C and termination of exothermic
analysis at 860 °C. Sample BK has the beginning of
the exothermic reaction at 570 °C, peak at 760 °C and
termination at 970 °C. In the case of samples BK and VCS
(Brezno-Kozlovo and Cavoj-Gépel) the beginning and
peak of exothermic reaction are very close. The end of
exothermic reaction at 970 °C is markedly offset, probable
indicating subsequent high-temperature metamorphic
process (Tab. 2). The loss by ignition of graphite to 500 °C
is related to weight loss 9-17 %, at 500700 °C 83—-86 %
and at 700-100 °C 5 % (Tab. 3).

Graphite crystals of low-temperature metamorphism
(samples C1 and C2 from the Malé Karpaty Mts. as well
as ZL1 and ZL2 from the Spi-Gemer Ore Mts.) have
submicroscopic dimensions. Graphite occurs prevailingly
in the form of aggregate of microcrystallites with
dimensions beneath 0.003 mm. X-ray diffraction analysis
of graphite: reflex dyp, = 0.34 nm is wider, with diffusion
and has relatively lower intensity. Further reflexes were
not registered. The reflexes dy;, and dy;, are missing. It
demonstrates the disordered character of graphite. The
degree of three-dimensional arrangement (graphitization)
is 0 (Tab. 1). Thermic analysis of graphite manifests
exothermic reaction with the beginning at 430-470 °C,
peak at 560-640 °C and termination at 710-730 °C (Tab.
2).The loss by ignition to 500 °C caused the ratio loss 27—
40 %, at 500-700 °C 60-73 % and at 700—1000 °C 0 %
(Tab. 3). Two peaks of exothermic reaction usually occur at
this low-temperature metamorphic grade — at 520-570 °C
and 640-680 °C. The bimodality of peaks of exothermic
reactions shows the temperature interval with starting
replacement of cryptocrystalline graphite to low-crystalline
one. The medium-crystalline graphite has the exothermic
peak at 720 °C and the high-crystalline at 860 °C.

Conclusion

The crystallinity of graphite was studied by X-ray
diffraction analysis. The determination of three-dimensional
arrangement of graphite structure used the ability of
graphite thermometer to change the lattice parameter “c”
in relation to reached temperature. Further used method
was the DTA-TGA analysis of graphite complementing
the results of X-ray diffraction analysis in the case of
existence of two crystalline modifications of graphite. The
X-ray diffraction analysis recorded only higher crystalline
modification of graphite.

The detail study of graphite in the frame of project
Graphites in Slovakia has used the peculiarities of
graphite structure, namely the ratio intensity of reflex d =
0.1232 nm and d = 0.1158 nm, which was checked also by
the change of thermic stability of graphite and disordered
carbon matter (DTA).

The advantage of methodology is based on elimination
of the influence of retrograde metamorphic process
and the change of the crystalline form of graphite from
prograde metamorphic path. So the highest temperature
of graphite crystallization can be determined. This fact was
confirmed by the results of X-ray and DTA analyses in the
case of all investigated samples. The high-temperature
metamorphites reach the degree of graphite crystallinity
from 0.90 up to 1.66—-1.70 and medium-temperature ones
the degree 0.0X—0.90. Epizonal metamorphites do not
contain graphite, only carbon matter in the beginning
phase of crystallization to graphite.

The results of graphite crystallinity studies by
described methodology indicate the beginning of graphite
crystallization at 615-625 °C with temperature peak 855—
870 °C in the case of high-temperature Veporic meta-
morphites from localities Muran (MT1 and MT2) and Kokava
nad Rimavicou-Hrabina (KR1 and KR2). Used methodology
indicated higher temperature of graphite origin, than known
earlier about the peak of Hercynian metamorphism in the
Kohut zone of Veporicum (650-700 °C).

In the case of medium-temperature (mesozonal)
metamorphites from Tatricum in localities Cavoj-Gapel and
Brezno-Kozlovo (BK) the beginning temperature of graphite
crystallization is 510-570 °C with the temperature peak
720-760 °C. These temperature were not found previously.

Graphitic schists from the productive zone of the
Malé Karpaty Mts., taken from adit Sirkova at town
Pezinok (C1 and C2) confirmed the beginning of prograde
thermic process at 430—470 °C and reaching of highest
temperatures at 570—660 °C. In the case of further samples
from the adit Pezinok-Trojarova (PVC1 and PVC2), the
temperatures 500-700 °C were revealed by the loss by
ignition. Our results partially overreach temperatures found
during the earlier thermoanalytical investigation of black
schists (540-560 °C).

Samples from North-Gemeric zone (the Spis-Gemer Ore
Mts.; Rudniany-Zlatnik, ZL1 and ZL2; Fig. 1) have manifested
the beginning of graphite crystallization at 430—470 °C and
its peak at 530-640 °C. These results indicate the higher
thermality of Variscan metamorphism in Gemericum.



