MINERALOGIA POLONICA
Vol. 18, No 2 — 1987

Dorota BLUMA*, Henryk KUCHA**, Andrzej WIECZOREK***
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Abstract Small amounts of graphite of three types occur in sandstones and shales (marls)
from the coal beds of the Anna mine:

i) graphite forming intergrowths with carbonates. The carbonates formed through replacement of
organic matter and are pseudomorphous after this matter. Graphite appears as intercalations on
the crystallographic planes with hexagonal symmetry of calcite and Fe dolomite;

ii) graphite forming intercalations in highly coalified organic substance of the kerogen type;

iii) graphite from carbonaceous marls, forming intergrowths with aluminosilicates of mica type. Prob-
ably epitaxial graphite layers form on the 001 plane of mica.
The formation of the graphite in question did not presumably require high temperature and involved:

i) the oxidation of organic matter. As a result of this, the readily oxidable aliphatic hydrocarbons were
removed, and the remaining organic matter was enriched in aromatic hydrocarbons, highly resistant
to oxidation. Aromatic hydrocarbons (benzene rings) are the principal constituent of graphite;

ii) benzene rings were formed into graphite layers on the planes with hexagonal symmetry of mica and
carbonates.

INTRODUCTION

Low-temperature graphites owing their origin to catalytic oxidation of organic
matter, with the ions of transition metals and y radiation acting as catalysts, have
been described from the copper-bearing shales of the Lubin mine (Kucha 1981,
1982). Transition metals and, above all, ¥ radiation are powerful catalysts of oxida-
tion of organic matter (Waters 1963). As a result of such processes, the mixture
of various organic compounds undergoes selective oxidation. The most resistant
to oxidation are aromatic hydrocarbons (Waters 1963), which are the principal
constituent of graphite. It seems, therefore, that oxidation is a prerequisite for
the formation of fine graphite flakes. However, oxidation alone is not enough as
it usually leads to the formation of kerogen, a graphitg:-llke substance in which the
graphitic ordering of the lattice (graphite domains) 1s less than IOOO_A (Kucha
1982). At this size, the graphitic ordering is generally undetectable with X-rays.
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Electron diffraction studies of kerogen (Kucha 1982) have shown that it consists
of three types of graphitic planes: i) of a thickness typical of graphite, i.c. 6.72 A,

ii) of a thickness of Van der Waals layer (benzene ring), i.c. 7.40 A, and iii) of

a greater thickness for these rings to which short substituent groups of CO, CH,

or OH type are linked. In spite of the different thickness of the benzene ring, the

linked rings, owing to the lattice discontinuitics, form a structure in which the planes

of the benzene ring are parallel to one another, though displaced by discontinuity

jogs. As a result of this, kerogen shows strong optical anisotropy in reflected light.
In order that graphite may form at low temperatures, it is necessary for the

benzene rings to be ordered into layers extending to microscopic scale. This may

be effected by the epitaxial growth of graphite layers on:

i) the 001 plane of mica, whose identity period is nearly identical with that of
graphite;

ii) probably on the planes of carbonates with hexagonal symmetry close to the
identity period of graphite.

EXPERIMENTAL AND RESULTS

Microscopic studies in reflected light were carricd out on both bituminous
90;11 and sandstones and shales from the coal-bearing horizon of the Anna mine
The mine is located in the south-western part of the Upper Silesian Coal Basin.
I'he samples were taken at a depth of 700 m. :

Electron diffraction patterns were recorded with a JEOL JEM 100C microscope
operated at an accelerating voltage of 100 kV. The particles to be invc%li‘gatcd
wgrlc lakjn under the microscope from the selected microareas. Carbon 1'oil‘ coated
\:i:j ;i(:l s[:r?zljaf(}(,“(:d next to the carbon foil with the investigated particles was

Petrographic studies

The samples of black coal do not ¢ i i,
he samples of bla i1l d t contain graphite. The component with

the highest R/,nns vitrinite, which is accompanied by three other c()mpt)ll?)cntﬂ show-
ing a lower R7,. All these constituents of bituminous coal u
do not d|§pl§1y clectron diffraction patterns,
4 ‘l hcfprnnclpal component of sandstones if quartz. It is accompanied by feldspars
_cna'sl's (,) 1gr]10f)us rocks, heavy minerals such as the TiO, group, and garnets sfrx)()w-
l:r'&n‘t]lf()nf," ﬁlruc.lurc. A I.alrly common phenomenon is the filling of th;: 'intcr-
f’cj'm art sp.«u](, ‘VYIlh organic §uhstanc<;. A part of this substance has 2ot into the
.m(;n ’c]n asc astic material, The organic matter with higher reflectance is, as a rule
‘1982)1,%‘/&}:11;(3:)0&0 a(?dl hus the optical features of kerogen thuch()l}{c .(K uchz;
_ i crogen contains streaks of graphite exhibiti i ical f
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occurrence of carbonates in coal shales is also positively correlated with the pre-
sence of graphite.

BElectron diffraction studies

Both kerogen and the three distinguished types of graphite were subjected to
electron diffraction investigation,

Kerogen, Three types of ordering were detected in kerogen: i) amorph-
ous, ii) of a thickness of Van der Waals graphite layer — ¢, = 7.40:+£0.07 A, and
iii) typical graphite of a layer thickness ¢, = 6.72 4+0.06 A. The latter type of order
can be presumably assigned to the graphite streaks observed in kerogen (Phot. 1).

Graphite in carbonates. Graphite found in carbonates (Phot. 2)
has the lattice parameters typical of this mineral: a, = 2.45+0.03 and ¢, = 6.73 £
+0.07 A. It secems that graphite forms, or may form, epitaxial layers on those planes
of calcite whose identity period is close to that of graphite. The attempts to deter-
mine the erystallographic orientation of graphite with respect to the calcite ground-
mass failed to give unequivocal results, and further studies are required to answer
this question,

It is worth noting that graphite growing on both the external and internal sur-
faces of siderite has been reported from the Krzemianka deposit (Kucha et al.
1979).

Graphite in shales Graphite forms intergrowths with minerals
of the mica type. Such intergrowths produce a complex diffraction pattern (Phot. 4).
Two lattices can be distinguished: one of a mica-type mineral, with the unit cell
close to that of muscovite, and the other of typical graphite. A feature deserving
note is the splitting of diffraction points in places where the graphite and mica lat-
tices coincide (Phot. 4). One of such subpoints can be identified as arising from
graphite, and the other can be attributed to the mica-type lattice. At high magnifica-
tion, such coinciding reflections show a far more complex structure, presumably
resulting from double diffraction on the plane of epitaxial intergrowth.

ORIGIN OF GRAPHITE

The petrographic and electron microscope studies suggest thu’lig'raphitc from
the Anna mine owes its origin to oxidation of organic matter. This hypothesis
accounts for the fact that graphite occurs in carbonate shales (marls), sandstones
and in calcite and Fe-dolomite pscudomorphs after organic matter 'hul'hus’qol
been found in pure coal in which the Eh was very low, inhibiting oxidation. I'he
organic matter of natural origin is a mixture of aliphatic and aromatic compouqu
differing markedly in oxidability (Waters 1963). The most resistant to oxildul‘mnl
are aromatic hydrocarbons. When the Eh is high gn({ugh, u‘lllphatlc derivatives
are oxidized whereas aromatic compounds may remain intact. I'he organic matter
purified in this way may be subject to conjugaction 4(Imk1ngl of benzene rings) on
the hexagonal matrix of mica- or carbonate-type minerals. This may lcufl t(f the
formation of epitaxial layers of graphite, which may sgbqu uently bccf)mui a‘md'lr];x
controlling the growth of successive graphite layers. This process may (,Vt,f.lllidl ly
give rise to microscopic graphite flakes (Phots. 1, 2 3). If the intergrown mmg‘m,sl
have similar or identical crystal symmetry, the cp.lluxu,x'l l;nycr forms qvmgkly hm;
efficiently (Schneider 1976). This applies to ‘gruphlt'c-mlcu nn‘lcrgrowths, l‘ni w l(,ll
the hexagonal symmetry on the 001 plane of graphite and mica is nearly identica
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(Theng 1974). A similar system carboqatc-graphite requires further sgudnes, as the
investigations carried out to-date failed to determine the graphite-carbonate
orientation. ] o

The growth of microscopic graphite may proceed according to the concept
of stage” (Herold 1979). In the first stage, all the spaces between coal (graphlte)
layers are occupied by non-graphitic intergrowths. The next stages consist in the
successive removal of the intergrowths either through a physical process or through
chemical reactions (Herold 1979). In consequence the degree of ordering increases
and its range may attain microscopic scale, as was observed in the samples studied.

It is worth noting that the growth of graphite on siderite has been reported from
the Krzemianka deposit (Kucha et al. 1979), and graphite-montmorillonite inter-
growths have been noted in copper-bearing shales. These observations imply that
the suggested mechanism of graphite formation, involving the oxidation of organic
matter combined with the ordering of benzene rings on the hexagonal matrix of
carbonates and clay minerals, is widespread in nature. Such a process would not
require high temperatures.

From the above studies it appears that three types of evolution of organic matter
are feasible. This evolution is controlled by the Eh (oxidation) and the quantitative
proportion between the contents of organic matter and clay or carbonate minerals.

i) Coalification: Organic matter prevails quantitatively over clay minerals. The
low Eh does not promote oxidation. Under these conditions graphite cannot
form without the action of heat.

ii) Oxidation of organic matter at the marked prevalence of clay over organic
substance. The Eh is relatively high. This, together with the matrix effect pro-
duced by the hexagona] lattice of clay and carbonate minerals, may lead to

e form.a.tlon_ of fairly large amounts of fine-dispersed graphite (Phots 1, 2, 3).

i) Thucholitization (chha 1982) occurs when organic matter prevails quanti-
tatively over clay minerals. The oxidation process is controlled catalytically
by v radiation and transition metals, leading to specific polymerization and
dimerization of the‘qmd.atlon products high in aromatic hydrocarbons, and
eventually to graphitization.

Translated by Hanna Kisielewska
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WYSTEPOWANIE GRAFITU
W LUPKACH I PIASKOWCACH KARBONU PRODUKTYWNEGO
KOP. ANNA, GORNOSLASKIE ZAGLEBIE WEGLOWE, POLSKA

Streszczenie

W piaskowcach i tupkach (marglach) z warstw weglowych kop. Anna wyste-
puja niewielkie iloéci grafitu trzech typow: s

i) grafit jako przerosty z weglanami. Weglany powstaly przez zastapienie sub-
stancji organicznej i tworzg pseudomorfozy po materiale organicznym. Grafit
wystepuje jako przewarstwienia na plaszczyznach krystalograficznych o symetrii
heksagonalnej kalcytu i dolomitu Fe. : hi . .

i) grafit jako przerosty w wysokoweglowej substancji organicznej typu ke-
rogenu. :

giii) grafit tworzacy przerosty z glinokrzemianami typu miki. Na plaszczyznie
001 miki tworza si¢ przypuszczalnie epitaksjalne warstwy grafitu. A

Opisywany w pracy grafit powstal prawdopodobnie bez udziatu wysokie;
temperatury w rezultacie: . .

i) utlenienia substancji organicznej. .Wskutek tego W@gIQWOdory_ alifatyczne
jako tatwiej utleniajace si¢ ulegly usunieciu, a pozostaty material organiczny wzbo-
gacit si¢ w weglowodory aromatyczne bardzo odporne na utlenianie. Weglowodory
aromatyczne (pierécien benzenowy) stanowia podstawowy sktadnik grafitu.

ii) pierscienie benzenowe (aromatyczne) zostaly uformowane w warstwy gra-
fitowe na plaszczyznie o symetrii heksagonalnej miki i weglanow.

OBJASNIENIA FOTOGRAFII

PLANSZA 1

Fot. . Kerogen (K) zawierajacy przerosty grafitu (G) w piaskowcu weglowym. Preparat 9, skala
50 pm, $wiatlo odbite ] .
; ziarni ‘ 7 pias : okuje si¢ praw-
. Przerosty grafitu (G) w ziarnie weglanowym z piaskowca weglowego. Grali ' ;
i g:);egd;gnige w sposb)b uporzadkowany na hexagonalnej matrycy weglanowe;. Weglan powstat
prawdopodobnie przez zastapienie bioklastu lub klastu substancji organicznej. Preparat 9, ska-

la 70 pm, Swiatto odbite

PLANSZA 11

pu miki (M) wystgpujacy w marglu weglowym. Badania dy-

Fot. 3. Grafit z przerostami mineraiu ty tu na mice (Fot. 4). Preparat 3/, ska-

frakcyjne wykazuja istnienie epitaksjalnych warstw grafi
la 70 pm, $wiatlo odbite ‘ ot i
3 braz dyfrakcyjny naturalnie utworzonych epitaksjain P hoK
P o E%]::zlcr:ni%\?/ey()gl rr‘rllziner)z:ﬂu tygju miki (uvw = 001). Punkty dyfrakcyjne maja ztozong SUUkI}JkFF
&skutcg niezupelnej rownosci odpowiednich wartosci dyy gla graﬁlt(ltl'l mll?gamhtj};%l;nmy:)(;
skaznikowane refleksy skladaja si¢ co najmniej z dwu punktow z Ktoryc ~mo-
?Zergszh{d::tl;%l?gx)any jako odpowiedni refleks grafitu (w nawiasie) a drugi jako odpowiedni
refleks pochodzacy od mineralu typu miki (bez nawiasu)

55



[lopoma BITFOMA, Xenpbik KYXA, Anoxcei BEYOPEK

HAXOXAEHWE rPA®UTA B CIAHUAX U I"IEC'—IAH”MKAX
NMPOAYKTUBHOIO KAPBOHA WAXTbI ,AHHA”,
BEPXHECUNE3CKNN YIroflbHbIN BACCEWUH, MOJIbLWA

Peszrome

B necuaHukax M cnaHuax (Meprenax) C yrosbHbIX MAacToOB WaxTbl ,,AHHa"
BCTpeyatoTca HebonblunMe Konmu4yecTsa rpacuTa Tpex TUMOB:

a) rpaduT cpacTatowmnca ¢ kapboHaTamu. KapboHaTbl BO3HUKAM MyTeM 3a-
MEeLLEeHUA opraHu4yeckoro BewiecTsa U obpasytoT ncepgoMopdo3bl MO OpraHu-
yeckoMmy eeulecTsy. [pajuT paseuT B BMAE NPOCIOEB HAa KPUCTannorpadpuyeckmux
MOCKOCTAX reKcaroHanbHOW CMMMeTpuu KanbuuTta u Fe-ponomuTa,

6) rpaguT, obpasytolui CpacTaHuA C BbICOKOYTNehUUNPOBAHHBIM OpraHu-
YeCKWM BeLIecTBOM TUMa Keporela,

B) rpaguT, obpasylownii CpacTaHuA C anroOMOCMNMKaTaMu Tuna chrogbl. Ha
nnockoctn 001 cntoabl obpasytoTcs NpeanonoXUTENbHO 3NUTAKCUAbHBLIE CAOM
rpacuTa.

OnucbiBaembiii B paboTe rpaduT BeposTHO obpasopancs 6e3 y4acTua BbICO-
KOW TeMmnepaTypbl B pesynbraTe:

a) OKUCNEHMA opraHu4veckoro sewectea. B cneacteue storo anugaTuyeckue
YTNEBOAOPOALI, KaK nerve okucnstownecs, 6uinu yaaneHsl, a ocTanbHOW opra-
HUYECKMU MaTepuan oboraTuncs apoMaTUyYecKumMm yrneeoAoposaMu o4YeHb CTOM-
KMuMW  Ha okucnenue. ApoMaTU4Yeckue yrieeosoposbi (BeHsonbHble Konbua)
ABNAOTCA OCHOBHbIM KOMMNOHEHTOM rpacduTa,

6) GenzonbHbie (apomaTuueckue) konbua CopMMpoBanuce B rpaduToBbIe
NPOCNIONKN HA FeKCaroHanbHOW CUMMETPUM MAOCKOCTAX CAKOAbI W KapboHaToB.

OBbACHEHUA K $OTOrPADUAM

TABINLA |

®Poto 1. Keporen (K) & yronbHom necuanmke, COAEpPXKALUNA BKNIOYEHNA rpaduTa (G). O6pazey Ne 9,
MacwTab 50 MKM, OTpameHHbIN ceeT.

®oto 2. Brntouenus rpaguta (G) B 3epHe KapboHaTa M3 yronbHoro necyamuka. I'padut BeposTHo

3aHUMACT YNOPAAOYECHHOE NOMOKEHNE HA FeKCAroHAN bHOM kapbowaTHoit MaTpuue. KapbonarT,

no-euAnMoMy, obpazosanca nyTem 3amewiexus 6uoknacra, wnm knacra OpraHu4eckoro se-
wecrea. Obpazey N2 9, macwrab 70 mkm, OTPaXeHHbIN caerT.

TABITULA ||

®oto 3. Mpadut & yronsHom MEPrene, CpacTaroWmnics ¢ MuHepanom Tmna cntoael (M). Andpakumon-

HbI€ MCCneaoBaHnA obHapyxuearoT npucyTcrene 2MWTaKChanbHeix cnoee rpaduta Ha c
(doTo 4). O6pazey Ne 31, macwrab 70 MKM, OTpaKeHHbIi cBeT, b s
®oTo 4. SnekTpomHoe AndpakumonHoe N306parkeHne ecTecTBeHHbIx 06pa3oBaAHNI BNUTAKCHANbHBI
cnoee rpaputa Ha nnockoctu 001 MWHEpana Tuna cntogsl (uvw = 001). And aKuMOHHI:.l:.
TOUKM CNOXHON CTPYKTYpbl B CneacTene HeNnonHoro paegencrea cooTseTCTsyroLuZX 3HaYEeHUN
i rpa_qmta M MWUHepana Tuna cnrogel. Kak NPABUNO, MHANKATOPHbIE OTpaxeHus cocToAT
NO KpanHen mepe u3 aByx Touek, ogHa w3 KOTOPbIX MOXET 6biTh OTOKAECTBNEHA KaK COOT-

BETCTB ee
17 yUlee oTpaxenue rpapura (s ckobkax), a BTopoe Kak COOTBETCTBYlOWUIEE OTpaxeHne,
poucxoasuiee or MuHepana Tuna cntoapl (6e3 ckobok)
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Phot. 1. Kerogen (K) containing graphite intergrowths (G) in coal sandstone. Sample 9, scale 50 pm,

reflected light

1 ¥ 2 P - 1 P bly
a°ce ate grain from coal sandstone. Graphite presuma
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ite intercalations (G) in

Phot. 2. Graphite intercalations ( SALD (

grows in an orderly manner on the hexagoqal cﬁllrb.(?n;]tm
replacement of a bioclast or clast of organic
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PLATE 11
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Phot. 3. Graphite with intercalations of a mica-type mineral (M) in coal marl. Electron diffraction studies
have revealed the presence of epitaxial graphite layers on mica (Phot. 4). Sample 3/, scale 70 pum, re-
flected light

Phot. 4l E]ecfr‘on diffraction pattern of natural epitaxial graphite layers on the (0] plane of a mica-type
:—?s:;eeziivgu;w —Va(fgé).fThe diffraction points have a complex structure due to misfit equality of the
b 1’”‘“ i s or )grgphlpe nd mica-type mineral. The indexed reflections consist, as a rule

at least two points, one of which can be attributed to graphite (in brackets), and the other to mica.
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