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Abstract. The presented data were obtained from examinations of graphite
separated from coarse-structural octahedrite Morasko. In the meteorite under study
{his mineral appears in larger concentrations in the form of nodules in paragenesis
with troilite, schreibersite, cohenite and kamacite. Cliftonite aggregates, on the
other hand, are rare. Graphite from the Morasko meteorite has been found to differ
from the Ceylon graphite in a more distinct lamellar structure (the highest La/Lc
ratio), larger size of crystallites but poorer three-dimensional ordering, and a higher
content of rhombohedral structure (3R). The data obtained indicate that this mineral
was subject to the activity of destructive forces (shock metamorphism) that caused
an increase in the content of rhombohedral structure and a deterioration in three-
_dimensional ordering. The present authors are of opinion that graphite is an im-
portant indicator of the processes of shock and {hermal metamorphism that meteo-
rites were submitted to.

INTRODUCTION

Carbon in meteorites may appear as native carbon, carbides, carbona-
tes, hydrocarbons and in solid solution with metallic phases. Native carbon
in meteorites is represented by diamond, londsdaleite, graphite and chao-
ite. In this group graphite is relatively most common. It has been recorded
in a variety of meteorites, being most frequent in iron meteorites in which
it sometimes appears in larger concentrations in the form of nodules some
centimetres in diameter. Such nodules are usually polymineral. Worthy
of note are also pseudoregular forms of graphite concentrations, the so-
_called cliftonite, which was described for the first time by Fletcher (1887).

Graphite appears in the form of two crystallographic varieties, hexa-
gonal and rhombohedral. Graphite crystallites are made up of stacking
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layers that consist of carbon atoms arranged in regular, plane hexagons.

Distances between two nearest neighbouring atoms in a layer are 1.42 A.
The individual layers may be arranged with respect to one another in

different ways:

1) in the sequence ABABAB... (hexagonal structure), where every.other
layer in the direction of ¢ axis is translationally identical,

2) in the sequence ABCABC... (rhombohedral structure), where every
third layer in the direction of ¢ axis is translationally identical.

The individual non-identical layers are always translated with respect to

al3 ; e
one another by a segment 1;/ in the direction [100].

The hexagonal modification with the space group P6,;mme is the stable
form of the structure. A crystallographic cell has the dimensions a =
-~ 9456 A. ¢ = 6.708 A, and contains four atoms.

In the two varieties of graphite, interlayer distances in crystallites
(distances ¢) vary depending on the degree of spatial ordering in the
crystallite from 3.354 A for ideal graphite to 3.44 A for non-graphitized
carbon structures.

EXPERIMENTAL PROCEDURE

Microscopic examinations. The sample was investigated
by optical, electron and scanning microscope. Optical features as well as
the forms of graphite concentrations were determined using a microscope
for reflected light and examining polished sections of the meteorite. Sur-
face topography and the habit of graphite crystallites were determined
by the Tesla 246-B electron microscope. Replica and powder methods were
adopted for these investigations. For making replicas triafol matrix
technique was applied. The scanning microscope (ISM-S1) proved parti-
cularly useful in the investigations of the morphology of graphite.

X-ray examinations. X-ray analyses were performed on the
TUR-M-62 X-ray diffractometer with CuK, radiation, provided with
a printing system and a counter. Measurements of the diffraction spec-
‘rum were made at a constant counting time and step regulation of the
goniometer counter by 0.01—0.03° ©. The resultant diffraction lines were
separated into the components CuK,, and CuK,, by Rachinger’s method
(1948), taking for calculations data from the CuK, diffraction lines.
Quartz with the grain size about 10 pm was used as standard in size
measurements of crystallites and in Fourier analysis. Instumental displa-
cement when measuring interplanar distances was determined from the
position of the standard aluminium line. Graphite was heated in Tamman
furnace at 1250°C and 1650°C in graphite crucibles in argon atmosphere.

EXPERIMENTAL DATA
Results of microscopic examinations

In the Morasko meteorite graphite forms spherical and oval polymi-
neral concentrations in paragenesis with troilite, sphalerite, schreibersite,
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cohenite and kamacite (Dominik, in press). In these concentrations it is as

~a rule a subordinate, rarely a coordinate or dominant, component. Micro-

scppic anglyses in reflected light revealed optical features typical for this
mineral, i.e. strong bireflectance and anisotropy.

In the most common type of nodules graphite concentrates only in the
marginal parts, assuming crescent- or ’’1”-shaped forms (the so-called
crescent graphite according to El Goresy (1965)). In these concentrations
graphite forms a variety of fan-shaped (Phot. 12), feathery, sperulitic-
—concgntric (Phot. 3) or random (Phot. 4) aggregats. In the nodules in
question there are numerous graphite inclusions in troilite concentrated
in the marginal parts (Phot. 5); they are missing, on the other hand, in
troilite of the central parts.

In another type of nodules, equally common as those described, gra-
phite appears in the troilite core of these polymineral concentrations. The
internal rim of such nodules is formed by schreibersite, the external
one — by fractured and graphitized cohenite. Similar fractures have been
also observed in troilite. In the troilite core of these nodules, graphite is
a subordinate component. Very rare are nodules that have a troilite-gra-
phite core, the two minerals appearing in equal quantities. The core is
coated with graphite, whitelockite, cliftonite with graphite and external,
schreibersite, rims. In troilite graphite concentrates as scales forming in
places feathery and palm aggregates, or in the form of wormy aggregates,
the latter being similar to retort graphite. Nodules with the core made up
of graphite are found only sporadically. In their centre palm aggregates of
graphite scales may be observed whereas in the marginal parts there are
spherulitic and fan-shaped concentrations.

Besides the graphite concentrations discussed, cliftonite has been
ascertained in the Morasko meteorite (Phot. 6). It appears as isolated
single forms or aggregates in kamacite or else it forms cliftonite and
cliftonite-graphite rims around the polymineral nodules. It should be
mentioned that cliftonite never occurs in the central parts of nodules.

Investigations performed by electron and scanning microscope were
to afford information on the habit and surface topography of graphite
of cosmic origin. When making matrices, extraction of small graphite
aggregates from the polished surface of the meteorite was usually noted.
Such concentrations of graphite lamellae are shown in Photograph 7. In
powder preparations the presence of graphite lamellae with the charac-
teristic hexagonal habit has been ascertained (Phot. 8). Much better data
are obtained from scanning microscoze. In nodules with graphite, idio-
morphic blocks of crystallites of the size 1-—3 um predominate (Phot. 9),
while large flat graphite lamellae with hexagonal habit are rare and are
not more than 80 um broad and 2—3 pm thick (Phot. 10).

Rie su litisiiofi 2X s zay examinations

For X-ray examinations graphite was separated from the central parts
of larger nodules, ie. without cliftonite. Upon separation the samples
were handled so as to avoid any comminution or grinding that could have
disturbed the structure of graphite.

Measurement of interplanar distances. Interplanar distances dopz‘ were
determined from the position of lines 002, 004, 006, 008. The position of
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the interference peak maximum was assumed to be the position of the

lines.
The values dgoz obtained from the measurements of the_position of
the successive lines 001 were extrapolated by the function f/0/ =

\ @
=i (COS? 21 90§2—Q to the value @ = — . The value obtained from ex-
2 \sin® .2
trapolation was assumed to be interplanar distance.

Probability p that two neighbouring planes are not ordered was de-
termined from Bacon’s formula (1951)

dops — 9480 .= 0.086.(1 £= p) — 0.064p (1L — P)

Mean square displacement of neighbouring parallel planes (4%) was
calculated from Ruland’s formula (1965)

dogy = 3.354 + 0.4247 /ifs
Size measurement of crystallites jrom halj-breadth of lines. The size

of crystallites was calculated from half-breadth of lines 004, 110, 112
basing on Scherrer’s formula:

3 sy 0l w0 olles cina
"kl ™ A Bhy €0 Oniat
where:
Lni — crystallite size in the direction perpendicular to the reilec-
ting plane hkl
1 — wave length of CuK ;radiation
Onie — maximum position of K ,line

A Bna —V|BRia)® — (B*)?, where:
BS __ half-breadth of the respective graphite line K ;
B* — half-breadth of the K, line of quartz standard extrapolated
to @hkl'
Constant k (for calculating the diameter of crystallites) was given by
Hirai’s formula (1969).

k = 0.90 + (1.84 — 0.50) p

For the height of crystallites (L 001) k does not depend on the degree of
graphitization of the sample and is 0.94.

Fourier analysis of the shape of diffraction lines. Fourier analysis was
applied to K, components of the lines 002, 004 and 110, with the coefii-
cients A, of the pure graphite line distribution determined by means of
Lipson-Beevers bands and the effect of instrumental broadening elimi-
nated. The coefficients A, were computed from the formula (Warren 1959)

_ H,)G,(n) + H(n)Giln)
G2(n) T G2(n)

An

where:
H,(n) and H;(n) are the transforms characterizing the experimental peak
and are given by the formulae:
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H,(n) = % Z h(x) cos 27z (%)

—an
a/2

a
H = L Y @) sin 2z ()

—al2
and G,(n) and ‘Gi(n) are the analogous quantities characterizing instru-
mental broadening (from the respective peak of the quartz standard).
Fourier analysis was carried out with the division of lines into a = 48.

The mean number of N; layers in crystallites was evaluated from the
plots‘ of A, vs-n as the point of intersection of the tangent at n = 0 with
n axis.

Distribution coefficients of the line 110 may be presented as:

A (WD) = (exp [2ni (X,h + V0] ) = Pact (Pa + P7) cos 2n (%h +1 k)

where:
Pj— probability of zero displacements

P}, Py— probability of displacements X, = + gf
1
Yot

ie. A,(110) = Pf + P; is the probability that two neighbouring layers
are in the ordering of graphite, A,(110) = P; + (P2+ + P3) is the pro-
bability that there are the sequence ABABABA... (P — hexagonal
structure) and the sequence ABCABCAB. . (P; + P,) — rhombohedral
structure).

Estimation of the content of rhombohedral structure in the sample.
To evaluate the content of thombohedral structure, the total intensity of

the strongest rhombohedral reflection 101 %— and the accompanying

hexagonal reflection 1011 was measured. Accordingly, thorough examina-
tions of the diffraction spectrum in the angle range 20°30" — 22°30° were
made and then the individual lines were graphically separated. The ratio

of intensity of the line 101 % to the sum of intensities of the lines 10?27

and 1011 related to the content of the structures ABABA... and
ABCABCABC..., calculated from Fourier analysis of the line 110, was
assumed to be the percentage of the content of rhombohedral structure.

In the case of meteorite graphite, a larger error of measurement was
involved since it is difficult to separate lines of impurities interfered with
those of graphite.

Calculations of structural parameters of meteorite graphite were made
and the results compared with the data obtained for natural Ceylon
graphite in raw state and heated four times for 1 hour at 2800°C. The
results are listed in Tables 1, 2 and 3. The data (Tabk. 1) on the percentage
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of disordered layers and the mean square displacement of layers indicate
that within the crystallites of meteorite graphite the layers show a lower
degree of spatial ordering. Higher dyo» value and greater values of para-

meters p, A3, imply a poorer graphitization of the meteorite graphite. The

Table 1
Interplanar spacings
Extrapolated A‘mount 2
d of disordered 4y
002 [i1A
layers %
‘ @y FaEr A St e T
| Morasko |
3.3608
Sraphith = 23.0 0.016
Ceylon | i3t
3.3590
R 16.5 ‘ 0.012
Ceylon 1
graphite |
heated ‘ 3.3585 15.2 0.010
four
| times

results of size measurements of crystallites are given in Table 2. It is
characteristic that the height of crystallites, calculated both from half-
-breadth ar_ld Fourier analysis, is the greatest (just as the diameter) for
the meteorite graphite. The diagonal dimension Ij;, (indicating the degree
of spafaal ordering) is, on the other hand, the smallest for the meteorite
gra.ph_lte'and the largest for the Ceylon graphite fourfold graphitized.
Thls'ls in accordance with the data presented in Table 2. Data from
Fourier analysis of the line 110 and the content of rhombohedral structure
in the samples are given in Table 3. All the three samples have an appro-
ximate value of probability that two neighbouring layers are mutually

. Trathl e
Size of crystallites in (&)
From half-breadth qfﬁghes From Fourier analysis '
Diameter Diagonal A i
o e ] Height mount Height
ysta imension ¥ of parallel | of crystal-
lite T of crystallite 7
[ 112 A) layers lite
: (&) (A) ‘ N3 (A)
| 2
[
| Morasko 70
l aahita 700 290 410 112 377
Ceylon
\‘ aHE I 450 315 320 92 309
' Ceylon e
graphite heated 530 370 340
four times 4 i
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ordered (about 96%). There is also an insignificant difference in the
content of layers arranged in graphite sequences ABAB... (hexagonal) and
ABCABC... (rhombohedral). The total graphite content ABAB... and
ABCABC... attain for all the samples the value of 88—90%, which means

Bable S
Amount of rhombohedral structure
?,Of 1?yel£;s % of layers
elgg .m fe packed in the | Amount of
% er‘mg (? sequence l rhombohedral
graphite with ABAB... ot

‘ respect to the i ! in %
:. geareet ABCABC... |
| neighbouring ‘
| —

Moras'ko 96.7 90 16—20

graphite .
earion 96.4 89 13.9
‘ graphite
" Ceylon

graphite

heated 96.0 88 8.0
| four
o
| times

that in the samples under study (also in the meteorite graphite) the
content of free carbon in single and double layers does not exceed about
10% of the total mass of carbon.

The meteorite graphite is characterized by a higher content of rhombo-
hedral structure when compared with natural graphites (from 16—20% in
meteorite graphite, 13% in natural Ceylon graphite in raw state, 8°_/o cm
heated graphite). The sample of meteorite graphite was heated at 1250°C
and 1650°C. In consequence, the content of rhombohgdral structure was
found to have decreased in both cases down to about 11%.

CONCLUSIONS

Graphite filling the nodules in the Morasko octahedrite visibly differs
from the Ceylon graphite in:

a. The shape of crystallites — a more distinet lamellar structure (the
highest La/Lec ratio), ' ‘

b. Larger size of crystallites but lower degree of three-dimensional
ordering of the layers,

c. A higher content of thombohedral structure,

d. The presence of cliftonite. : .

The data obtained indicate that the meteorite graphlte was subject to
the activity of destructive forces (shock metamorphism) that _cau;ed an
increase in the content of rhombohedral structure and a deterioration in
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three-dimensional ordering. These processes however were not accom-
panied by high temperatures (higher than about 1250°C) as this would
have resulted in a decrease in the content of rhombohedral graphite.
Great susceptibility of graphite to structural changes under the influence
of pressure and high temperature makes this mineral an important indi-
cator of the processes of shock and thermal metamorphism in meteorites.
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Bogna DOMINIK, Andrzej MANECKI,
Krzysztof P. PAWEOWSKI

MIKROSKOPOWE I RENTGENOGRAFICZNE BADANIA GRAFITU 2H
I 3R Z METECRYTU ZELAZNEGO MORASKO

Streszczenie

Przedstawione wyniki badan dotycza grafitu wyseparowanego z grubo-
strukturalnego oktaedrytu Morasko. Do badan zastosowano metody mi-
kroskopowe (mikroskopy: optyczny, elektronowy i skaningowy) oraz rent-
genograficzne. Grafit tworzy zwykle wieksze koncentracje w formie
nodul w paragenezie z troilitem, schreibersytem, cohenitem i kamacytem.
Rzadkie sg agregaty cliftonitu. Poréwnano wyniki badan rentgenostruktu-
ralnych grafitu meteorytowego z grafitem ziemskim z Cejlonu. Stwier-
dzono, 7e grafit z meteorytu Morasko roézni sie od grafitu cejlonskiego:
wyrazniejszg budowa plytkowa (najwyzszy stosunek L,/L.), wiekszymi
wymiarami krystalitow przy mniej dokladnym uporzgdkowaniu trojwy-
miarowym, wickszym udzialem struktury romboedrycznej i obecnos$cig
odmiany pseudoregularnej — cliftonitu. Uzyskane wyniki wskazuja, ze
mineral ten poddany byl dzialaniu sit niszczacych (metamorfizm uderze-
niowy), ktére spowodowaly wzrost udziatu struktury romboedrycznej
i zmniejszenie uporzadkowania tréjwymiarowego. Sily niszczgce dziatalty
w stosunkowo niskich temperaturach, na co wskazuja wyniki badan rent-
genostrukturalnych prébek wyzarzonych w temperaturze 1250°C i 1650°C
(w obu przypadkach stwierdzono obnizenie zawartoéci struktury rombo-
edrycznej). Zdaniem autorow grafit jest waznym wskaznikiem procesow
metamorfizmu uderzeniowego i termicznego, jakim podlegaly meteoryty.
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Boena NOMHHHUK, Audwetic MAHELIKH,
Kuwuwrog I1. IABJIOBCKH

MUKPOCKOMUWYECKHUE W PEHTTEHOBCKHUE UCCJENOBAHMUSA
IPA®UTA 2H U 3R U3 )KEJIE3HOIO METEOPUTA MOPACKO

PesomMme

[lpescraB/ienbl pe3y/bTaThl HCC/IEAOBAHUA rpaura, H3BJEUEHHOTO 3
KPYMHOCTPYKTYPHOTO METEOPHTA Mopacko. [TpuMeHsAIHCh MHKPOCKOMHUUEC-
Kue Habaiofenust (ONTHUECKHIT, SMEKTPOHHDII 1 CKAHUHI-MUKDPOCKOI) M peH-
TreHorpaduueckie aHnajnsol. Ipadur npejicraBieH, Kak MpaBuio, B BHIE
HOJyJIeN B Tlaparenesuce co 1peAGep3uTOM, KOTEHUTOM H KaMaLHTOM. Penxo
BCTPEUAloTCsl arperathl KAH(PTOHUTA. PenTrenocTpyKTypHOE CpaBHEHHE Me-
TeOpPUTHOro rpagura ¢ 3EMHBIM rpagurom u3 lleiyona mnokasamd, HUTO
METeOPHTHBIH Tpadur OTIMUAETCS Gosee UeTKOH MJMTUAaTON CTPYKTYpPO#
(caMblil BHICOKHH MOKazaTesb L./L¢), 6o/ee KpynHbIMA pa3MepaMu Kprcra.-
JHTOB ¢ MEHbIIEH YIOPsI0YeHHOCTBIO B TPEXMEPHOM MPOCTPAHCTBE, GOMBIIAM
yuactHeM POMGO3/APHYECKOH CTPYKTYPEl U NPUCYTCTBHEM TICeB0peryJiapHOi
PA3HOBHAHOCTH — KJIHPTOHUTA. Ha ocHOBAHUHE MOJYYEHHBIX HAHHBIX MOZKHO
npeanoJararhb, Uto 3TOT MHHEpas MoiBeprasics JICHCTBUIO Pa3pyIIUTENbHCH
cunbl (yaapHblii Meramoppusm), KOTopas ofycaoBUIa yBeJanueHHne COAEep-
JKaHns POMOO3ApHUECKOH CTPYKTYPBL 1 YMEHbLIICHHE TPeXMepHOro ynopsao-
yeHHsi. PaspylunrenpHas Cuia AeHCTBOBAA TPH CpaBHHTENbHO HH3KOHM TEM-
mepatype, KaK MOKasplBAIOT AaHHLIC PEHTreHOCTPYKTYPHOTO aHamu3a o6pas-
110B, NPOKaJeHHbIX TMPH 1950° u 1650°C (B oGy cayuasx Habmofanoch
yMeHbIIEHHEe COepKaHHs pOMGO3PHUECKO cTpykTypbl). [To MHEHHIO aBTO-
poB, TPa(UT SIBJAETCS BAaXKHbIM MOKA3ATE]EM MpOLECCOB YAapPHOro U TepMit-
yecKoro MeramMop®uaMa, KOTOpbIM MOJBEPraroTes METEOPHTHI.
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PLATE I (PLANSZA I, TABJIMIIA D)

Phot. 1. Graphitle concentration made up of fan-shaped aggregates. 1 nicol, X 200
Skupienie grafitu zbudowane z agregatow wachlarzowatych. Nik. 1. pow.

200 X
CxonJeHus rpadura, CJI0KEHHbIE BeepOOOpa3HbIMH arperarami. Huk. 1, yBel

200 X

Phot. 2. Concentration as above. Crossed nicols, X 200
Skupienie j. w. Nik. +, pow. 200 X
Cxonnenne k. B. Huk. +, ysea. 200 X
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PLATE II (PLANSZA II, TABJIMLIA II)

Phot. 3. Spherulitic-radial graphite aggregates. Crossed nicols, X 200
Agregaty grafitu o budowie sferolitowo-radialnej. Nik. +, pow. 200 X
Arperatbl rpadura co ceposHTO-pajHaNbHbIM CTPOCHIEM Huk. -+, ysea. 200 X
Phot. 4. Graphite aggregate with random structure. Crossed nicols, X 200
Agregat grafitu o budowie beztadnej. Nik. -+, pow. 200 X
Arperar rpadura ¢ 6eCnopsilIouHbIM CTPOCHHEM. Huk. +, yBea. 200 X
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PLATE II

Phot. 3

Phot. 4

Bogna DOMINIK Andrzej MANECKI, Krzysztof P. P:A\WY:O\VSKI = Mi§;;()sc9}):li
and X-\‘ayyinvostigations of 2H- and 3R-graphite irom the Morasko 1rc¢
meteorite




MINER. POL. VOL. 5, 1974 R. PLATE III

PLATE IIT (PLANSZA III, TABJMIIA I1T)

Phot. 5. Graphite intergrowths in the marginal part of a troilite nodule. Crossed
nicols, X 80 1
Przerosty grafitu w brzeznej czesci noduli {roilitowej. Nik. +, pow. 80 X '
Bxaiouenusi rpadura B KpaeBoi 4acTH TPOHTHTOBOIO nonyssi. Huk. +, ysen. 80 X

Phot. 6. Single cliftonite form. 1/2 crossed nicols, X 300, immersion
Pojedyncza forma cliftonitu. Nik. 1/2+, pow. 300 X w imersji
Orjenphas popma caudronura. Huk. 1/2 -+, ysen. 300 X, uMMepCus

Phot. 5

Phot. 6

Bogna DOMINIK, Andrzej MANECKI, Krzysztof P PAWELOWSKI — Micmscppic
and X-ray investigations of 2H- and 3R-graphite from the Morasko iron
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Phot.

Phot.

Phot.
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PLATE IV (PLANSZA 1V, TABJIMLIA 1V)

Electron image — concentration of graphite lamellae. X 7400

Obraz elektronowy — skupienie plytek grafitowych, pow. 7400 X
DJIeKTPOHHBIH 00pa3 — CKOMIeHHe rpaduToBLIX MIACTHHOK. Veen. 7400 X
Electron image — hexagonal graphite lamella. X 13 100

Obraz elektronowy — plytka grafitu o formie heksagonalnej, pow. 13 100 X

DeKTpOHHBIH o00pas — MIaCTHHKA rpadura reKcaroHaqbHOH (HOPMEL Y BEI.
13100 X

Scanning electron image — idiomorphic blocks of graphite crystallites.
X 1500

Obraz elektronowy skaningowy — idiomorficzne bloki krystalitow grafitu,
pow. 1500 X

CKaHMHT-3JeKTPOHHBI 00pas — HAHOMOp(QHBIE  GJIOKI  KPHCTAJIITOB rpagura.

Veea. 1500 X
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PLATE V

PLATE V (PLANSZA v, TABJIULIA V)

Phot. 10. Scanning electron image — large hexagonal graphite lamellae. X 650
Obraz elektronowy skaningowy — duze heksagonalne plytki grafitu, POW-
650 X
Cmmmr-snemponnui’l o6pa3s — KpynHbIe reKcaroHajibHble NJ1aCTUHKH rpapura.

ypea. 650 X

Phot. 10

Bogna DOMINIK Andrzej MANECK { P AWE
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