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Transmission electron microscopy study of carbonaceous material
in a metamorphic profile from diagenesis to amphibolite facies
(Bundnerschiefer, Eastern Switzerland)

by Rafael Ferreiro Mdahlmann'", Tatjana V. Petrova’, Jacques Pironon’, Willem B. Stern’,
Jaafar Ghanbaja’, Jean Dubessy? and Martin Frey'(deceased)

Abstract

Transmission electron microscopy has been applied to carbonaceous material in twelve metaclastic samples col-
lected from the north Penninic Bundnerschiefer of castern Switzerland. Metamorphic grade ranges from high
diagenesis to the lower amphibolite facies. Microtextures in organic remnants show a progressive evolution with
increasing metamorphic grade in the following sequence: amorphous material — initial onions — onions filled with
amorphous material — onions with thick rims — onions with a void core — polygonal onions — broken onions —
graphite flakes. Broken onions found inside the transition between polygonal onions and graphite flakes are inter-
preted to be structurally altered onions, torn apart by deformation, hence then do not represent a regular step in the
evolution of organic matter to graphite. The nanometric structure of carbonaceous material is very sensitive to vari-
ations in metamorphic grade and strain. Graphite flakes are supposed to represent either an end-member of this
sequence or to originate from a carbonaceous material source different from that of the onions; flakes also occur as
a detrital fraction in nearly all samples. The widespread heterogeneity of the carbonaceous material explains the
commonly found variability of various analytical data. We show that strain has a catalytic effect on pre-graphitization
and graphite formation in our samples. Strain is an important factor controlling the microstructural ordering, while

temperature has a major effect, and pressure is probably insignificant in this respect.

Keywords: Carbonaceous material, carbon onion structures, graphitization, metamorphic grade, metamorphic

textures, TEM.

1. Introduction

In many metasedimentary rocks, carbonaceous
material is an ubiquitous constituent. Its elemen-
tal composition and structure change systemati-
cally with increasing metamorphic grade in a
transformation referred as graphitization. Be-
cause its study gives insights on the understanding
of metamorphic processes, carbonaceous material
has widely been studied by various analytical
techniques; a recent overview is given by PETRO-
VA et al. (2002). Carbonaceous material studied in
the present paper by transmission electron micro-
scopy has been characterized previously PETROVA
et al. (2002) applying optical microscopy, X-ray
diffraction, combustion and thermal analysis.

In contrast to mineral transformations during
diagenesis and metamorphism, graphitization of
carbonaceous material is an irreversible process
(DIESSEL et al., 1978; ITavA, 1981; PESOUERA and
VELASCO, 1988) and, hence, may be considered as
a useful indicator of the maximum metamorphic
grade reached. Despite a number of studies from
low and high grade metamorphic areas little is
known about development of the graphitization
progress in a natural context. Synthetic graphiti-
zation of carbon was studied in some detail, in
particular the qualitative influence of tempera-
ture, pressure, time and degree of deformation
(oriented pressure, shear strain), but has not been
quantitatively constrained so far (see e.g. LANDIS,
1971; DIESSEL et al., 1978; BONIOLY et al., 1982,
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BUSTIN et al., 1995; Yur et al., 1996). Graphitiza-
tion is mainly a micro-structural evolution
progress described or empirically deduced by op-
tical microscopy, X-ray diffraction, combustion
and thermal analysis.

Transmission electron microscopy (TEM) is
one of the most effective methods to study the
structure and morphology of carbonaceous mate-
rial and to detect heterogeneities at different lev-
els of organization in its carbon (graphitization).
Previous TEM studies of carbonaceous material
have discovered so-called “onion”-structures
(OBERLIN et al., 1974). The phenomenon of syn-
thetically produced carbon “onions” is familiar,
and this term is used in physical and chemical or-
ganic research studies (UGARTE, 1995). The on-
ions are carbon structures formed by benzene-
ring chains with triperiodic (3D) morphology of a
round diameter and a cylindrical or beaker
shaped onion like form. However, examples from
natural samples are scarce, and little is known
about the mechanism of “onion” generation.
OBERLIN et al. (1974) refers to “carbon-blacks™
and BUSECK and HUANG (1985) describe struc-
tures that “resemble those of an onion™ which
“characterize the poorly crystalline graphite™.

The first aim of this study is to describe various
structures of carbonaceous material and to trace
their evolution using samples along a well defined
Biindnerschiefer metamorphic profile in the Cen-
tral Alps (Fig. 2, PETROVA et al., 2002: Table 1).
Results are compared with carbonaceous materi-
al analysis from terrains with a high-temperature,
low-pressure  metamorphic field-gradient (e.g.
Buseck and HUANG, 1985; Yur et al., 1996) and a
low-temperature, high-pressure metamorphic field-
gradient (e.g. DIESSEL et al., 1978; ITAYA, 1981).

The second aim of this study is to present the
first comparison between the degree of carbona-
ceous material organization (graphitization) and
the gradual changes of the coalification process
(maturation) from diagenesis to low amphibolite
facies, including low-grade blueschist facies con-
ditions.

2. Terminology

In the literature (e.g. OKUYAMA-KUSUNOSE and
[TaYA, 1987; WADA et al., 1994; DALLA TORRE et
al., 1996, 1997). the distinction between terms
used in optical reflected light microscopy studies
and microstructural electron microscopy studies
is mostly not clear. Therefore, terms such as
graphite may have different meanings. We refer to
“graphite™ (“true graphite”, “real graphite”,
“pure graphite™) as a triperiodic mineral struc-

ture and “graphitization™ as a process of structur-
al ordering. In reflected light microscopy the term
“optical graphite” is defined by an organic parti-
cle with a high reflectance (> 10%) and high ani-
sotropy (bireflectance), as proposed by DIESSEL
and OFFLER (1975), combined with the occur-
rence of internal submicroscopic granular (semi-
crystalline) areas or microscopic, nematoblastic
and fiber-like forms (“Graphitische Strukturen™,
RAMDOHR, 1928). Optical graphite 1s mostly com-
posed of different mixtures of disordered and or-
dered organic material types, but can also be
formed exclusively by triperiodic ordered carbon-
aceous material (graphite). In TEM studies this
mixture is called “transitional material” (e.g.
OKUYAMA-KUSUNOSE and ITAYA, 1987).

“Coalification™ 1s a process defined by an in-
crease in organic matter reflectance (vitrinite re-
flectance) and is basically the result of compac-
tion, combined with the thermal release of vola-
tiles. In optical microscopy we refer to “transition-
al material”, rather than “transitional matter”
(DiesSEL and OFFLER, 1975) as a coalification
step where coaly material occurs with the first in-
dications of optical graphite formation. The latter
causes reflection histograms with one population
with anthracite/meta-anthracite stage values
(DIN classification, STACH et al., 1982) and a sec-
ond one of the semi-graphite/graphite stage
(DIESSEL et al., 1978).

“Pre-graphitization™ effects are characterized
in optical microscopy by the formation of light
spots <1.0 um in homogeneous vitrinite, an abnor-
mally high bireflectance similar to that of optical
graphite, but a relative low VR of 6.0 to 8.0 %
R,... Bituminite shows pores, vesicles and also
light spots (FERREIRO MAHLMANN, 2001). With
increasing metamorphic grade a helicitic, undu-
lating extinction (fibroblastic structure showing
Brewster cross) under polarized light (SCHNEI-
DERHOHN and RAMDOHR, 1931) indicates the ini-
tial formation of graphite spherulites (STACH et
al., 1982).

3. The graphitization process

Graphitization is a complex process of structural
ordering of carbonaceous material influenced by
the nature of the precursor material, and mainly
by temperature, time and shear strain, but also by
pressure and catalytic or alteration effects of the
matrix minerals (TEICHMULLER, 1987). DALLA
ToORRE et al. (1997) recognized a water fugacity
effect on the graphitization process, but oxygen
fugacity has no influence (ERNST and FERREIRO
MAHLMANN, 2002). Natural carbonaceous materi-
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al studied by X-ray diffraction, reflected light mi-
croscopy. transmission and scanning electron mi-
croscopy show a significant degree of heterogene-
ity from poorly to well-ordered carbonaceous
material (BUSECK and HUANG, 1985). Poorly or-
dered material may be present even in medium to
high-grade metasediments (LARGE et al., 1994)
and is also recognized in Biindnerschiefer at am-
phibolite facies conditions (PETROVA et al., 2002).

In metamorphic rocks different types of car-
bonaccous material evolve along different paths.
FrRANKLIN (1951) distinguished “graphitizing”
and “non-graphitizing” carbon materials largely
based on the structure and composition of their
organic precursors. If these are aliphatic, they
must be aromatized first before polymerizing into
graphite-like molecules. If the precursors are aro-
matic, the basic hexagonal benzene-ring structure
that characterizes graphite already exists, and the
formation of a triperiodic (3D) graphite structure
is facilitated.

Graphitization may be either a continuous
(GREW, 1974; ITAYA, 1981) or discontinuous proc-
ess (OKUYAMA-KUSUNOSE and ITAYA, 1987).
OKUYAMA-KUSUNOSE and ITAaya (1987) suggest-
ed that graphitization proceeds through two dis-
continuous stages: first, optically anisotropic do-
mains develop within formerly isotropic coal
phytoclasts, forming “transitional material”; sec-
ondly, ordered graphite crystallizes at the expense
of pre-existing coal material. These authors as-
cribed the variation in crystallographic para-
meters of the bulk carbonaceous material to the
variation in modal abundance of three types of
carbonaceous material, i.e. coaly, transitional
material, and graphite.

In most areas of the Alps studied by FERREIRO
MAHLMANN (1994), the optical characteristics
during the first two stages of OKuyAMA-KUSU-
NOSE and ITaya (1987) change gradually. The in-
crease of coalification continues up to the semi-
graphite stage (DIN classification) and is then
suddenly enhanced (in most cases) between a
maximum vitrinite refiectance (R,,,) of 8 and
10.0%. This limits the method of vitrinite reflect-
ance studies (FERREIRO MAHLMANN, 1995, 2001)
with the occurrence of optical graphite. At the so
called “graphite jump” (FERREIRO MAHLMANN,
1994, PETROVA et al., 2002), graphitization is
thought to be discontinuous due to structural
changes from a two-dimensional aromatic plane
structure to a three dimensional crystal-like struc-
ture (TEICHMULLER, 1987; DEMENY, 1989). Trans-
mission electron microscopy promises further in-
sight into the reason of the optical properties ob-
served at low greenschist facies, as in the Biind-
nerschiefer profile (PETROVA et al., 2002).

4. Geological setting

North Penninic Biindnerschiefer are metamor-
phosed shaly-calcareous marine to terrigenous
sediments, partly very rich in organic matter. In
the flysch formations clay- and organic matter-
rich siltstones are frequently intercalated in the
sandstone sequences. Biindnerschiefer originated
in an oceanic deep-water facies and the flysch for-
mations in a shallower oceanic facies. The main
mass of the Biindnerschiefer is of Cretaceous age
(STEINMANN, 1994), and the flysch sediments are
of Late Cretaceous to Eocene age and also con-
sidered as being of North Penninic origin.

Based on regional geological studies, the
North Penninic Biindnerschiefer are subdivided
into different units (Fig. 1). Between the different
tectonic Biindnerschiefer units of the Prittigau
flysch and the Grava nappe, formed during the
Tertiary, no important metamorphic discontinuity
has been documented in the regional Late Oli-
gocene metamorphic pattern (WEH et al., 1996).
The continuous increase of vitrinite reflectance
and decrease of illite crystallinity values from N
to S and ENE to WSW indicate a low tempera-
ture/low pressure and post-nappe tectonic meta-
morphism (PETROVA et al., 2002). In the Central
Alps, the chloritoid-in isograd mapped by FREY
and WIELAND (1975) cross-cuts all nappe bounda-
ries of the Helvetic and Penninic tectonic domains.
RAHN et al. (2002) showed that the time of chlori-
toid formation during the Oligocene in both do-
mains is heterochronous. Different metamorphic
patterns have been mapped (FERREIRO MAHL-
MANN et al., 1992; FREY and FERREIRO MAHL-
MANN, 1999) along both sides of the Penninic front
(Fig. 2). A small metamorphic hiatus between the
Tomiil and the Grava nappes and along the Chur-
Andeer zone (Fig. 2) has been suggested by WEH et
al. (1996) and PETROVA et al. (2002), based on tem-
perature sensitive analytical methods (vitrinite re-
flectance, maximum combustion temperature of
carbonaceous material). Mineralogical studies of
metapelites and marbles by TeuTscH (1982) re-
vealed that in the southern Misox zone Biindner-
schiefer amphibolite facies was reached.

Greenschist facies metamorphism overprinted
Late Eocene to Early Oligocene low tempera-
ture/high pressure metamorphism in the area to
the west and south of Chur (OBERHANSLI et al.,
1995). In Fig. 2, to the west of Chur, relics of blue-
schist facies complicate the metamorphic pattern
(FrREY et al., 1999).To the west and south of Thusis
most blueschist facies minerals broke down due
to the greenschist facies overprint (OBERHANSLI
et al., 1995). Thus, only the last Late Oligocene
metamorphic pattern is shown in this area (Fig. 2).
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Fig. 1

Schematic geological map of the North Penninic Biindnerschiefer (eastern Switzerland, see inset in Fig. 1).

Numbers refer to sample list (Table 1). Squares: sampling points along the NE-SW metamorphic profile.

An important metamorphic inversion in the
older metamorphic pattern at the Middle Pennin-
ic front (Fig. 2) is suggested by PETROVA et al.
(2002). Greenschist facies metamorphic grade,
but without high-pressure relics, was reported by
BAUDIN and MARQUER (1993) and FERREIRO
MAHLMANN (1996) from the Middle Penninic
nappes. The second Late Oligocene greenschist
metamorphic pattern at the Middle Penninic
front is also, but less disturbed by post-metamor-
phic thrusting and normal faulting (FERREIRO
MAHLMANN, 1995; FREY and FERREIRO MAHL-
MANN, 1999).

On the basis of a general increase of maximum
metamorphic temperatures from high diagenesis
to low amphibolite facies (with only local and re-
stricted discontinuities in metamorphic grade) a
sample set from the Biindnerschiefer was used to
study the evolution of organic matter. The meta-
morphic profile studied (Fig. 1) extends from east
of Landquart (northern Prittigau-Flysch) to Mes-

occo. Along this profile, grade of Tertiary meta-
morphism increases from high diagenesis at 220-
250 °C and 2.0-3.0 kbar (FERREIRO MAHLMANN,
1994) to amphibolite facies at 500-550 °C and 6.0
kbar (FREY and FERREIRO MAHLMANN, 1999). In
the middle section, some relics of high pressure-
low temperature metamorphism were found, in-
creasing in grade from 350 °C, 7 kbar at Chur to
400 °C, 14 kbar (OBERHANSLI et al., 1995, FREY et
al., 1999) at the west of Thusis. The high diagene-
sis, anchizone and epizone division is based on il-
lite-crystallinity values (FREY, 1987).The high epi-
zone is equivalent to the low greenschist facies
(FERREIRO MAHLMANN, 1996), but not the low
epizone. Therefore, the low epizone is shown in
Fig. 2 with an own label (see also Fig. 5).

The North Penninic units underwent shorten-
ing and a first metamorphism during the closure
of the North Penninic oceanic realm since the
Paleocene. For a more detailed introduction to
the tectonic-metamorphic evolution see OBER-
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Fig. 2 Metamorphic sketch map compiled from Frey et al. (1999), FREY and FERREIRO MAHLMANN (1999) WEH et

al. (1996), OBERHANSLI et al. (1995), and PETROVA et al.

HANSLI et al. (1995), AGARD et al. (2001) and also
RAHN et al. (2002). Metasediments reached low
blueschist facies during subduction, and only the
upper low-grade metamorphic parts of the accret-
ed units are preserved in eastern Switzerland. The
HP-LT event is thought to be contemporaneous
with eclogite formation in the Adula nappe
(OBERHANSLI et al., 1995) during the Paleocene to
Eocene deformation event (FROITZHEIM et al.,
1996). The second Oligocene LT-LP metamor-
phism is attributed to a continent-continent colli-
sion, when the Penninic units were thrust onto
Helvetic units (FREY and FERREIRO MAHLMANN,
1999).

(2002).

The studied cross-section is also characterized
by a deformation gradient from brittle (with local
variations in strain) to plain ductile deformation
(WEH, 1993). In the southern area, major ductile
shear zones are frequent.

5. Type of organic matter and sampling

In the high diagenesis and anchizone organic mat-
ter is diffuse and the type of carbon precursor was
a kerogen type II, mostly a bituminite rich oil-
prone kerogen. Alginite is frequently found and
the minor vitrinite and major inertinite (STACH,
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1982) composition shows a broad variation. Dur-
ing the tectonic-metamorphic history and with
increasing metamorphic grade, carbonaceous ma-
terial was segregated from the mineral matrix and
occurs accumulated in pressure solution joints and
foliation in the epizone, and as mm thick bands in
the upper greenschist to amphibolite facies. Car-
bonaceous material strictly follows the rock folia-
tion from microscopic to mesoscopic scale.

Samples are listed in Table 1. The mineral con-
tent of all lithologies was described previously by
PETROVA et al. (2002). The only variable compo-
nent is the calcite-dolomite ratio and the total car-
bonate content. 12 representative samples out of
55 samples of PETROVA et al. (2002) were chosen
for the TEM study.

6. Analytical technique
6.1. SAMPLE PREPARATION

20-30 mg of each sample were placed in a plati-
num crucible to remove carbonate phases by HCI
(38%). The mixture was periodically stirred dur-
ing 3-5 hours and heated to 40-50 °C in order to
accelerate the destruction of quartz and sheet sili-
cates with HCI and HNO;. The solution was fil-
tered carefully with distilled water and placed in

HF (48%). Each acid treatment, followed by care-
ful filtration, was repeated at least 3 times to com-
pletely remove quartz and sheet silicates. The res-
idue was composed of concentrated organic mat-
ter and refractory minerals such as rutile, tourma-
line, zircon, pyrite, garnet, and pyrrhotite.

6.2.TEM METHODOLOGY

A total of 12 carbon samples (Table 1), evenly dis-
tributed along the metamorphic profile, was stud-
ied from nano- to micrometer scale. Several TEM
images were taken from each sample to check the
heterogeneity of carbonaceous material and to get
a better resolution on the carbon microtexture.
TEM studies were carried out at the Labora-
toire commun d’analyses (University H. Poincaré,
Nancy, France) using a Philips CM20 TEM oper-
ating at 200 kV. Selected area electron diffraction
patterns (SAED) and TEM images were record-
ed for each sample. A SAED aperture, of 500 nm
in diameter was used, hence the SAED patterns
of several images together correspond to mix-
tures of all types of carbonaceous materials found
in one sample. Diffraction patterns (Fig. 3) vary
with crystallite size. For graphite crystals bigger
than 500 nm, separate diffraction spots are ob-
served. When the area contains small particles

Table 1 Sample characteristics.
Sample Geological unit Organic material OM Rock type Metamorphic
(OM) structure d, A grade /facies
Sample 2 Prittigau Flysch amorphous - Calcareous phyllite high diagenesis
Sample 5 Prittigau amorphous - Calcareous phyllite low epizone
Biindnerschiefer initial onions
Sample 7 Prittigau amorphous 3.57 Calcareous phyllite anchizone
Biindnerschiefer
Sample 12  Prittigau initial onions 3.45 Calceschist high anchizone
Biindnerschiefer
Sample 15  Prittigau onions 333 Calcschist epizone
Biindnerschiefer
Sample 22  Prittigau onions - Schistose limestone low epizone
Biindnerschiefer
Sample 26  Grava nappe onions with 3.33 Schist low greenschist
thick rims high epizone
Sample 30 Tomiil nappe onions with 332 Phyllite low greenschist
thick rims high epizone
Sample 32  Prittigau Flysch s.1. broken onions 3.37* Calcschist greenschist
Lenzerheide-Tomiil Flysch
Sample 42  Misox broken onions 3.42% Calcschist greenschist
Biindnerschiefer
Sample 50  Misox graphite flakes - Siliceous marble low amphibolite
Biindnerschiefer broken onions
Sample 52 Misox graphite flakes 3.35 Garnet-mica schist low amphibolite

Biindnerschiefer

* d-values strongly affected by heterogeneity in carbonaceous material and tectonic deformation of microstructures.
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(crystallites) of random orientation, the diffrac-
tion patterns consist of discontinuous rings with
spots. For very small particles, the rings become
continuous and do not show white spots. The radii
of the rings are inversely proportlonal to the cor-
responding d hkl values expressed in A (d hkl: in-
terplanar spacing of lattice planes (hkl)).

A suspension of residual carbonaceous mate-
rial in ethanol was placed in an ultrasonic bath for
5 minutes and then deposited on a holy carbon
film copper grid. During such treatment, the etha-
nol may partly dissolve organic material. For ex-
ample, the secondary migra-bituminite found in
sample 32 (PETROVA et al., 2002) is no longer
present as amorphous carbon in the final mount
(Fig. 4j). On the photomicrographs, shadows of
the carbon hollows are frequently superimposed
onto the images of the samples (Fig. 4).

7. Results

7.1. MICROSTRUCTURES AND
CARBON ORDERING

Several microstructures of carbonaceous material
are distinguished in the Biindnerschiefer, which
replace each other with increasing metamorphic
grade: a) amorphous carbon, b) initial onions, c)
carbon onions, d) onions with thickening rims, )
polygonal onions, f) broken or torn onions, and g)
graphite flakes.

7.1.1. Amorphous carbon
The lowest grade (high diagenesis) examined in
the profile was in sample 2 (Table 1, Figs. 1 and 2).
For the youngest Biindnerschiefer (Late Creta-
ceous), anchizonal grade was found for sample 7,
and low epizonal grade was determined for sam-
ples 5. For all three samples the electron diffrac-
tion pattern shows a broad and blurred 002 ring
with a hazy outline (e.g. samples 2, Fig. 3A).

The SAED patterns correspond to a turbo-
stratic carbonaceous material with a biperiodic
order structure, with only a broad 002 ring well
visible. The hkO reflection is only a fine blurred
ring with a large radius (Fig. 3B), indicating that
the domains are very small and not oriented (not
lying on their basal plane). It is not possible to de-
termine the degree of order from the SAED pat-
terns alone. Because: (1) The diffraction pattern
of the carbonaceous material indicates a high
grade of disorder, and (2) the radii of the hkl re-
flections depend on the orientation of the carbon-
aceous material relative to the electron beam.

TEM micrographs (Fig. 4a) display amor-
phous carbon with parts showing an “orange skin”

209

like structure (a kind of porosity on wrinkled par-
ticles with a semi-rounded surface) or a structure-
less mass. In the samples of lowest metamorphic
grade with a vaguely rounded cloudy surface (Fig.
4a) of the amorphous carbon, no other structure
has been detected.

7.1.2. [nitial onions
Samples from the Early Cretaceous Prittigau
Biindnerschiefer reached high anchizonal to low
epizonal grade (samples 12 and 15). With advanc-
ing graphitization at these grades (upper limit of
the sub-greenschist facies), the previously amor-
phous carbonaceous material starts to rearrange
into curved layered semicircle-like forms. The ini-
tial stage of this onion development is visible in
Fig. 4b and also present in sample 15. The SAED
pattern shows a broad 002 ring with the smaller
hkO radius showing an increase in domain dimen-
sions (Fig. 3C).

These onions develop a thin layered rim,
which is evidently composed of more highly or-
dered carbonaceous material visible in nearby
parallel lattice fringes. This implies that the for-
mation of the onions during graphitization starts
from their surface, once the spherical partxcle
reaches a size of 1000-2000 A. The structure is not
empty at this stage, its inner part being filled part-
ly with amorphous material. Fig. 4b shows a rela-
tive well-ordered initial onion.

Atlow magnification, TEM images of the sam-
ple from higher metamorphic grade (Fig. 4c, sam-
ple 15) demonstrate that some of the curved
structures remain interconnected by poorly ori-
ented “chain-like” structures (Fig. 4k). Small
areas with parallel lattice fringes (<100 A) and
section structures (~1000 A) represent less organ-
ized carbonaceous material of aromatic bands in-
between curved, better ordered segments of the
carbonaceous material.

7.1.3. Carbon onions filled with

amorphous material
In the epizene cnions with poor structural order-
ing are the common form of carbon. Different
stages of onion development were found in the
Biindnerschiefer from the Prittigau (samples 15
and 22), Grava (sample 26) and Tomiil nappes
(sample 30). In the high epizone (low greenschist
facies) of the metamorphic Biindnerschiefer pro-
file distinct carbon structures are formed, with a
triperiodic (3D) morphology of a round cross sec-
tion and a cylindrical or flat-bottom beaker
shaped (onion) like form, the center still filled
with amorphous material.
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First spots?

Fig. 3 The evolution of amorphous carbon to graphite flakes as dem-
onstrated from SAED patterns, indicating an increase of ordering from
diagenesis (Fig. 3A) to amphibolite facies (Fig. 3G).

(A) Amorphous carbon (sample 2) shows a broad and blurred 002 ring
with a hazy outline.

(B) Although the 002 ring is rather broad, the hkO reflection is only a
fine blurred ring with a large radius, representing disordered carbona-
ceous material (sample 7).

(C) Broad 002 ring of the SAED pattern. The smaller hkO radii shows
an increase of order and of domain dimensions (sample 12).

(D) Porous carbonaceous material (sample 26) shows rings without
spots, indicating that also this material is still disordered.

(E) Some single spots along the 002 ring, reflecting that the carbona-
ceous material from sample is partly formed by ordered carbon struc-
tures (sample 26).

(F) Frequent spots along the hkO ring, together with a well-defined 002
ring and a smaller radii of hk0 rings indicating the advanced ordering of
the carbonaceous material (sample 32).

(G) Reflection spots only of well-ordered graphite (sample 52).
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7.1.4. Onions with thickening rims
In the epizone, the maximum onion size increases
to 1400-1500 A (mean 1000 A), hollow forms re-
pldu the amorphous carbon fillings and, hence,
microporous structures (<500 A) develop in the
carbonaceous material (Fig. 4d, sample 26). SAED
patterns of the porous carbonaceous material show
002- and hkO-rings without spots (Fig. 3D).

With progressive graphitization the onion rims
grow thicker (Fig. 4e, as in sample 30). Growth oc-
curs on the outer part of the onions (Fig. 4f),
though less ordered (but not amorphous) carbon
structures are still evident in the inner part (Fig. 41).

TEM images demonstrate narrow 002 rings
with the first occurrence of a few isolated spots.
The spots usually indicate well-crystallized graph-
ite. In the same sample, onions merge to form
complex morphologies seen in TEM images (Fig.
4f). From this specific area of the sample, the
SAED pattern shows some single spots along the
002 ring (Fig. 3E).

Spots in SAED pattern might also indicate a
detrital population, but this should be detectable
in the micrograph as well developed graphite
flakes, which is not the case. In the samples be-
tween Landquart and Chur (samples 5 to 26),
PETROVA et al. (2002) found the detrital graphite
content to be low or not detectable (<10 vol% of
the organic matter).

7.1.5. Polygonal onions
In several TEM images of sample 26 and 30 car-
bonaceous materials reorient themselves to form
larger and larger continuous aromatlc layers. With
increasing diameter (>2000 A) their curvature
flattens. With further graphitization, a circular
geometry is replaced by a polygonal habitus (Figs
4g and 4m). The maximum diameter reach a size
of 3500 A. Some initial forms of this poglygoniza-
tion are recognized also in less metamorphosed
carbonaceous material (Fig. 4e). Different stages
of the polygonization are recognized. Onions with
a thick rim display high polygonization and on-
icns with a relative thin rim retain a curved shape.

7.1.6. Broken or torn onions
in the Lenzerheide-Tomiil Flysch (Prittigau
Flysch s.1.) two Tertiary deformation events have
been linked with greenschist facies metamor-
phism (WEH, 1989). Also in our study (see PETRO-
VA et al., 2002) no blueschist minerals were found
in the first and second deformation . With further
ordering of the carbonaceous material during
greenschist facies the onions break down along
the edges formed during the polygonal onion
stage of their development (Fig. 4h, sample 42).
SAED patterns show frequent spots together

with a well defined 002 ring and small radii of hk0
rings indicating the advanced ordering of the car-
bonaceous material (Fig. 3F). In sample 32, the
breakdown of the onions to shell-like particles
occurs as they reach a size of 3000-4000 A.

In the northern Misox zone Biindnerschiefer
(high greenschist facies) a very strong increase of
the second Tertiary foliation and deformation is
observed near the Middle Penninic front (Fig. 2).
In sample 42, like in sample 32 (Fig. 1), broken
onions are the predominant microstructure of the
carbonaceous material.

7.1.7. Graphite flakes
In sample 50 from the low amphibolite facies, bro-
ken onion particles (Fig. 4i) coexist with graphite
flakes of well-ordered carbonaceous material
(Fig. 4j). In the TEM images of the carbonaceous
material different stages of curvature and flatten-
ing are found. Flat broken particles (1000 to 2500
A) show a thick layer stack of ordered carbon
material and nearly reach the size of the graphite
flakes (2000 to S000 A). Curved or polygonal bro-
ken particles mostly have smaller diameters. In
sample 52 of low amphibolite facies but slightly
higher metamorphic grade than sampie 50, the
polygonal and broken onion microstructures are
replaced by an increasing content of graphite
flakes. Due to the flattening of the onion walls
combined with rupture of these walls along edges,
the formation of graphite lamellae 1s indicated.
The flakes of graphite (from 2000 to 10000 A)
from sample 52 are not strictly homogeneous in
their texture (Fig. 4j). The carbonaceous material
is still not well-ordered and may contain patches
(<500-1000 A) of less-ordered material (Fig. 4n).
The magnification used and the orientation of the
carbonaceous material relative to the electron
beam do not allow a clear visualization of the in-
ternal structure. SAED patterns show reflection
spots of well-ordered graphite only (Fig. 3G).

7.2.HETEROGENEITY IN CARBONACEOUS
MATERIAL

Heterogeneity in metasediments of low metamor-
phic grade is a natural consequence of the organic
matter sedimentary cycle. Materials from sedi-
mentary environments are commonly complex
mixtures of aliphatic and aromatic compounds,
and this causes a heterogeneous graphitization
process (FRANKLIN, 1951).

Heterogeneity in natural carbonacequs mate-
rial has been widely described. Similar to our
Biindnerschiefer study (see also JAGER and
STRECKEISEN, 1958), LANDIS (1971) observed two
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Fig. 4 The structural graphitization progress from diagenesis (Fig. 4a) to amphibolite facies (Fig. 4j).

(a) Structure-less mass of amorphous carbon is indicated with a white arrow. At the border of the TEM image, the
orange skin-like structure is well developed (sample 5).

(b) Initial stage of the onion development. Arrow indicates to a thin layered rim, which is obviously composed of
higher ordered carbonaceous material visible in the almost parallel lattice fringes. In-between the two initial onions
amorphous material remains (sample 12).

(c) Arrow on the right side point to areas with curved structures that are interconnected through not oriented chain-
like structures. A chain structure is shown in a magnification in Fig. 4k (sample 13). The left arrow points to amor-
phous material.

(d) Onions with amorphous carbon fillings. The black arrow indicates the well-ordered and thick rims and the white
arrows less ordered onion fillings, partly also amorphous carbon material (sample 26).
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Fig. 4 (cont.)

(e) Onion with thickened rims. The arrow points to a first development of polygonal structures (sample 26).
(f) The arrow points to a onion, which merges forming complex morphologies. The upper arrow shows the onion

enlarged in Fig. 41 (sample 26).

(g) Onions with a thick rim reach a high polygonization step and onions with a relative thin rim still have a curved
shape. The arrow indicates a very large polygonal onion (sample 32).
(h) Onions start to break down along the edges (sample 42). The arrow points to a flattened torn particle.

distinct peaks in X-ray diffractograms which were
related to the fully ordered and the slightly disor-
dered graphite. WANG (1989) reported distinctive
X-ray diffraction patterns from low to medium
grade metamorphic samples, with a sharp peak

for the (002) reflection of graphite and a weak,
broad peak on the lower 20 side for poorly crys-
tallized carbonaceous material. The same is indi-
cated for Biindnerschiefer of sub-greenschist to
greenschist facies grade (PETROVA et al., 2002).
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Fig. 4 (cont.)
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In the present study, d (002)-values of graphite
obtained by electron diffraction (Table 1) de-
crease significantly from sample 2 (3.57A) to sam-
ple 22 (3.32A) at the beginning of the metamor-
phic profile, but then remain almost constant up
to the highest grade studied. Previous XRD stud-
ies of the same carbonaceous material samples
failed to produce a convincing trend of d-values
decrease (PETROVA et al.,2002). This is due in part
to the measurement of bulk samples composed of
different macerals, as recorded by optical micro-
scopy. with a complex mixture of different textures
recorded by TEM micrography, but mainly due to
the different resolution of the two methods. Never-
theless, the low significance of the trends reflects
the heterogeneity of carbonaceous material.

Using optical microscopy, DIESSEL et al. (1978)
described the coexistence of coalified and graphi-
tized particles (transitional matter) at constant
metamorphic grade. The same was shown by
PETROVA et al. (2002) for the low greenschist
facies part of the metamorphic profile studied.

In the same way as shown for Biindnerschiefer
samples by PETROVA et al. (2000), also scanning
electron microscopy by WINTSCH et al. (1981) and
transmission electron microscopy by BUSECK and
HUANG (1985) demonstrated heterogeneous or-
ganic material. Most samples contain carbona-
ceous material of different habitus and shape.

Detailed studies by KRIBEK et al. (1994) and
LARGE et al. (1994) show that an important prob-
lem in the study of metamorphic evolution of or-
ganic matter is to deal with its strong heterogene-
ity in organic matter composition, structure, and
microstructure. Heterogeneity in composition
was confirmed for the Biindnerschiefer profile by
PETROVA et al. (2002). In the present study,
microstructure heterogeneity is demonstrated. In
the Biindnerschiefer profile, onions with thick-
ened rims coexist in abundance with initial on-
ions. Broken onions have been observed together
with graphite flakes (Fig. 4j). The combination of
these microstructures in one sample may explain
the composite (002) reflections of graphite on X-
ray diffractograms and the wide ranges of values
obtained in the TGA-DTA analysis and combus-

«Fig.4 (cont.)

tion studies of the carbonaceous material (PETRO-
VA et al., 2002). It may also explain the coexist-
ence of different habitus from carbonaceous ma-
terial (PETROVA et al., 2000).

Comparing TEM and Raman spectroscopy,
Buseck and HUANG (1985) and WOPENKA and
PASTERIS (1993) have noticed a heterogeneity in
the type of carbonaceous material precursor as
the cause for different graphitization degrees in
one sample. The occurrence of disordered and
poorly ordered graphite in metamorphic rocks is
also due to a mixture of coaly material, poorly or-
dered graphite, natural coke, and graphitized bi-
tumen (KRIBEK et al., 1994), which underwent
graphitization at different rates (FRANKLIN, 1951).
Optical and chemical analysis of organic matter in
the Biindnerschiefer revealed a relative homoge-
neous overall composition (PETROVA et al., 2002).
The precursor material chemistry should there-
fore only have a minor control on the graphitiza-
tion process. Nevertheless, the observed hetero-
geneity complicates the discussion of the results.

8. Discussion

8.1.STRUCTURAL EVOLUTION OF
CARBONACEOUS MATERIAL

The results presented are part of a comprehensive
study on natural graphitization along a metamor-
phic section, combining TEM analysis with tem-
perature sensitive methods such as vitrinite and
bituminite reflectance measurements (FERREIRO
MAHLMANN, 1994; PETROVA et al., 2002), combus-
tion analysis, thermo-gravimetric, and differential
thermal analysis (PETROVA et al., 2002), all based
on detailed maceral analysis. Previous studies on
natural graphitization define the grade of meta-
morphism by index minerals and a gradual meta-
morphic increase cannot be ascertained. For the
present samples, the metamorphic condition is ex-
ceptionally well known. The sample preparation
used may have removed hydrogen-rich secondary
bituminite (migra-bituminite), but this does not
affect the macerals of the huminite-vitrinite

(1) Broken onion particles coexist with graphite flakes of well-ordered carbonaceous material (sample 50). Some

particles have a very well ordered layer structure (arrow).

(j) The flakes of graphite are not strictly homogenous in their texture. The upper rim of the hexagonal graphite flake
is well ordered and shows the typical graphite layers (sample 52). The upper arrow points to highly disordered mate-

rial.

(k) Chain-like structures interconnecting the onions (see Fig. 4¢).

(I) Onions with less ordered carbon present in the inner parts (see Fig. 4f).

(m) Onions obtain a polygonal geometry (enlarged area from the sample 32, but not shown in Fig. 4g).
(n) Graphite material with patches of disordered material. Enlarged area from Fig. 4j.
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group and high mature primary bituminite
(RAGOT, 1977), hence we are confident to have
documented the evolution of primary organic
matter.

As an initial approach, microstructural chang-
es were correlated with metamorphic zones de-
fined by vitrinite-bituminite reflectance and illite-
crystallinity (FERREIRO MAHLMANN et al., 1992;
WEH et al., 1996). As proposed by GREW (1974), a
continuous evolution of the carbon microstruc-
tures is postulated. Despite of the heterogeneity
found, the trend in the overall microstructural
changes with increasing metamorphic grade dem-
onstrates a gradual progress of carbon material
ordering. Along the metamorphic profile, this is
derived from the overlapping range of a specific
microstructure occurrence between its initial and
last appearances (Fig. 5).

The textural development in carbonaceous
material involves several stages from amorphous

material — initial onions — onions filled with
amorphous material — onions with thick rims —
onions with a void core — polygonal onions —
broken onions and finally to graphite flakes.

In the high diagenetic zone the amorphous
carbonaceous material from organic matter is the
most abundant carbon material in the microgra-
phy. Amorphous carbon is formed by short and
misoriented aromatic groups of benzene-rings
with aliphatic bonds (MARSH, 1989). According to
the high diagenetic grade (220 to 250 °C,2.0t0 3.0
kbar), determined for the lowest metamorphic
sample, the aliphatic chains should be mostly
transformed, and the primary C-H-O-aliphatic-
aromatic composition of the organic matter
should be strongly homogenized (TEICHMULLER,
1987). Therefore, low-ordered carbon structures
should be formed by basic hexagonal, benzene-
ring chains (FRANKLIN, 1951) and most volatiles
should have degassed (TEICHMULLER, 1987).
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Fig.5 Comparison of metamorphic data from east of the “Turba mylonite zone” (NIEVERGELT et al., 1996) and this
study. The mineral data, vitrinite reflectance (VR) and temperature estimations are taken from OBERHANSLI et al.
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Values in brackets give the correlation from shear zones. The occurrence of microstructures is shown in the last

column: 1 —amorphous carbon, 2—initial onions (range not well constrained), 3—different types of carbon onions,
4—onions with thickened rims (lower range limit not well constrained), S—polygonal onions, 6 —broken onions, 7 —

graphite flakes.
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During high diagenesis (sample 2) organic ma-
terial developed into poorly organized layered
stacks of aromatic bands with a vaguely rounded
cloudy surface (Fig. 4a), the amounts of which
then increase with metamorphism, as shown for
samples 5 and 7. “Orange skin” like structures in a
structure-less mass were generated from these
layered stacks. The curved microstructure demon-
strates a very early stage of layered ordering at
the transition from diagenesis (sample 2) to an-
chizone grade (sample 7).

Different evolutionary steps are observed be-
tween layered rounded stacks and the formation
of initial onions (Figs. 4a—c). Curved, semi-circular
microstructures are composed of organized, car-
bonaceous material embedded in amorphous ma-
terial. OBERLIN et al. (1974) described similar
spherical particles as “carbon-blacks™ containing
curved sheets of carbon layers. Such particles
have been reported for bituminous coals, anthra-
cites, and mature kerogens (OBERLIN et al., 1974).
From these structures the initial onions devel-
oped in the low anchizone, still coexisting with
less ordered and amorphous material.

In the anchizone many initial onions are
linked together to form chains. This kind of chains
is only present during the development of initial
onions from amorphous carbonaceous material.
It may be interpreted as a step of ordering follow-
ing complete loss of aliphatic bonds forming a
two-dimensional layered order of aromatic bonds,
with many chains still separated by amorphous
carbon. The amount of the latter decreases with
increasing metamorphic grade. In the low epizone
(samples 5, 12 and 22), the first onions appear
filled with amorphous carbon; the restricted space
in the onion center prevents the restructuring of
the carbon bonds. Closed onions initially still
filled by amorphous carbonaceous material, but
subsequently devoid of filling, evolved during epi-
zonal metamorphism (samples 15, 22, 26 and 30).
For nanoscopic carbon a fastening of surface
bonds by formation of curved, closed shell-like
structures or shects appears to be the most effec-
tive way of minimizing the surface energy
(OBRAZTSOVA et al., 1998). Poorly ordered car-
bonaceous material 1s composed of tiny aromatic,
two-dimensional flat to curved graphitic sheets.
The elimination of energetic bonds present at
their edges is supposed to be the driving force to
induce curvature (OBERLIN et al., 1974; UGARTE,
1995). In the high epizone (low greenschist
facies), graphitization proceeds, and the circular
and spherical geometry of the onions is replaced
by a polygonal one (Fig. 4g), due to successive dif-
ferentiation of the hexagonal rings. During flat-
tening of the curvature and or prior to polygoni-
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zation, stacking of aromatic layers radially
progresses, sphere by sphere, towards the center
of the former onion. The increase in rim thickness
during the carbon ordering and onion growth ap-
pears to cause polygonal restructuration. Graphi-
tization mainly starts at the pore walls of porous
and (initial) onion-like carbon structures (BoNI-
Jory et al., 1982; Buseck and HUANG, 1985;
LARGE et al., 1994; UGARTE, 1995), from where it
expands into those areas with the largest radius of
curvature. From the thickened rims and broken
fragments of polygonal onions, reordering to
graphite flakes probably documents the last step
of the structural evolution to graphite. The last
step i1s not very well constrained by this study. In
the amphibolite facies, both broken onions and
graphite flakes appear together. The flakes trans-
form to large hexagonal particles with increasing
metamorphism (Fig. 4j).

8.2.THE DEPENDENCE OF TEMPERATURE
AND PRESSURE ON GRAPHITIZATION

Temperature is probably the most important fac-
tor controlling graphitization: (1) Vitrinite reflect-
ance is mainly dependent on temperature and
time (RAGOT, 1977; TEICHMULLER, 1987; FERREI-
RO MAHLMANN, 2001). The microstructural evolu-
tion of carbonaceous material shows a significant
correlation with vitrinite reflectance. (2) The
north-south trend of increasing vitrinite reflect-
ance and graphitization are both reflecting the
low temperature/low pressure pattern of the Oli-
gocene metamorphic event, and correlate with
the illite crystallinity (Figs. 2 and 5). (3) In com-
parison the data from the temperature sensitive
combustion analysis (PETROVA et al., 2002) and
the present TEM study are well compatible.

A minor pressure influence on organic matter
maturation was demonstrated and assigned to the
retardation of vitrinite reflectance (DALLA
TORRE et al., 1997). We are not able to postulate
the same for the graphitization progress. In the
metamorphic profile (in the area between Chur
and Thusis, Fig. 1), in the section where vitrinite
reflectance is partly retarded (PETROVA et al.,
2002), the evolution of microstructures shows no
significant differences in the ordering progress.
Carbonaceous material from samples 22 (epi-
zone), 26 and 30 (both epizone, low blueschist
facies) was composed of carbon onions, onions
with thickening rims, and polygonal onions. With
increasing metamorphism (from sample 22 to 30)
only the amount of polygonal onions increased.
These observations may indicate that pressure is a
minor factor or can be neglected, but a possible
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retarding influence caused by the Late Eocene to
Early Oligocene low blueschist conditions may
have been overprinted by the Late Oligocene
greenschist event.

8.3.STRAIN-INDUCED STRUCTURAL EVOLU-
TION OF CARBONACEOUS MATERIAL

In the high anchizone and low epizone, mostly in
strongly deformed rocks, two-dimensional chains
of initial onions are formed instead of isolated
onions. Complex morphologies originate from the
chain structures of the initial onion stage de-
scribed above. In the area near samples 5 and 22,
intense deformation is evidenced by a penetrative
schistosity and the occurrence of mylonites. Inter-
growths of onions is abundant and may imply that
the shear strain was high preventing the develop-
ment of single closed onions, so that inter-growth
onions did not reach a state where their rims
would close. Alternatively, fast graphitization may
retard or prevent closure of single onions. The
Tertiary metamorphic history (FREY and FERREI-
RO MAHLMANN, 1999) does not substantiate the
second postulate of a fast and short-lived meta-
morphism. Graphitization should have evolved
during a long time period, from the beginning of
the low temperature/high pressure event (Late
Eocene) to the end of the second low temperature/
low pressure metamorphism (Late Oligocene).

In rocks with high strain, onion chain struc-
tures, and initial onions, light spots in the still ho-
mogeneous reflecting vitrinite and bituminite
were found. These are interpreted as initial forms
of pre-graphitization (FERREIRO MAHLMANN,
2001), e.g. the beginning of a natural coke-like
habit (RAMDOHR, 1928). In most cases, the occur-
rence of pre-graphitization in vitrinite and bitu-
minite of the Biindnerschiefer is closely related to
the local strain. With increasing deformation, pre-
graphitization effects appear and get more fre-
quent also with increase in metamorphic grade. In
bituminite, pre-graphitization is first detected in
high anchizonal samples; in the low epizone, vit-
rinite is also affected (Fig. 5). This corroborates
that the chemical composition of the precursor
material does influence the rate of the graphitiza-
tion progress (FRANKLIN, 1951).

The very first pre-graphite structures start to
occur close to the transition from the anchizone
to the epizone (Fig. 5), i.e. at a temperature be-
tween 270 and 310 °C (TEICHMULLER, 1987; FER-
REIRO MAHLMANN, 1996). Between Chur and
Landquart (Fig. 1), the metamorphic grade is
more or less uniform (Fig. 2). Studying vitrinite
reflectance samples with and without pre-graphi-

tization effects in the organic matter have been
detected side by side within two samples. In less
deformed rocks of the low epizone, no pre-graph-
itization effects have been recognized. At the
same time, TEM images show the carbon struc-
tures mostly to flatten. We propose that flat on-
ions and onion chains may evolve more easily to
graphite flakes in the maximum strain direction.
The very high degree of optical and structural het-
erogeneity and the size of broken onions (around
1000 A smaller than the polygonal onions) in my-
lonitic rocks at the Middle Penninic front (sam-
ples 32 and 42) is also explained as a breakdown
due to high strain and deformational overprint.

Along the Biindnerschiefer metamorphic pro-
file, optical graphite occurs at 400 to 450 °C at 5.0
to 6.0 kbar as stated by LANDIS (1971) and DiEs-
SEL et al. (1978). Experimentally synthetic onion-
ring structures do not evolve to graphite solely
from the effect of heat, even at temperatures as
high as 2800 °C. Microstructures are not modified
(Rouzaup and OBERLIN, 1989), and graphite
(“real graphite”) is not formed at temperatures
below 3000 °C, even after a long time of coalifica-
tion (BoNuoLy ROUSSEL, 1980; BONIIOLY et al.,
1982). WaDA et al. (1994) made similar observa-
tions within contact aureoles at low strain condi-
tions. Graphite occurs at much higher tempera-
tures (>600 °C) than under orogenic metamor-
phic settings; this is also known for optical graph-
ite (RaGor, 1977).

Well-ordered carbon material is formed due to
the break-up of the aromatic ordering, the trans-
lation of the basal layers (001), and mechanical
stacking followed by triperiodic bonding (TEICH-
MULLER and TEICHMULLER, 1954; RaGot, 1977,
BoNnoLy RoussgeL, 1980). Tectonic deformation
of the starting material reorders the basic ben-
zene-ring structure sub-parallel to the basal plain
(001) and facilitates the formation of a bi-periodic
early stage of graphite (layered stacks in the TEM
images). The mechanical process causes preferen-
tial stacking of poly-aromatic layers (TEICH-
MULLER et al., 1979; ENGLAND and BUSTIN, 1985)
first in bituminite (DIESSEL et al., 1978). This ac-
counts for the early increase of ordering and for-
mation of flaitened initial onions, onion chains
and broken onions. Therefore, strain has a cata-
Iytic effect between 300 and 450 °C on graphitiza-
tion and graphite formation. In nature, pre-graph-
itization is also strongly controlled by strain. This
is indicated by enhanced vitrinite reflectance
(FERREIRO MAHLMANN, 1994, 1995; SCHMIDT et
al., 1997), the formation of optical graphite (“true
graphite”, LANDIS, 1971; TAYLOR, 1971) and or by
other features of pre-graphitization (TEICH-
MULLER, 1987; FERREIRO MAHLMANN, 1996, 2001)
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and this study. In different samples from the area
near Landquart (near sample 15, Fig. 1), only very
few small light anisotropic spots in the still opti-
cally homogeneous organic matter (vitrinite and
bituminite particles) as described by RAMDOHR
(1928) are recognized. In the same area, vitrinite
develops a strong bireflectance indicating the
change from meta-anthracite to optical graphite.
Anisotropy in the repartition of stress (BUSTIN et
al., 1995) was discussed as a major origin for the
heterogeneity within carbonaceous material.
Comparing vitrinite reflectance versus mineral
facies and illite crystallinity (Fig. 5) and with data
from other areas of the Alps, it is remarkable that
vitrinite reflectance is strongly enhanced in the
Biindnerschiefer. Same results are well con-
strained in the study from SCHMIDT et al. (1997).
Thus, strain is evidently a major factor controlling
vitrinite-bituminite reflectance (not to be mistak-
en for coalification sensu stricto, which is a ther-
mal maturation), and also an important factor
controlling graphitization at low-grade metamor-
phic conditions.

8.4. THE DEPENDENCE OF OPTICAL CHANGES
ON STRUCTURAL ORDERING

Reflected light microscopy studies on huminite-
vitrinite and bituminite show that along the meta-
morphic Biindnerschiefer section from diagenesis
to epizone (low greenschist facies) the first two
stages of OKUYAMA-KUSUNOSE and ITAyA (1987)
evolve continuously. The evolution from isotropic
to anisotropic reflectivity (development of bire-
flectance) gradually starts at low diagenetic con-
ditions (not studied here, but in a structurally
equivalent unit further north, FERREIRO MAHL-
MANN, 1994), i.e. the optical characteristics do not
change suddenly.

In the Biindnerschiefer metamorphic profile
between Landquart and Chur (Fig. 1) the micro-
structural development of initial onions and semi-
circular onions with amorphous material fillings
correlate with optical observations of pre-graphi-
tization. In this area the increase in optical aniso-
tropy indicates an enhancement in density of the
vitrinite, which is also related to pre-graphitiza-
tion effects (STONE and Cook, 1979; TEICH-
MULLER, 1987). This is much more evident in the
area near Chur (Fig. 1), where the formation of
onions with thick-rims is observed. In the same
area, the maximum temperature of S-type peak
combustion reactions (PETROVA et al., 2002) in-
creases from 400 to 600 °C. Compared with the
samples from the Prittigau the reaction tempera-
ture in thermal analysis is strongly enhanced. In
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agreement with the TEM investigation, this
increase in reaction temperature reflects an in-
crease 1n ordering of the organic matter and
hence in thermal resistance with metamorphic
grade. The formation of onions and onions with
thick rims and the successive aromatization and
carbon ordering are, therefore, seen as the main
causes for the increased thermal resistance of or-
ganic matter and the occurrence of small light pre-
graphitization spots in reflected light microscopy.
The optically recognized graphite spherulites, re-
lated to better ordered carbonaceous material seen
in the TEM images, are thought to cause the first
occurrence of spots in the SAED pattern.

Along with the formation of onions and poly-
gonal onions, vitrinite reflectance indicates a
metamorphic grade of the semi-graphite stage
(6.0 to 10.0 % R,,,,)- At this rank of maturation,
most vitrinite and also bituminite particles can
still be distinguished optically by their habit and
typical bireflectance. However, some particles
show optical features of optical graphite. The step
of maturation of the semi-graphite stage along the
metamorphic profile may correspond to the zone
of transitional matter of DIESSEL et al. (1978) and
the stage of the “rhombohedral graphite™ of
KWIECINSKA (1980). It is not easy to classify single
organic particles even by TEM studies, as coaly
material or graphite. We propose to relate the
three optical stages of DIESSEL and OFFLER
(1975) and OKUYAMA-KUSUNOSE and ITAya
(1987) to the structural graphitization progress
(amorphous carbon, carbon onions, graphite
flakes) and the early pre-graphitization to the for-
mation of initial onions. The stages cannot be sep-
arated by sharp boundaries (Fig. 5). Features
found in a structural study may overlap with ob-
servations at the boundary between two optical
stages, suggesting yet a continuous process of
maturation and graphitization from diagenesis to
low greenschist facies.

8.5. THE TRANSITION FRCM COALY
MATERIAL/POLYGONAL ONIONS TO OPTICAL
GRAPHITE/GRAPHITE FLAKES

Similar to many metamorphic profiles (FERREIRO
MAHLMANN, 1994), a so-called “jump” to the
graphite stage of maturation (TEICHMULLER,
1987) is observed within the Biindnerschiefer
south of Thusis (Fig. 1), where the maximum vit-
rinite reflectance increases from 8.0 £ 0.5% to 10
T 1.0%. At this maturation stage, it is assumed
that graphite is ordered to a triperiodic structure
and that this change from the two- to three-
dimensional carbon bound structure of aromatics
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is discontinuous (e.g. TEICHMULLER, 1987; DE-
MENY, 1989; PETROVA et al., 2002). Unfortunately,
at the transition from the polygonal onions in the
epizone (low greenschist facies) to the graphite
flakes in the low amphibolite facies, the increase
in metamorphic grade in the high greenschist
facies is characterized by “metamorphic inver-
sion” (FREY, 1988) across the Middle Penninic
front. High deformation rates are typical at such a
tectonic discontinuity. In both samples from the
Middle Penninic front, broken onions were found
(samples 32 and 42). This suggests that the broken
onions may not reflect a structural ordering stage
in the normal graphitization process, instead de-
formation may have played a role.

However, owing to the coincidence between
tectonic and metamorphic limits in this area, the
discussion about the “graphite jump” still remains
unsolved for the Biindnerschiefer metamorphic
profile. The sudden increase of “vitrinite-graph-
ite” reflectance and bireflectance on one side and
on the other side of the combustion reaction tem-
perature (PETROVA et al., 2002) from the Tomiil
Biindnerschiefer to the Lenzerheide-Tomiil fly-
sch is mainly the product of the discontinuous
metamorphic pattern.

For the same reason it remains unclear, which
temperature is required for the breakdown of on-
ions and the configuration of graphite flakes and
at what size the transition occurs between closed
surface particles and macroscopic planar graphite
(UGARTE, 1995). A change in size is observed be-
tween polygonal onions (2000-5000 A) and graph-
ite flakes (2000-10000 A) at high greenschist to
low amphibolite facies. In the transition zone be-
tween greenschist and amphibolite facies, more
systematic work is necessary. In addition, areas of
high-grade amphibolite facies should be studied
to determine the conditions of macroscopic pla-
nar graphite formation. Laboratory investigations
in physical material sciences on well-ordered
graphite demonstrate that, in small volumes,
graphitic material often has an almost perfect
graphite lattice (BoNOLY ROUSSEL, 1980). With
increasing volume, however, defects, distortions
and heteroatoms reduce the regularity, partly pro-
ducing a very disordered graphite structure. True
single crystals of tri-periodic graphite are rare
(MARSH, 1989). Graphite with a reflectance >16%
(RAMDOHR, 1928) was not found in the metamor-
phic profile. The relatively low temperature (<600
°C, see WADA et al., 1994) and large size of the
flakes may explain that homogeneous graphite is
absent in the Biindnerschiefer profile, but optical

graphite occurs elsewhere at conditions less than
450 °C (Ragor, 1977).

9. Conclusions

Graphitization of carbonaceous material pro-
ceeds in several progressive and continuous steps,
each possessing its characteristic microstructures:

1. In the high diagenetic zone, amorphous car-
bon develops concentric layers and forms initial
onions.

2. In the low anchizone, these initial onions
develop rims of better ordered carbonaceous ma-
terial, generating onions with a filling of amor-
phous carbon material in the high anchizone, and
later in the low epizone, with a void core.

3. In the high epizone, under low blueschist
and low greenschist facies conditions, the rims of
these onions grow thicker, and the onions become
polygonal.

4. Polygonal onions start to breakdown after
they reach a size between 3000 and 4000 A. It is
postulated that broken onions may be the result
of a breakup due to high strain conditions.

5. At the greenschist to amphibolite facies
transition, broken onions develop into graphite
flakes. It is indicated that under low strain condi-
tions polygonal onions may be precursors of
graphite flakes and of planar, hexagonal-holo-
edric, mineralogical graphite.

The carbonaceous material of the Biindner-
schiefer is heterogeneous in microstructure over
the whole metamorphic range studied. In all sam-
ples, a major part of the carbonaceous material
was transformed to a specific microstructural type
after reaching a critical metamorphic grade. How-
ever, a minor fraction remained less evolved in a
metastable stage of graphitization. A pressure ef-
fect on graphitization could not be constrained.
Graphitization, pre-graphitization and optical
graphite formation can be strongly enhanced in
highly deformed rocks. It is evident that strain has
a catalytic effect and is a major factor in graphite
evolution and can locally be more important than
temperature.
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