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Abstract Low-temperature metamorphic petrology occu-
pies the P-T field between sedimentary and metamorphic
petrology. Two important pillars of low-temperature meta-
morphism are coal petrology and clay mineralogy. When low
temperature petrology was established bridging a hiatus
between the two classical geological disciplines of sedimen-
tary geology and metamorphic petrology, geologists faced a
need for the usage of different terminology tenets. Martin Frey
and Bernard Kiibler were two pioneers in low-grade meta-
morphic petrology. They focused their research on clarifying
the relationships of clay mineralogy and organic petrology to
metamorphic pressure (P) and temperature (T) conditions.
The ultimate aim of M. Frey and B. Kiibler was to establish a
correlation between clay indices and organic parameters for
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different geodynamic setting and therefore for various pres-
sure—temperature (P-T) conditions occurring in low grade
metamorphic terranes. For this purpose, a special attention
was addressed to the correlation between the Kiibler-Index
(KI) and vitrinite reflectance (VR). All these efforts are ded-
icated to estimate the P-T conditions and thus to gain insight
into the geodynamic evolution of low-grade metamorphic
terranes. B. Kiibler and M. Frey honored here concentrated
their studies to the Helvetic Central Alps area. The very low-
grade Helvetic domain is therefore of basic interest of this
paper. Ensuing the extensive compilation of data from the
Helvetic domain, a reinterpretation of Kiibler and Frey’s
research is presented in the light of last decade’s scientific
progress. A comprehensive dataset available enables to dis-
criminate many factors influencing the Kiibler-Index and
organic-matter reflectance alongside to time, temperature and
pressure. The correlation is restricted to the KI and organic
matter reflectance (mostly VR) because most of the studies
used both methods. Organic matter reflectance (OMR)
includes data from vitrinite reflectance and bituminite
reflectance measurements. Geodynamics has important con-
trol on the KI/VR (OMR) correlation. Tectonic units having a
similar geodynamic evolution are featured by the comparable
KI/OMR trends, related to the particular paleo-geothermal
conditions. Obviously the KI/OMR correlations provide a
mean to characterise geothermal gradients and metamorphic
very-low-grade pressure—temperature conditions. In terranes
where high deformations rates are reported, exceeding the
high anchizone conditions, strain promotes the kinetic effects
of temperature and pressure on the KI versus OMR ratio.

Keywords Illite Kiibler-Index -
Vitrinite/organic matter reflectance correlation -
Paleo-geothermal conditions - Very low-grade
metamorphism - Strain effects - Central Alps
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1 Preface

In this review paper, a role of the both pioneers, Bernard
Kiibler and Martin Frey, in the low-temperature petrology
is presented and summarised. Further on, a report on
advances made in this branch of petrology since the first
studies of Kiibler (1964, 1967) and Frey (1969a, b) is
presented, re-interpreting them in the light of the recent
research progress. Their contribution in low-grade sciences
employed various methods and parameters. This review is
focused on the correlation of the Kiibler-Index (KI) and
vitrinite reflectance (VR) used in paleo-geothermometry. In
the last decade, Raman spectroscopy of organic matter
appears to be a potential method to estimate metamorphic
conditions of very low-grade metasedimentary terranes. A
few studies based on Raman spectroscopy were conducted
in the organic matter-bearing metasedimentary rocks from
the Central Alps where KI/VR studies were previously
performed by the research teams of B. Kiibler and M. Frey.
Consequently, this review attempts to correlate Raman and
KI/VR data for the very low-grade metamorphic terranes
taking place in the Central Alps.

2 Introduction and definition of terms

2.1 Conditions between diagenesis and low-grade
metamorphism: a historical introduction to low
temperature petrology

The fundamental methods used in low-temperature
petrology of sedimentary rocks and very low-grade meta-
morphic studies were earlier developed for coal petrology
and clay mineralogy. Microscopic coal studies have a tra-
dition since 1854 (see Stach et al. 1982). White and
Thiessen wrote the first textbook “The Origin of Coal” in
1913. Consequently, coal petrology developed very rapidly
(Stach 1935) and another textbook by Stach et al. (1971),
re-printed and extended by Taylor et al. (1998), is still an
important source. This also reflects a demand for coal and
its importance for industrial evolution of the last two
centuries.

Clay and clay mineral studies have also a history of
more than 100 years, compiled by De Lapparent (1923)
and later by Jasmund (1951) and Grim (1953). The two
latter gave overviews to the clay fraction studies, which
can be taken as onset of the modern clay mineralogy,
strongly related to the development of XRD technique
(Weaver 1989). Advances in clay size research led to the
basic clay mineral textbook by Millot (1970).

Until 1970, studies on clay minerals and coal macerals
(microscopically discernible constituents of coal, by ana-
logue with minerals) were mainly focused on problems of

identification, determination of crystal structures, maceral
analysis, nomenclature problems, interpretation of X-ray
diffractograms, recognition of degradation (regressive
transformation), aggradation (progressive transformation)
and burial evolutions, compaction, dehydration, cementa-
tion and pressure-solution processes, observation of
precipitation, dilution and oxidation, hydrocarbon forma-
tion and evolution, coalification of organic matter,
dolomitisation, surface diagenesis, subsurface and porosity
diagenesis, and also climate and weathering transforma-
tions (e.g. Degens 1965; Bouma 1969; Carver 1971;
Pettijohn et al. 1972; Folk 1974). Grim (1953) observed
“diagenetic” transformations which soon were recognized
to affect the evolution of clay minerals by Kiibler (1964),
Dunoyer De Segonzac (1970) and Millot (1970); and in the
evolution of coal macerals by Teichmiiller and Teichmiiller
(1966) and Stach et al. (1971). Such work demonstrated
that during burial a continuous change in clay mineral
composition and coal maceral reflectivity are mainly rela-
ted to temperature increase. Coalification and specifically
the illite (K-white mica precursor) aggradation progress
were used to:

1. determine thermal history during diagenesis and very
low temperature metamorphism (burial),

2. evaluate past burial depths and amounts of erosion,
exhumation and differential uplift,

3. constrain paleo-geothermal gradients and diagenetic to
incipient metamorphic temperature field gradients,

4. limit the age of thermal maximum heat flux or
metamorphism,

5. calibrate models of hydrocarbon generation.

Thermal-maturity modelling data based on KI and VR
values are ideally suited for sedimentary basins and were
also applied with very encouraging results to test geody-
namic models in areas of very low-temperature and
pressure conditions. Some of these applications have very
important roles in the studies of ore formation, oil pro-
spection, as well as gas and coal commercial investigation.
Numerical models using VR data to estimate organic
matter maturation and temperature were partly developed
by hydrocarbon exploration companies (Robert 1988). In a
later chapter the importance of KI/VR data for modern
modelling application is critically discussed.

2.2 Theory and base of the Kiibler-Index

In clay mineralogy changes in the shape of the XRD
10 A-illite peak are diagnostic for alterations in the grade
of diagenesis and incipient metamorphism. The illite-
sharpness ratio, first used by Weaver (1961), is applied for
determination of the stage of very low-grade metamor-
phism (VLGM). Today it is used as the Weaver-Index
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[counts per second (cps) intensity-ratio of the 10.0 and
10.5 A-line in the XRD 10 A-illite peak]. In diagenesis
zone this method has a very high sensitivity for detecting
small changes within a grade of diagenesis (Weaver and
Broekstra 1984). However, in anchizone and epizone,
compared to other methods (mineral facies zones, stages of
maturity) a significance of the Weaver-Index changes
abates, providing weak diagnostic values (Petschick 1989).
Such a finding is further supported by a systematic study of
Ferreiro Méhlmann (1994) that included a comparison of
the Weaver-Index with the Kiibler-Index on a dataset of
1,289 samples. In the Helvetic Central Alps the diagenesis
zone is reported to be present only in small areas and,
therefore, the Weaver method will not be considered in the
present review.

With the birth of illite “crystallinity” (Weaver 1961;
Kiibler 1967, 1968) method, that was widely promoted in a
plethora of papers of Frey and Kiibler and their co-workers,
another independent technique aimed to the determination
of gradual changes in diagenesis to incipient metamor-
phism was established. Having a progressively increased
diagenetic/incipient metamorphic grade Weaver (1961)
recognized a steady sharpening of the 10 A illite X-ray-
diffraction peak. Using that trend, Kiibler characterized a
diagnostic and continuous sensitive parameter to determine
very low-grade of metamorphism, measuring the full width
at half maximum peak intensity (FWHM). According to the
Scherrer equation (Scherrer 1918), FWHM is a variable
dependent of the diffraction domain size. Using the Debye—
Scherrer geometry diffraction, it reflects a number of lattice
basal planes of the textured sample (defining the diffraction
domain; see also Lanson and Kiibler 1994). The peak
position, maximum intensity, sharpness ratio (shape) and
asymmetry are dependent on absorption and superposition
of electro-magnetic waves according to the Bragg’s law.
Departing from the initial proposal by Kiibler, illite
“crystallinity” was used as a parameter, empirically related
with the aggradation of illite. According to the diffraction
theory (Scherrer 1918), the width of the peaks is related to
the crystalline domain size and the crystalline defects,
together with instrumental factors. Such a double influence
was modelled and discriminated by Arkai and Toth (1983).

Illite  “crystallinity” (IC) measurement (currently
Kiibler-Index, KI as proposed by Guggenheim et al. 2002)
is a popular method to determine the grade of VLGM as
shown by some papers of the past special SMPM issue (e.g.
by Abad et al. 2002; Arkai et al. 2002a; Belmar et al. 2002;
Bozkaya et al. 2002; Mullis et al. 2002; Wiederer et al.
2002) and in most contributions presented in this issue.

The introduction of KI (Fig. 1) triggered a novel
research in low-temperature metamorphic petrology. Fur-
thermore, it served as a basis for the IGCP project 294
“Low Temperature Metamorphism” (1987-1993). The

10 A-illite X-ray peaks depicted in Fig. 1 do not obviously
reflect mixed-layer content, showing a decrease of the
FWHM with increasing metamorphism. The trend in Fig. 1
presents an ideal case study. A significant trend as shown
and determined in the representative smectite-free samples
is not very frequent.

The air-dry 10-A X-ray-diffraction peak is not solely
controlled by the basis reflex of white-mica precursor illite.
Moreover, the diffraction patterns of smectite and mixed-
layer illite-smecite can interfere with that of illite influ-
encing the shape of the peak of concern (Millot 1970;
Kiibler 1990; Jaboyedoff and Thélin 2002). The low-grade
diagenesis to low-anchizone studies showed that 5 % of
smectite interlayer mixing is usually not detected by
conventional XRD measurements (Brindley and Brown
1980). In the special issue about “diagenesis and low-grade
metamorphism” (Schmidt and Ferreiro Médhlmann 2002)
the contributions of Brime and Eberl (2002); Brime et al.
(2002); Jaboyedoff and Thélin (2002) and Warr and Peacor
(2002) demonstrated, as further shown by Arkai and Toth
(1983) or Merriman et al. (1990), that the measurement of
the IC (KI) has limited potential when it comes to the
analyses of X-ray diffractograms, especially regarding the
clay-mineral defect phenomena such as inter-stratification,
mixed-layering content and so forth (Kiibler and Jaboyedoff
2000).

More information related to determination of crystal-
growth mechanisms and smectite content in illitic mixed-
layer minerals is conveniently acquired from the size of
scattering domains (Lanson and Kiibler 1994). Neverthe-
less, it was evident that the different authors of the SMPM
special issue (Schmidt and Ferreiro Méhlmann 2002) do
have a controversial opinion to discriminate the Kl/scat-
tering domain-size results using different and more
sophisticated computational or analytic methods (Brime
and Eberl 2002; Brime et al. 2002; Jaboyedoff and Thélin
2002; Warr and Peacor 2002). It is difficult to evaluate the
methods in respect of the authigenic smectite content in the
anchizone and epizone (Velde and Vasseur 1992), assum-
ing that smectite in the anchizone disappears (Merriman
1991) and is mostly a retrogression product (Arkai et al.
2012). In areas where a steady state heat flow is found and
metamorphism lasted over a time span of more than 10 Ma,
smectite in the anchizone is only present as mixed-layer
component of less than 1-5 mol % in illite (Ferreiro
Mihlmann 2001). Recent studies show that smectite in the
anchizone is formed by retrogression or late metamorphic
processes (e.g. hydrothermal) as reported by Arkai et al.
(2012 and references therein). A universally applicable
postulate is, however, not possible to provide.

It was not until the 1990s that the physical meaning of
the KI was confirmed and qualified by direct observations
of illite crystals in high resolution transmission electron
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<« Fig. 1 XRD-plots of the 10 /D\—peak of illite. With increasing

metamorphism the sharpness, expressed as full width at half
maximum intensity or Kiibler-Index (KI) decreases from low-grade
diagenesis to the epizone (mostly equivalent to sub-greenschist
facies). Plots were chosen with peaks not affected by a discrete
smectite phase

microscopy (HRTEM) images (Fig. 2). The pioneering
paper by Merriman et al. (1990) established the first
empirical correlation of the anchizone limits with crystal-
lite size. During this decade, various studies used more
samples to complete the knowledge (Fig. 2) of the relation
between KI and crystallite domain size (e.g. Nieto and
Sanchez-Navas 1994; Merriman et al. 1995; Arkai et al.
1996; Jiang et al. 1997; Giorgetti et al. 2000; Bauluz et al.
2000; Abad et al. 2001; Jaboyedoff et al. 2001), including
the determination of crystallite domain size and the defect-
free area size of the international CIS standards (Warr and
Nieto 1998). Although definition of an illite crystallite
domain is difficult, a general agreement about the relation
was found and summarized by Merriman and Peacor
(1999), who presented various curves, compiled from
different authors (see Fig. 2), which define a relation
well-adjusted to values theoretically predicted by the
Scherrer equation. Measured sizes are far from homoge-
neous at the level of sample, with the variance clearly
increasing toward higher grades if referring to neo-formed
illite crystallites. At lower grades the variance may be also
very high due to common coarser clastic mica (Frey 1987a;
Ferreiro Mdhlmann and Giger 2012).

The scattering of the sizes determined by HRTEM is
greater for the epizone in relation to the anchizone (Fig. 2),
with the most homogeneous values of sizes at the level of
sample found in the diagenetic zone. The average or modal
sizes only represent a general tendency of variation. If we
take into account the internal differences of sizes at the
level of sample, the minor differences between authors
represented in Fig. 2 are not significant. Later it will be
shown that additional factors affect the KI.

During the last decade, HRTEM and AEM analysis
have documented the textural evolution of the rocks at
diagenetic and very low-grade metamorphic grades
(Fig. 2), separating the contribution of the detrital phases
and described the chemical compositional evolution of the
various minerals. The evolution from high-grade diagene-
sis to low epizone, is characterized by a lack of significant
qualitative changes in the texture and mineral composition
of phyllosilicates. This leads to an increase in domain size
and diminution in crystalline defects as the only clear
changes in the illite-chlorite system, which justifies the
extended use of the KI (Abad et al. 2006).
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Fig. 2 Plot from Merriman and
Peacor (1999) showing the
relationship between Kiibler
index and HRTEM measured
illite-muscovite crystallite
thickness along c*, with
representative lattice-fringe
images from epizone (sample 16
of Abad et al. 2003b, KI 0.23),
anchizone (sample Pw-81 of
Abad 2002, KI 0.32) and
diagenetic zone (sample ES-77
of Abad et al. 2003¢c, KI 0.77;
note white fringes, which
represent the smectite layers);
KI A°20
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2.3 The pioneer work of Bernard Kiibler and Martin
Frey correlating the Kiibler-Index with vitrinite
reflectance in diagenesis and very low-grade
metamorphism

Frey and Niggli (1971), Kiibler et al. (1979a, b) and Frey
et al. (1980) initiated a pioneer work to systematically
correlate and compare KI and VR aiming to elucidate
paleo-geothermal histories and reaction progress of KI
versus VR. In regard to this, the papers of Wolf (1975) and
Kisch (1980a, b) are important to be mentioned because
both observed different kinetics for the reaction progress of
KI and VR evolutions. A zoning of metamorphic grade
established with boundary values of both methods is cur-
rently the best option to determine metamorphic conditions
between 100 and 350 °C in different geodynamic settings,
from contact metamorphism and extensional diastathermal
basins (e.g. Warr et al. 1991; Belmar et al. 2002; Bozkaya
and Yalcin 2004) to the subduction-related convergent
margins (e.g. Dalla Torre et al. 1996; Potel et al. 2006).
Other methods such as fluid inclusions or isotopic studies
can provide higher precisions when it comes to the tem-
perature determination. However, the fissure vein quartz or
other phase under consideration is frequently quite difficult

to relate with the peak metamorphism (Frey et al. 1980).
This finding is also corroborated in different studies of the
Frey’s VLGM-group giving “satisfactory” (Rahn et al.
1995; Kahr et al. 1996), but not precise correlations with the
fluid inclusion data. It was further shown that the isotope
signature results are dependent on the proportions of fluid
fluxes or from the sheet-silicates chemical composition
involved in dehydroxylation (e.g. Hoefs and Frey 1976;
Burkhard et al. 1992; Rahn et al.1994; Sharp et al. 1995;
Schmidt et al. 1997). Prior to the one’s intention to deter-
mine the pressure and temperature using these methods a
careful micro-structural study is found to be necessary
(Abart and Ramseyer 2002; Hiirzeler and Abart 2008;
Herwegh et al. 2008).

Clay mineralogy and coal petrography methods are
nowadays closely related with diagenetic studies of sedi-
mentary rocks and are still of high importance in
hydrocarbon commercial research (Allen and Allen 2005).
This importance is archived in several review studies,
textbooks and special volumes, only to mention the most
important published during the last three decades: Oltz
(1978), Larsen and Chilingar (1983), Gautier (1986),
Burrus (1986), Buntenbarth and Stegena (1986), Robert
(1988) and Hutcheon (1989). In modern basin studies,
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these methods are indispensable to constrain basin histories
(Naesser and McCulloh 1989; Allen and Allen 1990,
2005). Due to the commercial importance of hydrocarbons,
a main interest in correlating the clay mineralogy and
chemistry with organic matter data is confined to the
temperature range of 20-150 °C (max 200 °C). In most of
the modern review- and textbooks on diagenesis, coal
petrology and clay mineralogy, very and little attention
were paid to the question of what happens with clay min-
erals and coal macerals upon the incipient metamorphism
stage (e.g. Parker and Sellwood 1983; Larsen and Chilingar
1983; Weaver 1989; Mcllreath and Morrow 1990; Leeder
1995 and Velde 1995).

Organic-matter evolution at higher-grade metamorphism
(exceeding 200 °C and 2 kbar) is less known in geological
praxis (Diessel et al. 1978; Beyssac et al. 2002; Petrova et al.
2002; Ferreiro Mdhlmann et al. 2002; Rahl et al. 2005; Le
Bayon et al. 2011, 2012a, b). However, industrial coal car-
bonization and coal combustion processes under high
temperatures are well understood (Taylor et al. 1998).
M. Frey stimulated the very low-grade metamorphic
(VLGM) studies using KI/VR correlations in geodynamic
researches (e.g. Frey et al. 1980; Rahn et al. 1995; Schmidt
et al. 1997; Belmar et al. 2002; Potel et al. 2006). Following
the sudden death of M. Frey a descent in the VLGM studies
became apparent, especially because the VLGM studies still
have not been fully integrated into organic petrology and
clay mineralogy, with many researchers having shifted their
research interests toward environment and technical topics.
A new scientific interests crystallised within the last decade
witnessing a significant drop in the VLGM field of research.
The research importance of clay mineral evolution in soil
formation, environmental mineralogy and contaminated-
land studies are high (Jasmund and Lagaly 1993; Wilson
1999, 2004; Cotter-Howells et al. 2000; Uzarowicz et al.
2011). In these studies the focus is mostly set on retrogres-
sion processes that comprise (1) alterations of the very low-
grade to high-grade rocks into clays and (2) processes ana-
logue to the natural diagenesis observed in tecnosoils. This
review paper and the special issue are aiming to spark a new
beginning of the VLGM studies of B. Kiibler and M. Frey,
having an accent on orogenic studies. In next chapters we
will demonstrate how changes in the correlation of KI and
VR yield the new possibilities of geodynamic considerations
based on the clay mineral and coal petrological methods.

2.4 The importance of Kiibler-Index and vitrinite
reflectance data for metamorphic studies: definition
of the zone of diagenesis and anchizone

In metamorphic studies, contrary to the diagenesis research,
the very low temperature range has been little considered,
due to the intrinsic disequilibrium conditions and few

discrete mineral-reaction isograds established (mostly zeo-
lites and phyllosilicates). To reveal metamorphic conditions
of the formation of authigenic metamorphic minerals, a
parallelism to the reaction progress of KI and VR was fre-
quently established (Frey 1987a; Frey and Robinson 1999).
In contrast the KI zones of diagenesis and metamorphism
were correlated to VR stages with reaction isograds of
newly formed minerals and KI/VR evolution models cali-
brated with mineralogical or geochemical mineral data
(Ferreiro Mahlmann 2001). Thus, studies on the evolution
of clay minerals by Kiibler (1964), Dunoyer De Segonzac
(1970), and Millot (1970) and the evolution of coal mac-
erals by Teichmiiller and Teichmiiller (1966) and Stach
et al. (1971) were compared.

Kossovskaya et al. (1957) and Kossovskaya and Shutov
(1961, 1963, 1970) correlated the mineral transformations
in different lithologies and established “stages of epigen-
esis and metagenesis”. Logvinenko (1956) compared these
“stages” of micro-structural patterns with bituminous coal
ranks in terrigenous sedimentary rocks. Zaporozhtseva
(1960) and Kisch (1966a) compared the laumontite zone of
the zeolite facies, and Kisch (1966b, 1968, 1969) the
replacement of kaolinite by chlorite and illite, with rank of
the associated coals (for summary see Kisch 1974, Fig. 1;
Arkai 1991). For an extended review of these studies, see
also the textbooks of (Frey 1987a) and Frey and Robinson
(1999).

Mostly, the low-grade metamorphic (greenschist facies)
studies in meta-sedimentary rocks start when temperatures
reach at least the isotherm of 350 °C, where conditions can
be constrained by the first occurrence of neoformed
metamorphic minerals like biotite, chloritoid, clinozoisite,
actinolite, etc. (Turner 1968; Winkler 1979; Yardley 1989).
Therefore, most publications on metamorphism deal with
conditions above 350 °C (e.g. in the special issue of
Treloar and O’Brien 1998).

The anchimetamorphic P-T field ranges between dia-
genesis and low-grade metamorphism were for a long time
poorly known (Parker and Sellwood 1983; Mcllreath and
Morrow 1990; Yardley 1989; Shelley 1995; Barker 1998),
until some mineral reaction isograds for simplified chem-
ical systems were established at low-pressure conditions
between 200 and 350 °C (Frey et al. 1973, 1991; Liou et al.
1987, 1991; Frey 1987b). Thus, from the very beginning of
metamorphic studies (see Bucher and Frey 2004), the upper
limit of diagenesis was defined differently (Arkai et al.
2007), mostly due to the correlation of zeolite facies of
Coombs et al. (1959) with diagenesis (e.g. Kisch 1966a;
Barker 1998).

In all papers of this special volume, the term “Anchi-
metamorphose” (anchimetamorphism) of Harrassowitz
(1927) is practically identical with the term “very low-
grade” of Winkler (1979), as well as with the term



Kiibler-Index and vitrinite reflectance correlation

127

“anchizone” of Kisch (1987). Further on, the anchizone
correlates more-or-less either with the sub-greenschist
facies, as defined in textbooks of Frey (1987a) and Bucher
and Frey (1994, 2004). The recommended systematic
classification of terms is roughly conventional and con-
servative (including the first rate review paper of Arkai
et al. 2007). Applying the strict use of the zone limits
suggested by the authors, a conflict results comparing the
kinetic-controlled conclusions on the anchizone limits
discussed in this paper (Fig. 14). The P-T-t dependence of
the KI/VR correlation from the geothermal-geodynamic
setting needs a more flexible interpretation than the rec-
ommendations of the International Union of Geological
Sciences Subcommission on the Systematics of Metamor-
phic Rocks (Arkai et al. 2007).

Comparing the upper limit of the anchizone with VR
data, the KI boundary mostly parallels with the upper limit
of the “Magerkohle” (=low volatile bituminous coal/
anthracite stage boundary) as shown by Frey (1987a),
Arkai (1991), and Ferreiro Mihlmann (1996, 2001). All
these correlations defining the anchizone refer to studies
performed using the Kiibler—Frey—Kisch standards and
based on a standardisation and comparison of methods in
order to determine grade of diagenesis and VLGM
(Ferreiro Méhlmann and Frey 2012). Because anchizone
determined by the CIS standards (Warr and Rice 1994) is
not equal to that defined through the Kiibler—Frey—Kisch
standards (Ferreiro Mdhlmann and Frey 2012), such a
discrepancy needs to be taken into account in VLGM
studies. The KI zones in the present paper and all KI data
presentations are defined according to the Kiibler—Frey—
Kisch standard calibration.

Different terms should be used for describing the grade
of diagenesis (low-grade and high-grade diagenesis or
diagenetic zone) and chronologic genetic aspects of dia-
genesis (early and late diagenesis of sedimentary
processes). Even if in the original publications of Kiibler,
pressure was not explicitly expressed, term diagenetic
grade implies not only temperature, but also pressure
changes (Kiibler 1984). The term grade of diagenesis refers
to changes in temperature and pressure and the terms early
and late diagenesis to syn-sedimentary pre-metamorphic
processes. As internationally accepted (Frey 1987a), the
following zones of diagenetic/metamorphic grade are
defined by KI values: diagenetic zone (grade of diagenesis)
>0.42 A°20, anchizone 0.42-0.25 A°20, and epizone
<0.25 A°20 (Kisch 1987).

The mineral paragenesis, fluid-inclusion zone, clay-
mineral index data, fission-track zone, coal ranks and
graphitisation stages are variable in relation to the KI zones
depending from the factors P-T-t-D-X—X; (pressure,
temperature, time, deformation (strain), phase chemistry,
fluid chemistry) in a kinetic context as anticipated by Frey

et al. (1980). The terms diagenesis, anchizone and epizone
strictly refer to ranges of the metamorphic reaction pro-
gress as determined by KI (Frey 1987a; Arkai 1991;
Merriman and Frey 1999). If an author uses the terms
diagenesis, anchizone and epizone corresponding definition
using the KI, values should be given in respect to the CIS
or Kiibler—Frey—Kisch calibration. If not, serious problems
in compiling and correlating literature data will happen
(Ferreiro Midhlmann and Frey 2012; Potel and Trullenque
2012).

Due to the advances in VLGM studies in the period of
1967-1987, the first textbook named “Low Temperature
Metamorphism” was published by Frey (1987a). The
review papers gave a first summarized overview about the
evolution of different rocks from diagenesis to low-grade
metamorphism. Subsequently, Frey and Robinson (1999)
published newer results in the basic textbook “Low-Grade
Metamorphism”.

2.5 Factors influencing the Kiibler-Index vitrinite
reflectance correlation

Kiibler (1964) assumed that the <2 pum size fraction is
dominated by the neo-formation of clay minerals. Thus, the
XRD peak sharpness (Fig. 1) should be an indicator of
metamorphic grade (we restrict the discussion to the illite
10 ;\-peak). Its relationship with crystallite size and defect-
free area size was evidenced by HRTEM studies of Warr
and Nieto (1998) and further confirmed by evolution of the
illite in the <2 pum size fraction on a regional scale, indi-
cating a KI decrease with increasing metamorphic grade
(Frey et al. 1973, 1980; Jaboyedoff and Thélin 1996),
especially in slates and meta-pelites (Kisch 1980a, b;
Hunziker et al. 1986; Yang and Hesse 1991). The number
of illite layers (N) obtained by HRTEM studies generally
agrees with the N values from KI studies estimated by the
Scherrer equation (Fig. 2) or related methods (e.g. Nieto
and Sanchez-Navas 1994; Arkai et al. 1996; Dalla Torre
et al. 1996; Jaboyedoff et al. 1999).

It is evident that the crystallite-size evolution renders a
controlling factor on the KI values. Many studies (e.g.
Nieto and Sanchez-Navas 1994, Arkai et al. 1996; Dalla
Torre et al. 1996; Jaboyedoff et al. 1999; Merriman and
Peacor 1999; Merriman and Frey 1999) further support that
the number of crystalline defects generally abates with
metamorphic grade. The contribution of this factor to peak
enlargement is more difficult to quantify than the crystal-
lite-size factor due to obstacles related to the definition and
intrinsic heterogeneous nature of the concept itself. Nev-
ertheless, a positive correlation of both factors with
increasing metamorphic grade allows a simple evolution-
ary quantification of the general concept of crystallinity
based on crystallite size (Arkai et al. 2002a and Figs. 2, 3).
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chlorite) was recognised (modified after Arkai et al. 2002a)

In addition to factors discussed, other features non-related
to illite “crystallinity” itself are to be considered:

1. The instrumental contribution differs from one to
another diffractometer; consequently a standardization
of the values must be carried out to do the KI
comparable from laboratory to laboratory. Various

proposals of standards have been offered beginning
from the Kisch (1991) slabs. Currently the interna-
tional CIS standards (Warr and Rice 1994) are widely
used in most of the KI laboratories. The CIS accuracy
and compatibility with the Kiibler—Frey—Kisch stan-
dards, used basically in the Alps, is debated (Ferreiro
Mihlmann and Frey 2012), and its use as Kiibler-Index
standards is not recommended, thus corroborating the
studies of Brime (1999) and Kisch et al. (2004).

2. Smectite-layer inter-stratification in illite (R3 illite/
smectite mixed-layers) produces a significant broad-
ening of the 10 /&-peak. Therefore, smectite content
severely affects the KI value at the grades at which
smectite layers are still present, that is, until the
beginning of the anchizone (Fig. 4). This effect can be
tested by the comparison between KI measured in
air-dried and ethylene-glycolated (EGC) samples;
however, the presence of smectite layers is an intrinsic
characteristic of the illitic material in such grades, and
consequently its contribution to the peak enlargement
must not be avoided by a hypothetical use of the EGC
values (Kisch 1980a, b; Kiibler 1990; Kiibler and
Jaboyedoff 2000). The great enlargement caused in the
air-dried samples by smectite layers (S) increases the
resolution power of the KI in the diagenetic zone and
must be taken advantage of.

3. When other mica-type minerals such as paragonite are
present, they produce a broadening of the peak, which
is not related to the grade of metamorphism and must
be avoided by the exclusion of the affected samples.
The use of deconvolution programs (Stern et al. 1991;
Wang et al. 1995; Lanson 1997; Battaglia et al. 2004;
Kisch and Nijman 2010), or the alternative measure of
the 5A peak (Nieto and Sanchez Navas 1994;
Battaglia et al. 2004; Kisch and Nijman 2010) or the
25 A peak (Ciulavu et al. 2008) is an alternative
procedure to find KI equivalent values. The 2.5 A peak
is little less affected by close vicinity of basal lines
(00]) of low-ordered chlorite, paragonite, kaolinite, R1
chlorite—vermiculite, biotite—vermiculite and other
clay minerals. A major problem are (hkl) lines
resulting from poorly prepared mounted slide that is
frequently reported (Dohrmann et al. 2009; Ferreiro
Mihlmann and Frey 2012).

As a preliminary conclusion we argue on four illite
(I) reaction-progress factors that are found to influence KI:
(1) the thickness or the number of layer (N) of the coherent
scattering domain (CSD) size (Figs. 2, 3a), (2) the pro-
portion of the inter-layered swelling component (%S)
within the I/S mixed-layer (Fig. 4), (3) the presence of
different illite or I-S populations and (4) lattice strain
(Fig. 3b, c; Arkai et al. 2002a). Furthermore, studies in
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Fig. 4 Clay-mineral fraction XRD-runs of air-dried samples cali-
brated with metamorphic temperatures from fluid inclusions given in
°C. Il illite, chl chlorite, sm smectite. Modified after Mullis et al.
(2002). The carbonate content and type of phase controls the stability
of the smectite (Ca—Mg rich)

cataclasitic zones and mylonites show that the expandable
layer effect tends to be more significant than strain effects
are. However, the lack of a model including both
expandable layers and lattice strain does not allow a fine
comparison of this effect between XRD and HRTEM
methods (Jaboyedoff et al. 2001). The fundamental-particle
mean-layer number (Nfp) given by the relationship
Nfp = N/(1 + (N — 1) x (%S/100)), as postulated by
Srodofi et al. (1990, 1992), is used to quantify very low-
grade metamorphic conditions. Generally, N increases with
metamorphic grade (Eberl and Srodoi 1988). A funda-
mental review paper giving a broad summary, published by
Essene and Peacor (1995), showed the intrinsic limitations
of the thermometric use of clay-mineral data.

The influence of the rock chemistry has been highly
debated. In some studies it has been shown that calcite (or
dolomite) content of slates, marls and limestones has no
influence on the average KI (Burkhard and Goy-Eggen-
berger 2001) but the opposite opinion has also been

I = Ciay mineral rich rocks ] = Carbonates [___|= Clastites
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Fig. 5 Stratigraphic section of the Permian to late Triassic rocks of
the Silvretta nappe (Upper Austroalpine, Grisons, Eastern Switzer-
land) with related Kiibler-Index (KI) values deciphering a hyper-
thermal burial gradient. All kind of rocks could be used for the graph.
The illite 10 /&—peak showed mostly peaks higher than 50 cps, except
in the Hauptdolomite. The figure is modified after (Ferreiro Mahl-
mann 1994, 1995, 2001) including data from the Prosanto Formation
(open circles) measured for Meister (1999). Strongly varying KI
values in bituminite and organic matter rich rock are shown in black
dots. Samples from rocks of an evaporitic facies are presented with a
grey filled circle

statistically evidenced (e.g. Ferreiro Méhlmann 1994;
Arkai et al. 2002b, 2003; Ferreiro Mihlmann and Giger
2012). The calcite-dolomite content in marls and slates
controls the stability of Ca—Mg-smectite (Mullis et al.
2002) and results in KI widening. In any case, the rock
chemistry has an influence on the chemical composition of
smectite in diagenesis to low-grade anchizone, as shown in
Fig. 4, comparing samples of same diagenetic grade cali-
brated by the fluid inclusions (FI) temperatures. Therefore,
the smectite content in I-S has a broadening effect on the
KI value through the varying chemically controlled tem-
perature stability of smectite. Chemistry of the illite-
precursor mineral has also a control on KI (Esquevin
1969). The celadonite content is another important factor
(Flehmig and Gehlken 1989; Arkai et al. 2003). In the case
of sandstones and meta-psammitic rocks the influence of
K-Na detrital micas in the <2 pm size fraction is also high
(Krumm 1984; Gaupp and Batten 1985; Frey 1987a; Abad
et al. 2001, 2003a). It is also well known from these studies



130

R. Ferreiro Méhlmann et al.

Fig. 6 Comparing the advance
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that evaporitic rocks, red-facies sediments and bituminous
rocks must not be used for KI studies.

A significant example is shown in Fig. 5. Strong KI
variations are found in a Mesozoic profile of the Silvretta
nappe (Austroalpine, Eastern Swiss Alps) in formations
containing anhydrite and dolomite-rauhwacke rocks (Raibl
formation). The K- and Na (Mg)-cation availability causes
a smaller KI value due to a quicker reaction progress at
same T-P-conditions. A broader 10 A-illite peak, thus a
larger KI value, is found in bituminous shale and marl
rocks (Prosanto formation, Platten limestone). In these
rocks, hydrocarbon molecules can be included in the
interlayer or an illite encapsulation by bituminite films
(well visible in VR studies on the polished sections at
1,250x magnification). This bituminite can prevent the
cation exchange. While compiling research of Kiibler and
Frey and new studies it became apparent that a part of data
scattering (Figs. 6, 7, 8, 9, 10, 11, 12) reflects a large
amount of variations related to mineral composition, as

Modified after Burkhard and Goy-Eggenberger (2001)

discussed above. It is to be inferred that KI is a method
aimed to be applied statistically, using a representative
number of samples. One should exclude the redbed facies,
salinar facies and bituminous samples.

Introductions to the VR method are available in different
papers of present issue and are in particular discussed in Le
Bayon (2012) and Ferreiro Méhlmann and Frey (2012).

Unfortunately, weathering, syn-sedimentary and early to
late-diagenetic alteration processes change VR, and oxida-
tion is a fundamental problem increasing the reflectance
values (Littke 1993). Excluding any kind of oxidation, easy
to detect by careful examination of the specimens (Littke
1993; Ferreiro Mihlmann 1994), the VR method has a
significant advantage of being controlled basically only
by peak metamorphism. A retrograde evolution of the
chemical-structural aromatisation process (coalification,
graphitisation) is not possible (Teichmiiller 1987). For the
definition of term regarding coalification versus graphitisa-
tion see Ferreiro Midhlmann et al. (2002). The breakdown of
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Rouge section in the Western Alps of Switzerland. Compilated from
literature data of Kiibler et al. (1979a), Schmidt et al. (1997) and
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aliphatics and degassing of volatiles in organic matter is a
purely prograde process (graphitisation) operating until the
graphite crystallographic lattice texture is formed. In order
to have a more reliable dataset we excluded samples
showing any traces of oxidation.

3 Kiibler-Index, vitrinite reflectance and its
correlations in tectonic studies

The factors influencing KI, discussed in the previous
chapter, have been already recognised in the 1960s. It was
the period when Kiibler and Frey were working on the
development of a new absolute geo-thermometer that
would not be based solely on clayey calibration techniques.
Need of a new geo-thermometer was evident as in the
investigated pelites, other clastics, marls, carbonate rocks
and their meta-sedimentary equivalent no index minerals or
facies critical paragenesis were reported. Thanks to his
experience in hydrocarbon exploration and related research
Kiibler used VR of organic matter that is present frequently
dispersed in sedimentary and meta-sedimentary rocks
(Kiibler et al. 1979a, b).

As reported in Sect. 2.2, Weaver (1961) introduced the
‘sharpness ratio’, and Kiibler (1967, 1968) and Dunoyer De
Segonzac et al. (1968) the illite-“crystallinity” method
(Kiibler-Index, KI) to the scientific geological studies. In
the 1960s a low precision of the temperature determination
by mineral reactions was well known (Niggli 1960). On the
contrary, it was observed that the coalification grade

(‘rank’) of organic matter continuously and sensitively
changes over a large temperature range, specifically vitri-
nite reflectance. The same was established for aggradation-
reaction progress of illite. In an earlier work Kiibler (1964)
had evidenced the importance of clay studies for determi-
nation of diagenetic grade and incipient metamorphism.
Departing from his PhD (1968) Martin Frey conducted the
first application of KI to orogenic metamorphic studies
(Frey 1969a, b, 1970; Frey et al. 1973). With support of the
Mineralogical Institute of Niggli in Bern (cooperation with
Frey), Dietrich (1969) presented his PhD. It was the first
extended multi-methodical very-low-grade metamorphic
study including KI to determine metamorphic grades in
a nappe complex and to reconstruct its geodynamic
evolution.

In 1970, Dunoyer De Segonzac published a widely used
review paper on the transformation of clay minerals during
diagenesis and low-grade metamorphism and Frey (1970)
focused on orogenic metamorphic conditions in the Alps.
Many groups started from these review papers to use KI and
KI/VR methods in order to determine the metamorphic
grade and to perform metamorphic mapping (e.g. Weber
1972; Thum and Nabholz 1972; Frey et al. 1973; Apraha-
mian 1974; Schaer and Persoz 1976; Dunoyer De Segonzac
and Bernoulli 1976; Schramm 1977; Kiibler et al. 1979b;
Srodon 1979; Teichmiiller et al. 1979; Kisch 1980a, b;
Krumm 1984) in areas formerly classified as un-metamor-
phosed (e.g. compare the “Metamorphic Map of the Alps”
of Niggli and Zwart (1973) with maps of Frey et al. (1999)
or Oberhinsli et al. (2004)). Today hundreds of case studies
have been published from deeply buried sedimentary
basins, Molasse basins, Flysch basins, thin-skinned oro-
genic wedges, orogenic lids and accretion wedges (inverted
basins in general). Comparing the KI data of the anchizone
limits from the cited literature in this chapter with the
equivalent VR values many different correlations are found.
The lower limit of the anchizone correlated with VR %R .«
values of 2.4-3.3 and the higher limit with VR %R .«
values of 3.7-6.2. The range of KI/VR variations are much
larger than cited in textbooks discussed in Sect. 2.4.

First attempts to correlate KI with VR were published by
Frey and Niggli (1971), Wolf (1975), Teichmiiller et al.
(1979), Kiibler et al. (1979b), and Kisch (1980a, b). Wolf
(1975) stated that the kinetics of VR is much faster than
illite aggradation and therefore may imply higher grades
than the KI, particularly in areas of post-kinematic igneous
activity (see discussion by Kisch 1987, in Frey 1987a,
p. 259 ff.). Even so, this fact was neglected during the next
decades when attempting to use it as a geo-thermometer.

In folded terranes the intersection between iso-VR and/
or iso-KI lines and folding (Teichmiiller and Teichmiiller
1966) allowed to precise whether metamorphic occurrence
was pre-, syn- or post-folding (Frey et al. 1980; Hesse and
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Fig. 8 Comparing the advance in metamorphic very low-grade
studies in the Glarus section in the eastern Helvetic Alps of
Switzerland between the pioneer study of Frey et al. (1973), Frey
(1988) and Rahn et al. (1994). The compilation of Kiibler-Index/
vitrinite reflectance data is completed with VR data from M. Frey, P.
Arkai and R. Ferreiro Mahlmann (this work) and presented with grey
filled circles. Metamorphism is post-nappe tectonic except at the

Ogunyomi 1980, see also Figs. 6, 8). Early studies in
orogenic foreland basins showed that iso-reflectance maps
(Wolf 1969; Paproth and Wolf 1973) gave robust results on

Glarus thrust with a tremendous metamorphic inversion. VR data in
the upper figure from the Vrenelisgértli, presented in open circles, are
from Rahn (1994). VR data in the lower figure, presented in open
circles, are from Erdelbrock (1994) and projected into the Sernft
valley section at EIm from Frey (1988) according to the KI grade and
the structural position

metamorphic field trends in rocks were KI proved useless
due to the high amount of smectite and mixed layering in
the low-grade diagenesis zone.
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The KI/VR method is also a powerful method to define
the amount of crustal thinning at detachments of meta-
morphic core complexes (e.g. Wiederer et al. 2002;
Ciulavu et al. 2008). The KI/VR method can also be used
to distinguish between hiatus induced by metamorphic
inversion (transported metamorphism) at thrust nappes and
erosion hiatus in sedimentary record (gap in heating time
during the erosion event, erosive missing of formations),
when KI/VR gradients change in slope or intensity at a
discontinuity in an stratigraphic section (Bozkaya et al.
2002, 2006, 2012a, b). These combinations of methods can
support important facts for tectono-metamorphic studies at
diagenetic to low-grade conditions.

4 Kiibler-Index: organic matter reflectance
correlations as paleo-geotherm indicator

4.1 Kiibler-Index/vitrinite reflectance studies
in the western Helvetic Central Alps

In the first orogenic KI/VR study (Kiibler et al. 1979b), it
was recognised that in a cross section through the Swiss
Western Alps (Jura Mountain, Molasse basin, Prealpine
nappe, Helvetic and Penninic nappes) each tectonic unit
has its own diagenetic to metamorphic grade. With only 22
samples the authors were able to characterize the whole
nappe structures and tectonic units in a regional scale
(Fig. 6). In the Morcles section a top downward increase
of tectonic burial (orogenic metamorphism) trend was

recognised. By increasing the number to 350 KI and
50 VR samples a very complex diagenetic to metamorphic
pattern and much more detailed picture was found
(Schmidt et al. 1997; Burkhard and Goy-Eggenberger
2001). Based on 268 KI data, it was demonstrated that the
diagenesis—anchizone—epizone boundaries crosscut the
present-day Morcles recumbent fold and nappe structure
(Burkhard and Goy-Eggenberger 2001). Furthermore,
Kiibler et al. (1979b) recognised that the higher-grade
metamorphic Préalpes and Penninic nappes moved over the
Helvetic structural lower units causing an inversion in
metamorphic grade at the thrust base (Fig. 6, Mosar 1988).
The Morcles nappe-deformation style is post-metamorphic
as recognised by Kiibler et al. (1979b), otherwise in the
lower structural units nappe thrusting is pre-metamorphic
(Schmidt et al. 1997), but deformation is poly-phase and
the Morcles recumbent fold is post-metamorphic (Burkhard
and Goy-Eggenberger 2001). The post-D; thermal-
re-equilibration metamorphic pattern after the first nappe
stacking phase is again deformed by folding and ramp
faults during the last shortening (Fig. 6; Steck 2008). D
and D, in Fig. 6 show only the deformation relation to the
metamorphic field gradients (pre- and post-metamorphic).
From the area in Fig. 6, Burkhard and Goy-Eggenberger
(2001) and Steck (2008) were able to define a total of five
deformation stages. The large scatter in the KI/VR corre-
lation (Fig. 7) may point to the more complex
metamorphic history, as indicated by a slight change in the
regression slope of the KI/VR data, marked in Figs. 6 and 7
with an asterisk.

Unfortunately, VR values and KI data were not mea-
sured in all cases on the same samples (Kiibler et al. 1979b;
Schmidt et al. 1997; Burkhard and Goy-Eggenberger
2001). Nevertheless, the data variance is large due to the
projection from different locations. Probably, an additional
E-W field gradient is to be expected, as the S—N trend of
decreasing grade is visualised in Fig. 7 together with an
interrupted top-down structural gradient. Close to the
Helvetic—Penninic fault boundary (Simplon-Rhone shear
zone), pressures up to 5.0 kbar were estimated in the
Doldenhorn nappe (Morcles equivalent) (Schmidt et al.
1997). In the upper Helvetic nappes (Diablerets, Wildhorn)
pressures between 2 and 3 kbar were determined.

By comparing the mineral paragenesis data (Frey et al.
1999; Oberhinsli et al. 2004) including a compilation of
Steck (2008, Fig. 10) with KI and VR data from the Bern
Alps the interrupted trend of KI versus VR shown in
Figs. 6 and 7 becomes striking. A flat slope is found in the
Aiguilles Rouges sedimentary cover and par-autochthon,
but also in the Morcles nappe. In this a transition from the
prehnite—pumpellyite to the pumpellyite—actinolite facies is
indicative for a metamorphic field gradient at pressures
>3 kbar. In the Préalpes, Niesen and Wildhorn nappes
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(partly also Diablerets nappe, Fig. 6), the laumontite to
prehnite—actinolite transition is related to pressures below
3 kbar, in line with a higher-temperature gradient culmi-
nating in the east with an anchizone—epizone boundary, and
the chloritoide-in isograd of the incipient greenschist
metamorphism. For a first conclusion, this may point to a
P-T-gradient dependence as a major reason for the dif-
ference in the KI/VR slopes (Fig. 7). A methodical reason
can be excluded because all three research groups have
used KI calibrated values and the same VR measurement
approach.

4.2 Kiibler-Index/vitrinite reflectance studies
in the eastern Helvetic Central Alps

The first systematic study across a complex nappe and
imbrication structure was presented by Frey et al. (1973)
from Vrenelisgritli Mountain, Switzerland (Fig. 8). A post-
nappe tectonic metamorphism, increasing from diagenetic
grade to high anchizone from the structurally higher units
to the lower units of the Helvetic nappe system, was
identified. It became also evident (Frey et al. 1973) that a
single tectonic unit may show variations in its metamorphic
grade with structural depth. The reconstruction of paleo-
geothermal gradients was possible. Some unpublished VR
data at Vrenelisgritli and presented in Fig. 8 corroborate
the data of Frey et al. (1973). Studies in the eastern part of
the Helvetic nappes in Switzerland determined a poly-
phase metamorphic and deformation history (Frey 1988)
similar as in the Western Alps (Sect. 4.1). In these studies,
metamorphic inversions at the nappe thrusts boundaries,
but also syn-metamorphic tectonically buried nappe piles
were found (Fig. 8), verified with other clay mineral data,
VR, fluid inclusions, radiometric and fission track (FT)
methods and supported by a large statistical number of
samples (Rahn 1994; Rahn et al. 1995; 1997, 2002; Wang
et al. 1996; Kahr et al. 1996; Arkai et al. 1997). Some new
VR data at Vrenelisgritli (work in progress) demonstrate
the same history (Fig. 8) as postulated by Frey et al.
(1973).

Frey (1988) also found a prominent hiatus in the KI data
across the Glarus thrust (Fig. 8). At this locality, that
demonstrated an inherited earlier epizone metamorphism
affecting the hanging wall of the out-of-sequence Glarus
thrust (Fig. 8). The epizonal metamorphic rocks were
transported onto lower grade metamorphic rocks of the
lower structural Helvetic units (Infrahelvetic domain). The
detection of inverted metamorphism at thrust faults is
important for reconstructing poly-phase metamorphic-
deformation history in thrust belts. The hiatus has also been
recognised with VR and FT data (Rahn et al. 1995, 1997).

Comparing the KI and VR data compiled from the above
mentioned publications of the eastern Helvetic thrust belt

of Switzerland (Fig. 8), again a difference in slope is
observed (see Fig. 9), similar to that one found in the
western Helvetic Central Alps. The slope is different in
sample sets (Fig. 9), from the north and higher structural
units (Helvetic Glarner, Axen and Sintis nappes) relative to
sample-data from the southern lower structural units of the
South Helvetic units and North-Helvetic Flysch (Infra-
helvetic) below the Glarus thrust. This metamorphic hiatus
is the best-studied metamorphic inversion, documented by
structural and low-grade metamorphic research (Ph.D.
studies and 27 papers, see Arkai et al. (1997) for meta-
morphic studies and Herwegh et al. (2008) for structural
studies and references therein). It is interesting to note that
in the Helvetic nappes metamorphism occurred at low-
pressure, whereas in the Infrahelvetic it was of medium-
pressure type (Frey 1988). From the medium-pressure
trend a flat slope is again deduced. Considering, as in the
Morcles area, the KI/VR slopes found, the strong increase
of VR versus KI in the epizone is difficult to explain dis-
cussing exclusively about the influences of the factors time,
temperature and pressure.

4.2.1 The Glarus thrust after Frey: the effect of strain
on the Kiibler-Index and vitrinite reflectance

Together with the Simplon line (e.g. Mancktelow 1985,
1990) and the Turba mylonite zone (Nievergelt et al. 1996;
Weh 1998; Ferreiro Mahlmann and Giger 2012), the Glarus
thrust is the most striking metamorphic discontinuity in
the Central Alps (Frey et al. 1999; Frey and Ferreiro
Mihlmann 1999). Illustrated in Figs. 8 and 9, some anom-
alous values of KI (mostly lower) and VR (mostly higher
than data from distant samples) are found close to the
Glarus thrust. This is not an isolated case at thrust faults.

Epizone Kl-values in the hanging wall close to the
Glarus thrust and in the mylonite reflect the fluid-flow
history but not peak metamorphism (Abart and Ramseyer
2002; Hiirzeler and Abart 2008). A few meters away from
the tectonite—mylonite the values are anchizonal. A similar
fluid-driven effect during deformation is found in the
Gellihorn shear zone (tectonite) in the central Swiss Alps
(Arkai et al. 2002a). With fluids having an alteration effect
on KI values it is also important to consider whether VR
values can be affected by fluid oxidation. Hydroxylation
of vitrinite causes increase in reflectance (Littke 1993).
Vitrinite oxidation is recognized by the loss of bireflec-
tance (inertinitisation of organic matter, Stach 1935). In
neither area (Glarus thrust, Gellihorn tectonite) this fluid
oxidation was reported.

Nevertheless some anchizonal KI values from “sedi-
mented clay fraction specimens” (Ferreiro Mahlmann and
Frey 2012) and very high VR values found in the resin-
mounted specimen of the same rock sample are striking.
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A different reason than fluid alteration is to consider (no
oxidation recognised) explaining the high VR values at the
Glarus thrust (7.5 %R,,x) and in the thrust plane separat-
ing the South and North Helvetic Flysch units (6.9 %R ,.x)
beneath the Glarus thrust (Fig. 8). Correlating VR with KI
in the units of the footwall of the Glarus thrust, a strong
increase of VR values in rocks with a KI of <0.33 A°20 is
shown. That contrasts to neighbouring areas to the north
affected by the same anchizonal grade of metamorphism.
Together with the faster increase of VR compared to KI a
change in the deformation style and micro fabrics is
observed. A strain effect is to consider. In contrast, Burk-
hard and Badertscher (2001) found that directly measured
finite tectonic strain has had no influence on illite “crys-
tallinity” (IC) of Eocene limestone-breccias from the Swiss
Alps. Burkhard and Goy-Eggenberger (2001) concluded
that close correlation between IC (KI) and tectonic strain
intensity “should not be used to infer that IC values depend
on strain intensity. Rather, both strain intensity and IC are
strongly dependent on temperature.” The presented con-
troversy will be discussed having a closer look at the
Glarus thrust.

An increase in strain to the south of the Helvetic nappes
(specifically in the Infrahelvetic domain) is well known
(Schmid 1975; Herwegh et al. 2008). Below 270 °C, in
kakiritic-cataclastic tectonites in quartz brittle deformation
zones, the discrepancy between KI and VR can exceed
2.0 A %R .« and KI may show broader values than in the
undeformed rocks (also Arkai et al. 2002a). In the shear
zone of the Gellihorn tectonite and also of the Glarus
thrust, as also in the footwall of both, a lowering of the
illite scattering-domain size is observed, and illite shows
higher amounts of mean lattice strain and vacancies, spe-
cifically in high-grade diagenesis—low anchizone (Arkai
et al. 1997, 2002a). Schmidt et al. (1997, 1999) described
similar effects from the Bern Alps (Morcles—Doldenhorn
nappes, western Helvetic Central Alps). The KI broadening
effects at thrust faults and shear zones is caused by stress-
induced sub-grain boundary formation lowering the
domain size (Giorgetti et al. 2000).

In the Glarus Alps a similar KI/VR trend, like in the
Austroalpine of the Grisons (Ferreiro Médhlmann 2001;
Ferreiro Médhlmann and Giger 2012), is observed. At the
basal thrust of the Lower Austroalpine and in the Turba
mylonite zone (Grison Alps), the difference in KI versus
AVR from deformed and undeformed rocks decreases with
increasing metamorphic grade along the fault plane from N
to S (Ferreiro Mihlmann 2001; Ferreiro Mihlmann and
Giger 2012). The same feature is also seen at the Glarus
thrust by comparing the data from Hunziker et al. (1986),
Frey (1988), Erdelbrock (1994), Rahn et al. (1995), and
Arkai et al. (1997). The compiled data set was compared
with the temperature trend from N to S along the early HT

mylonites along the Glarus thrust worked out in detail by
Herwegh et al. (2008). In the hanging wall the strain effect
of KI broadening is blurred due to mica neo-formation by
fluid-rock interaction. With increasing metamorphic grade,
syn-kinematic mica re-crystallised at a higher crystallite
order, and the Kl retardation in respect to VR value-increase
in ductile chlorite-quartz mylonites is no more detectable. It
seems that at greenschist facies metamorphism (in this area
the chloritoid-in isograde is found, Frey and Ferreiro
Mihlmann 1999), independent of the rate increase in
deformation, a strain effect on KI and VR is no more pos-
sible. This is probably explained, because a diagnostic
change in KI and VR is irrelevant due to the methodical
limit of both methods reached in the high epizone (green-
schist facies). The limit of the XRD measurement device
control, used for the data compilation (Figs. 5, 6,7, 8,9, 10,
11,12, 13, 14, 15) is A°26 0.122-0.13 (Ferreiro Mihlmann
and Frey 2012). Pre-graphitic microstructures in vitrinite
and bituminite limit also the use of VR. Finally, it needs to
be stressed that also KI and strain correlations depend
closely on the temperature during deformation (Flehmig
1973; Flehmig and Langheinrich 1974; Burkhard and
Badertscher 2001).

Even excluding the KI/VR values of samples affected by
deformation from further correlations, the VR values from
the hanging wall of the Glarus thrust (Helvetic nappes) are
still too high in respect to the general KI/VR correlation
trend. This can be explained by a projection effect from the
Erdelbrock (1994) data obtained some 10 km to the east.
Even so, VR values, based on nine re-measured VR sam-
ples and included in the formula found by Rahn et al.
(1994), the regression describes now a slope at lower KI
and higher VR. The new slope (dark grey line in Fig. 9) is
more sub-parallel to the regressions found by Frey et al.
(1980) in the Reuss and Kien valleys (Fig. 9) and to the
trend found in the Morcles nappe (Fig. 7).

The KI/VR relation found in the lower units of the
Glarus Alps can be compared with the KI/VR gradient and
slope (Fig. 10) detected in the central Helvetic Alps of
Switzerland compiled from the data published by Arkai
et al. (2002a). The shift in slope and the range of KI/VR
data can be also compared with the KI/VR-correlations
found in the western Helvetic Central Alps (Fig. 7).

In the hanging-wall, in the Helvetic nappes at Vre-
nelisgritli (Fig. 8), new samples from a section studied by
KI (Frey et al. 1973) were included from a NF-project that
was not concluded due to the death of Martin Frey. New
VR values (Fig. 8) correlate with those published by Rahn
(1994) and Rahn et al. (1994). Compared with values from
the same nappes (solid black line in Fig. 9) from the east of
the Glarus Alps (Erdelbrock 1994), the values are 2.5-0.8
A %R,.«x lower. A thicker eroded tectonic overburden
(>10 km) or a thermal gradient higher than 30 °C km ™" in
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the east (Erdelbrock 1994) seem unlikely, contrasting with
the structural model discussed by Herwegh et al. (2008).
Comparing other parameters to determine metamorphic
grade (Frey et al. 1973; Frey 1988; Rahn et al. 1994, 1995,
1997), also a lower overburden and geothermal gradient
should be considered, as in the Glarus area (Vrenelisgrétli
section, Fig. 8), giving a steeper KI/VR slope (grey striped
line in Fig. 9).

During the re-measuring of VR samples shown on Fig. 8
by the first author, it was observed that vitrinite-like bit-
uminite material in Triassic rocks give a 2.0 A %R .«
higher values than vitrinite. Vitrinite in the amount
(n) given by Erdelbrock was not detected (the Helvetic
Permian and Triassic is poor in vitrinite, mostly less than
n = 20 vitro-detrinites per sample). Thus, bituminite is
much more frequent and tends generally at higher maturity
to increase in A %R,,x (Ferreiro Mahlmann 2001; Ciulavu
et al. 2008; Ferreiro Mihlmann and Frey 2012).

Reinterpreting the KI/VR data from the Glarus Alps the
KI/VR-regression of Rahn et al. (1994) is discussed in this
article to be controlled by strain effects (deformation
including dissolution end removal of material). Comparing
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Fig. 10 Vitrinite reflectance evolution with increasing tectonic burial
in the Kander-valley section (modified after Arkai et al. 2002a). Also,
as in the Glarus Alps (Fig. 9) a vitrinite-reflectance increase in the
tectonite zone and in rocks with a slaty cleavage demonstrates the
strain effect. Nevertheless, the Kiibler-Index/vitrinite reflectance plot
does not verify a significant trend

the data from Erdelbrock (1994) a bias is obvious because
solid bituminite was probably taken for vitrinite. In the
Glarus Alps and Infrahelvetic units the increased defor-
mation seen with the development of a penetrative slaty
cleavage (e.g. like in the Gellihorn tectonite Fig. 10),
results in a strain effect (Kisch 1989) and using the liter-
ature KI/VR data has to be seriously considered.

At the anchizone—epizone boundary in the Lower
Austroalpine units, as well as in the thrust planes, VR
increases in chlorite mylonites about 1.0 % (Ferreiro
Mihlmann 2001). However, compared to the un-deformed
rocks at high heat flow conditions in the Danubian window
(Romania), the difference is A 2.7 %R .« (see also Figs. 8,
10), accompanied by strong increase in bireflectance
(Ciulavu et al. 2008). Thus, the difference found in the
Glarus Alps is in the range of the mean value comparing
the Glarus data with those of the two other Alpine struc-
tural units. Recently, Littke et al. (2012) evidenced a strain
influence, postulated by Koch (1989), by bireflectance
partitioning also occurring in very low-grade rocks parallel
with the incipient development of cleavage (see also Arkai
et al. (2002a). Thus, strain effects have to be considered
also in very low-grade rocks.

In rocks with a high strain rate an enhancement of VR
versus KI is well known also from other areas (e.g. Te-
ichmiiller and Teichmiiller 1954; Teichmiiller 1987;
Levine and Davis 1989; Ross and Bustin 1990; Wilks et al.
1993; Bustin et al. 1995). The structural deeper part of the
Bernese Alps as in the Glarus Alps is highly deformed and
strain may explain the shift to higher VR values in both
areas. The strain effect on KI is difficult to quantify
because illite dissolution, removal of material and precip-
itation is difficult to estimate, but seems to be of minor
importance compared to VR.

4.3 Kiibler-Index/vitrinite reflectance correlations
from the Helvetic Alps compared
with metamorphism duration

In 1980, Frey and others published a comparative multi-
methodological paper comparing KI/VR data from differ-
ent nappes of the Central Alps. In each unit the anchizone
boundary was established with different VR values and
temperatures. It was concluded that time and environ-
mental variables such as temperature and pressure
associated with a specific geodynamic setting controls illite
aggradation and vitrinite maturation. Similar studies were
carried out in parallel in the Appalachians (see Hesse and
Ogunyomi 1980).

The KI/VR correlations obtained for the Helvetic nappes
of the Glarus Alps, the Lake Luzern—Lukmanier section,
the Reuss, Kien and Kander valleys, and the Morcles nappe
show various slopes (Figs. 7, 8, 9 and summarized in
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Figs. 11, 15). In the central part of the Helvetic domain, the
KI/VR correlation shows a negative and slightly flat slope
(Reuss valley, Fig. 9). In contrast a steeper increase of VR
compared to KI is less pronounced in the Kander valley
and Kien valley section (Fig. 9). The western Bernese Alps
(Wildhorn, Diablerets) in the west and the Glarus Alps
(Vrenelisgritli) in the east are found on the left side of the
KI/VR-diagram (Figs. 7, 9). The Helvetic units discussed
have experienced the same thermal history of Early Ter-
tiary orogenic metamorphism. This may explain the
parallel KI/VR trends on Fig. 11 but not the differences
found. From the central part of the Helvetic Central Alps a
second shorter metamorphic overprint is known (Niggli
1960; Niggli and Zwart 1973; Frey 1978; Frey and Ferreiro
Mihlmann 1999).

An increase in VR relative to KI at the north of the
Lepontine nappes (Central Swiss Alps) reflects the young
(Tertiary) thermal effect of the Lepontine dome (Frey et al.
1999). The thermal gradient in the Helvetic domain first
decreases from N to S, and reaching the Aar Massif, it
increases again (Frey 1978). The increase is related with
the second metamorphic Alpine orogenic overprint in the
southern central part of the Helvetic and Infrahelvetic
nappes (Frey 1978, 1986; Rybach et al. 1980; Frey and
Burkhard 1992). The KI values do not change in the N-S
trend evolution in respect to the mineral reaction isograds
in the map view of Frey and Ferreiro Médhlmann (1999),
but the VR increases within a short distance, the same as
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Fig. 11 In the integrated data area all studies compiled from the
Helvetic and Austroalpine tectonic units are presented. Comparing
this area with other normal geothermal collisional and nappe-tectonic
settings from New Caledonia and the Carpathians, it is suggested that
the data area represents normal to slight hypo-thermal (Lower
Austroalpine) to slight hyper-thermal (Reuss Valley) orogenic
gradients. Striking is the aberrant data set from Arkai et al. (2002a)

the graphitisation of organic matter (Wiederkehr et al.
2009). It is again evident that the slower reaction progress
of Kl is a significant factor (Wolf 1975). The difference in
the KI and VR evolution observed is dependent on the time
of reaction (effective heating time): time is an important
parameter and must be considered in thermometric KI/VR-
models to determine metamorphism and will be discussed
in the next chapter.

Concluding from a genetic point of view, a thermo-
tectonic comparison is possible between the Aiguilles-
Rouges autochthon in the west and the Aar-massif
autochthon in the east, as also for the displaced Morcles
nappe in the west and the higher Infrahelvetic nappes in the
east, and at least for the uppermost structural units of the
Diablerets together with the structural higher Helvetic
nappes in the west and the Glarus thrust with its structural
higher Helvetic nappes in the east (see also Schmid et al.
2004; Steck 2008). This scenario is well adaptable to a
low-pressure series with normal geothermal conditions in
the Helvetic domain, and an intermediate pressure series
with slightly lower geothermal orogenic conditions in the
Infrahelvetic and Morcles nappes, as also in the Autoch-
thon. In the Central Helvetic Swiss Alps a short thermal
overprint with a slightly higher gradient is related with the
thermal history of the Lepontine dome and partially re-
equilibrates the metamorphic mineral-KI-VR relationship.

5 Numerical modelling for understanding burial
and thermo-orogenic KI/VR regressions

The main interest to apply KI/VR studies in VLGM
research is aimed to the determination of metamorphic
temperatures and pressures as well as to the reconstruction
of paleo-geothermal gradients. In addition the goal is to use
such results in the hydrocarbon reservoir or intra-forma-
tional deposit prospection studies, along with the
geothermal energy exploration.

From previous discussions it is evident that a specific KI,
VR and KI/VR values cannot be related to absolute tem-
perature. Thus, a calibration with thermodynamically
determined mineral reaction isograds or numerical model-
ling is necessary. Mineral reactions in meta-sedimentary
rocks are known to be sluggish (see Sect. 2.4), promoting
the usage of modelling, in this case maturity modelling. A
coherent data set is a pre-condition for numerical time—
temperature modelling techniques. 95 % of the VR and KI
data (calibrated with the same methods, Ferreiro Mahlmann
and Frey 2012) fit well with very low standard deviations
and variances. Only samples with an error lower than 10 %
were used in the compilation to correlate KI and VR in this
study. To better understand the different KI/VR slopes, first
of all, a maturation modelling has to be developed.
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At the time when Kiibler, Frey and others published
their multi-methodical studies (Kiibler et al. 1979a; Srodon
1979; Frey et al. 1980), only numerical maturation mod-
elling based on empirical or formalistic mathematical
approaches were available (e.g. Lopatin 1971, translated by
Waples 1980; Bostick et al. 1978). In the following decade,
the vitrinite reflectance model of Bostick et al. (1978) was
predominantly used to determine metamorphic tempera-
tures in geological terranes occurring in the Alps and to
calibrate KI data for geo-thermometric use (e.g. Rahn et al.
1994; Erdelbrock 1994).

In hydrocarbon exploration, time—temperature index of
maturity (TTI) of Lopatin (1971) and Waples (1980) was
preferred (Issler 1984; Ritter 1984; Robert 1988, Allen and
Allen 1990) and also used in the working group of Krumm
at Frankfurt University (Petschick 1989; Ferreiro Méhl-
mann 1994). Even so, the research in well-studied
metamorphic Alpine units, where temperatures were
determined by multi-methodical studies, pointed to low
precision using only temperature- and time-dependent
models. Moreover, the lack of knowledge of temperature
history made its use difficult and invalidated the empirical
background of the Bostick or TTI models. Most results
were speculative and interpretation changed with the pro-
gress done in orogenic studies worldwide. From many
terranes geo-chronological data were not available, thus
much simpler equations based on linear, second- or third-
order regressions of VR versus temperature (e.g. Price
1983; Barker 1983, 1988; Barker and Pawlewicz 1986,
1993; Barker and Goldstein 1991) were preferred in very
low-grade studies.

In the review of Kisch (1987) the Price-Barker—-Bostick
models were criticised due to the low accuracy of the
temperatures prediction for the lower and upper anchizone
limits. Zone limits were calibrated by Kisch (1987) with
mineral facies critical data and petrogenetic grid data.
Using the different equations of the Barker models also
Ferreiro Mahlmann (1994) found inconsistent temperature
results. It was possible to calculate with one of the cited
equations realistic temperature values for the metamor-
phism of an Austroalpine nappe in the Eastern Alps, but in
another tectonic unit the same equation failed. Despite that,
the most-used maturation equation, describing VR increase
as an exponential function of temperature, is that of Barker
(1988) and Barker and Pawlewicz (1986, 1993) recently
still frequently used (e.g. Schonherr et al. 2007; Judik et al.
2008; Williams et al. 2008; Littke et al. 2012). A web
research gave 105 references in 2011 only, including
conference abstracts. A temperature linear regression cal-
culation was intended later in the same way correlating KI
with fluid inclusion temperatures (Mullis et al. 2002).

Applying the cited methods of Price, Barker, Bostick
and Mullis temperatures between 205 and >265 °C were

calculated for the diagenesis—anchizone boundary and
between 255 and >350 °C for the anchizone—epizone
boundary. Due to the large temperature range determined
for a specific KI/VR, geosciences investigators will find a
VR/temperature regression model fitting with temperatures
determined with other methods. Often the simple conclu-
sion is than given on that basis, that the equation with the
best fit is consequently the most accurate one.

Based on the above demonstration of variations in results
from maturity models, a single VR or KI regression versus
temperature is not able to describe differences in grade of
VR or KI (Figs. 7, 8, 9, 10, 11). Based on the KI/VR data
comparison, a lower anchizone limit in the Autochthon, the
Infrahelvetic and the Helvetic nappes correlate with dif-
ferent mineral paragenesis or petrogenetic grid results,
resulting in different temperatures for each tectonic unit. It
becomes evident that absolute temperature cannot be cal-
culated using a simple VR- or KI-temperature regression.
Therefore, TTI of Lopatin (1971) giving different time-
dependent temperatures much better fit with temperature
estimations or determinations obtained through mineral
calibrations (e.g. Krumm et al. 1988; Petschick 1989;
Underwood et al. 1991; Ferreiro Mdhlmann 1994, 2001).

In the last decade, the EASY %R,-model (Sweeney and
Burnham 1990) found a large attraction in the Alps
(Todorov et al. 1993; Schegg 1993, 1994) and was widely
applied worldwide (Waples et al. 1992; Allen and Allen
2005) both in coal and hydrocarbon exploration and in
orogenic studies as well. The kinetically based first-order
Arrhenius reaction approach of Sweeney and Burnham
(1990) is less time dependent than TTI (Ferreiro Mahlmann
2001). This model attracted wide attention and is currently
being the most widely used. It showed promise of being
universally applicable to the modelling of VR (e.g. Morrow
and Issler 1993; Sachsenhofer and Littke 1993; Petmecky
et al. 1999). The use of Lopatin—Waples-type TTI model-
ling has been criticised (Sweeney and Burnham 1990,
Ferreiro Midhlmann 2001 and references therein) and is
generally regarded as an outdated modelling technique. In
some orogenic metamorphic terranes, VR simulation with
the model of Sweeney and Burnham (1990) has also been
questioned based on calibration with petrologic methods
(Rahn et al. 1994; Pagel et al. 1997; Rantitsch 1997). In
some studies, specifically in high-pressure terranes and also
under hyper-thermal conditions, the EASY %R,-modelling
showed certain limitations in use (Ferreiro Méahlmann
2001; Ciulavu et al. 2008). In particular, Le Bayon et al.
(2011) showed the large disparities dependent on pressure
and heating time between the laboratory maturation
experiments and the model EASY %R, of Sweeney and
Burnham (1990) at 400 °C (Fig. 16).

Nevertheless, kinetic modelling application will give
similar temperatures in cases where analytical data show a
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stable generalised relationship between clay mineral
parameters (Foscolos 1990), mineral reaction processes
(Merriman and Frey 1999), and coalification data (Hillier
et al. 1995). It seems that equilibrated condition are
established if the factors close to maximum metamorphism
do not change during more than 10 Ma (Ferreiro Mihl-
mann 2001). Time is equally important for the VR and KI
evolution (reaction progress), as is temperature.

It was recognised with a combined TTI—and
EASY %R,-model that steady-state heat-flow conditions
found in the Lower Austroalpine of the Grison Alps
(Fig. 11) give a flat-slope regression in the KI/VR diagram
(Ferreiro Médhlmann 2001). A similar KI/VR evolution as
in the Lower Austroalpine units is observed in terranes in
which re-equilibration took place at sub-greenschist facies.
In New Caledonia re-equilibration took place in a colli-
sional second phase, during formation of an accretional
nappe stack posterior to a subduction event, as described by
Potel et al. (2006). The KI/VR trends of the Lower Aust-
roalpine and New Caledonia are sub-parallel (Fig. 11).
After pluri-facies metamorphic evolution, some crystal-
chemical clay parameters (e.g. K-white mica b cell
dimension) are more robust than KI (Potel et al. 2006). The
first sub-blueschist facies event in New Caledonia was only
recognised by the preserved K-white mica b cell dimen-
sions (Potel et al. 2006). Due to varying reaction kinetics,
different clay-mineral indicators for determining meta-
morphism may display different steps of a P-T-t path
(Abad et al. 2003). We suggest a multimethod clay-mineral
approach for deciphering orogenic histories and in general
geodynamic scenarios and if possible a combined investi-
gation using organic indices and maturity modelling.

Using the TTI and EASY %R,-modelling data from the
cited literature of the Alps, all KI/VR correlations are
plotted in Fig. 11 and interpreted according to the thermal
gradients modelled or determined by mineralogical cali-
brations. The integrated KI/VR data area in Fig. 11 is a
compilation from the Helvetic and Austroalpine orogenic
domains metamorphosed under “normal” thermal condi-
tions at a gradient of 25-35 °C km ™' and under heat flow
regimes of 55-75 mW/m?. The slope associated with a
normal geothermal gradient from the Severin—Cosustea
units of the South Carpathians (30 °C/km) lies between the
slopes in Fig. 11 defined by the Reuss valley (35 °C/km or
higher) and the slightly lower gradient from the Lower
Austroalpine of the Alps (25-28 °C/km). The low geo-
thermal orogenic limit of diagenesis and metamorphism is
partly present in the diagenesis zone in the Morcles nappe
(Fig. 7). Because the trend is not verified for the epizone, the
lower limit is not presented in Fig. 11. The gradients from
the Lower Austroalpine, the Severin—Cosustea units, and
from New Caledonia will be used as references for normal
geothermal conditions in the forward compilation study.

With the help of Fig. 11 we attempt to reinterpret the
strongly discrepant KI/VR result of Arkai et al. (2002a).
The studied area is situated at the north of the Lepontine
dome, where the second thermal effect extends on a large
scale far north into the Helvetic nappes. The KI peak
broadening, caused by deformation and strain, results in a
large data scatter with no correlation between KI and VR
data. Accordingly, the extreme situation has inclined Suchy
et al. (1997) to argue to detect a frictional heating effect on
VR measurements as discussed to occur at some Alpine
structures (Schonherr et al. 2004). Probably a much better
interpretation is to postulate a doubling effect combining a
high orogenic geothermal gradient (Frey 1978) with a high
strain rate (Arkai et al. 2002a). This may have caused an
incremental VR increase. Nevertheless, it was not possible
to model with EASY %R, VR values from strong
deformed rocks, but in low or undeformed rocks a geo-
thermal gradient could be restored (Fig. 11; Arkai et al.
2002a). Excluding highly deformed rocks, a numerical
maturation approach is able to model temperatures. Tem-
perature determinations seem to be unreliable in VLGM
research, if temperatures in KI and VR studies were
determined without a mineralogical calibrated maturation
model.

6 New investigations posterior to the work of Kiibler
and Frey

6.1 KI/VR correlation in settings with a high
geothermal gradient or contact metamorphism

Hyper-thermal conditions are not encountered in the
Helvetic tectonic units, thus the interest in geothermal
studies was focussed on other orogenic areas. From the
very low- to low-grade metamorphic core complex of the
Danubian window in the South Carpathians a representa-
tive KI/VR correlation (probably the core-complex case
study with the largest very low-grade data set) is shown
(Fig. 12). The gradient shifts to the right of the Reuss
valley trend (Fig. 12), indicating, as determined from the
metamorphic study by Ciulavu et al. (2008), hyper-thermal
gradients (>35 °C/km) during core-complex formation. In
this tectonic setting the role of temperature is predominant
in metamorphism in contrast to this of pressure that is
considered as negligible. High thermal processes produce
mostly a flat KI/VR slope with a strong increase in VR at
higher metamorphic conditions in comparison to the ref-
erence gradients of the Lower Austroalpine, from New
Caledonia or from the Severin-Cosustea units discussed in
Sect. 5 (Figs. 11, 12). A slow KI progress is typical for that
kind of orogenic settings with a syn- or post-kinematic
plutonism (see the extensive review of Kisch 1987 and
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later findings by Yang and Hesse 1991, Warr et al. 1991
and Belmar et al. 2002) or short-lived high heat-flow
conditions (Warr et al. 1991; Ciulavu et al. 2008).
Another case study is presented with its KI/VR corre-
lation in Fig. 12. In the diastathermal Vichuquén basin in
Chile, at locations far away from the granitoid intrusions,
the KI/VR data fit into normal gradients of orogenic set-
tings (Fig. 12). In these “normal” samples, VR is
characterised by a regular bireflectance and homogenous
plane extinction; also, no cleavage is found (Belmar et al.
2002). In the Vichuquén samples, plotting on the right side
of the normal KI/VR gradient (Severin—Cosustea nappe
gradient, Fig. 12), an increasing undulatory extinction and
sub-grain areas are observed (Belmar et al. 2002). A
homogenous VR cannot be measured accurately, and the
single values have a high standard deviation and variance,
thus not accepted for the correlation study (see Sect. 5).
Surpassing the upper limit of high geothermal orogenic
metamorphic KI/VR relationships (Reuss valley, Danubian
nappes, Fig. 12) to higher VR values, in some Vichuquén
samples pyro-bituminite and vitrinite with pre-graphitic
structures as graphite sphaerolithes appear. In reflected light
microscopy the term “optical graphite” is defined by an
organic particle with a high reflectance (>10 %) and high
anisotropy (bireflectance), as proposed by Diessel and Offler
(1975), combined with the occurrence of internal sub-
microscopic granular (semi-crystalline) areas or micro-
scopic, nematoblastic and fibre-like forms (“Graphitische
Strukturen”, Ramdohr 1928). Pre-graphitic features (Ferre-
iro Méhlmann et al. 2002) are largely developed in most
phytoclasts in close vicinity to plutons. With increasing

metamorphic grade a helicitic, undulating extinction under
polarized light indicates the initial formation of graphite
sphaerolithes (Ramdohr 1928; Stach et al. 1982).

At plutons, a fast increase in VR over a short-distance is
evident in epidote-hornblende rocks occurring in the
Vichuquén basin with a paleo-geothermal level showing
metamorphic conditions of high-diagenesis to high-epiz-
one. In the same rocks KI remains completely unaffected
(Belmar et al. 2002) and shows same field gradient trends
as in areas without intrusions. This indicates a very short
time of temperature increase in the basin close to the
intrusions. Since the “normal” samples with a regular
vitrinite bireflectance are plotting in the left part of oro-
genic KI/VR settings (slightly low geothermal gradients,
25-30 °C/km), it must be questioned that the Vichuquén
basin can still be interpreted as diastathermal.

A third case study is from the Alps. In the neighbour-
hood of the Re Di Castello intrusion of the Adamello
batholith (Val Fredda), the first author and Martin Frey
sampled a series of Mesozoic rocks from the outer to the
inner aureole of the Val Fredda quartzdiorite-monzonite
intrusion (younger intrusion of the Adamello batholith) and
more to the east, another series into the aureole of the
Blumone gabbro intrusion (older magmatism of the Ad-
amello batholith, Fig. 12). In both areas the estimation of
temperature from contact metamorphic mineral paragene-
sis and facies critical minerals shown in a petrogenetic grid
are mostly close to 600-800 °C, correlating with a VR of
7.2-7.9 %R .« (Fig. 12). However, to attain such a VR of
7.2-7.9 %, maturation requires only temperatures of ca.
410-420 °C using the equation of Barker and Pawlewicz
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(1986). These temperatures are considerably low compared
to the temperatures estimated from contact metamorphic
mineral paragenesis and facies critical minerals. This
strengthens the results of Le Bayon et al. (2011) that
demonstrated severe limitations of the geothermometer
based on VR of Barker and Pawlewicz (1986) at 400 °C,
but also for EASY %R, (Fig. 16). TTI (Lopatin 1971;
Waples 1980) gives sometimes a better fit, but is restricted
to VR of maximum 5.0 %R, (400 °C at 10 Ma, 445 °C
at 1 Ma). Considering that TTI is especially difficult to
justify (Sweeney and Burnham 1990) and has no real
theoretical basis, modelling shows that time cannot be
completely neglected. The strong misfit in the temperature
determination is probably explained by the fact that in
orogenic settings a pre-intrusion tectonic burial scenario
establishes a moderate increase in VR (not possible to be
modelled) and additional enhanced coalification during the
intrusion. In the intrusion model a zero coalification does
not represent the starting point of the maturation process at
time of intrusion (using TTI). The same optical features
found at the pluton contacts in Chile are also observed in
the Adamello area. At the time of intrusion the sedimentary
rock was prior buried and the organic matter coalified to
stages much higher than that of peat. Sediment load (bur-
ial) and later orogenic metamorphism due to tectonic load
of several km thick overthrust units caused sub-greenschist
facies conditions. Anchizone found in areas not affected by
plutonism (Brack 1981, 1984; Colombo and Tunesi 1999)
are related to the Cretaceous Pre Adamello Phase (Schmid
et al. 1996). However, the multi-intrusion plutonism
unfortunately causes a very complex KI/VR map-view
pattern and the data grid is still weak.

The pre-orogenic or pre-intrusion history prior to the
thermal peak considerably controls the maturity increase to
the final VR measurement in some numerical maturity
models. Neglecting that, the misuse of the numerical
maturity models results in bad results/modelling. It is
assumed that most misfits in modelling temperature, also of
orogenic metamorphism, occurred because the pre-oro-
genic/pre-intrusive burial history (sediment basin history)
was not considered in very-low-grade studies (see Ferreiro
Mihlmann 2001; Ciulavu et al. 2008). Very-low-grade
studies in high thermal settings are rare and experiences in
that field are largely missing.

6.2 KI/VR correlation in geological settings influenced
by pressure

In 1989, Underwood et al. found a complex KI/VR rela-
tionship comparing different basins. However, it is to be
noted that KI in Underwood et al. (1989, 1991, 1992) was
obtained on specimens treated with ethylene glycol, which
influences the correlation (KI should be obtained from

air-dried samples as indicated by Kisch and Frey 1987).
Underwood et al. (1991, 1992) stated from high-pressure
terranes that VR is retarded when pressure is a prominent
factor of metamorphism (Fig. 13).

This is confirmed by plotting the data of Dalla Torre
et al. (1996) into the graph of Underwood et al. (1991). In
addition, a few other studies give hints that VR is retarded
by pressure (for an overview, see Dalla Torre et al. 1997).
Moreover, studies carried out in the Alps at high-pressures
show a similar trend to lower VR/KI evolution compared to
those observed in normal geothermal conditions. This was
found in rocks of sub-blueschist to blueschist facies con-
ditions (Ferreiro Midhlmann 1994). All these studies argue
for the retarding effect of high pressure on VR. In his last
decade of research, Frey set up a large research project
together with S.Th. Schmidt, W.B. Stern and the first
author combining experimental- (Dalla Torre et al. 1997)
and field-based studies in different geodynamic high tem-
perature to high pressure settings (Belmar et al. 2002;
Petrova et al. 2002; Potel et al. 2006; Ciulavu et al. 2008).
The objective was to assess the debated influence of
lithostatic pressure on KI and VR.
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Fig. 13 Comparison of Kiibler-Index/vitrinite reflectance correlation
studies compiled in the integrated data area of orogenic settings with
studies referring to hypo-thermal compressional and subduction
metamorphism. With increasing pressure a shift to the left side of the
graph is evident. A high strain deformation can reverse that trend as
visible for the Biindner schist samples, specifically from the samples
recovered in sub-blueschist facies rocks. Vitrinite reflectance and/or
Kiibler-Index values have to be pressure dependent (explanation see
text). Kiibler-Index/vitrinite reflectance data from the North Penninic
Biindnerschists of the Prittigau and Lenzerheide Flysch are published
by Ferreiro Mihlmann (1994). Data from Chur, Thusis and the NE
Grava nappe, from areas with a low blueschist facies metamorphism
are from Petrova et al. (2002) and Ferreiro Mihlmann et al. (2002)
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The studies conducted by the Basel group corroborated
the concept that pressure is a retarding agent on VR (Dalla
Torre et al. 1997; Petrova et al. 2002). In a case study from
the Alps, a clear difference in the KI/VR relation was
found between the sub-greenschist rocks from NE to SE
Biindnerschists and the sub-blueschist rocks (Fig. 13) from
the SW Northpenninic Biindnerschists of Grisons, Eastern
Switzerland (Petrova et al. 2002). In the same structural
unit (i.e. Northpenninic Biindnerschists), Fig. 13 shows
that sub-greenschist facies rocks are more mature and
present a higher KI/VR trend than rocks metamorphosed at
sub-blueschist facies. This argues for pressure as a retard-
ing agent in the KI/VR correlation. The KI/VR correlation
from the SW Biindnerschists fits with the LT/HP gradient
determined from the King Range (USA) by Underwood
et al. (1991). Dalla Torre et al. (1996) measured in the
Diablo Range (Fig. 13) much lower VR values, similar to
those found by Underwood et al. (1991, 1992) in well-
preserved blueschist facies rocks from the Franciscan
complex.

Furthermore, a progressive increase in VR is observed
with increasing deformation starting from a penetrative
cleavage in the north of the Biindnerschists to quartz-ductile
conditions in the south where lenticular feldspar elongation
is involved. However, excluding strongly deformed sam-
ples, VR retardation was assumed based on the difference in
VR/KI found between sub-greenschist and sub-blueschist
metamorphic rocks from the Northpenninic Biindnerschist
(Fig. 13). Nonetheless, the kinetic model of Dalla Torre
et al. (1997) considering the effect of pressure on VR and
VR/KI results does not explain the results in VR values
measured in the Biindnerschists. This points to the defi-
ciency of the model of Dalla Torre et al. (1997) in
calculating the evolution of VR. Consequently, the first
author initiated a new experimental program in Darmstadt
together with Gary W. Ernst and Ronan Le Bayon (Ernst
and Ferreiro Méihlmann 2004; Le Bayon et al. 2007,
2011, 2012a, b; Le Bayon 2012) using VR and Raman-shift
graphitisation data on vitrinite. The reason for a possible
VR retardation was investigated in a structural HRTEM
study by Ferreiro Médhlmann et al. (2002), but this ultrafine-
structure study does not contribute to a better understanding
of VR retardation.

6.3 Raman microspectrometry of organic matter

Raman spectroscopy of organic matter appears to be a
potential novel method to estimate metamorphic conditions
of metasedimentary terranes because the Raman signal of
organic material is correlated with metamorphic degree.
Geothermometers were formulated (e.g. Beyssac et al.
2002; Rantitsch et al. 2004; Rahl et al. 2005) based on
the correlation of organic material Raman spectra with
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Fig. 14 Raman spectroscopic data showing the large variation in
Raman shift spectra of different macerals in a Biindnerschist sample
of Petrova et al. (2002) and the modelled temperature from
graphitisation geo-thermometry. In a low-grade epizone sample the
temperature range found would include all the possible temperatures
of the anchizone according the Kiibler-Index/vitrinite-reflectance
correlation and calibration

paleotemperature estimated in organic matter-bearing
metamorphic rocks. In addition to measure the Raman
signal (employing 532 and 514 nm lasers), it was possible
in our preliminary study to first identify the phytoclast
type, the Raman laboratory in Basel (Prof. H.A. Hénni) and
Mainz (Prof. L. Nasdala). This preliminary study used a
synthetic graphite (Fig. 14) obtained from laser 1,080 nm
sintering (1,200 °C, 99.7 % C) as standard to calibrate
the Raman signal of organic matter. Our reflected-light
microscopic and Raman-spectroscopic studies revealed that
the different macerals present in the same sample (Fig. 14)
show different steps in the maturation/graphitisation pro-
cess (see also Demeny 1989). This is supported by recent
studies (e.g. Quirico et al. 2009; Guedes et al. 2010)
pointing out that the Raman signal strongly depends on the
precursor and type of organic material and maceral.
Therefore, a study of the nature of phytoclasts is indis-
pensable prior to applying Raman spectroscopy to
metamorphic organic matter. Hence, bulk organic matter
Raman spectroscopic studies have to be avoided.
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Furthermore, the geothermometers based on the Raman
signal of organic matter are questionable because their
calibration neglected the influence of organic matter pre-
cursor on the Raman signal.

The “uncertainty” shown in Fig. 14 is large and fits
inside the +50 °C uncertainty given by the empirical cal-
ibration of Beyssac et al. (2002). At high-anchizone to
epizone conditions the importance of the deformation
effect on KI and VR was demonstrated. The range of error
of £50 °C from the Raman study is the same in magnitude
as the range of possible VR increase due to strain effects
(Figs. 13, 15). The range measured would give a minimum
error of 100 °C for a Raman study using the discussed
numerical modelling. Moreover, one can suppose that the
uncertainty at very-low-grade conditions may be controlled
by maceral composition and ordering. However, the
Raman data are in good agreement with the indexing of
mineral zones (Barrow zones) and some petrogenetic grids
(Wiederkehr et al. 2011). Nonetheless, the resolution of the
Raman signal of organic matter is lower than the other very
low-grade metamorphic methods (KI, VR). Furthermore,
no difference between the spectral evolution in a sub-
blueschist and sub-greenschist facies environment is rec-
ognisable by comparing Raman studies performed in the
KI/VR range of the anchizone of this review study (e.g.
Judik et al. 2008; Wiederkehr et al. 2009).

Furthermore, the kinetics of the evolution of the Raman
signal of organic material has to be investigated in order to
determine metamorphic conditions in very-low to low-
grade metasediments inasmuch as organic matter matura-
tion is time dependent.

A combination of KI-VR-Raman signal measured in
organic matter-bearing rocks should have a high potential
to quantify P-T conditions in a metamorphic study once
the influences of pressure and temperature on the kinetics
of the evolution of the Raman signal of a well defined
organic matter are determined.

6.4 Pressure influence on VR and clay mineralogy

An experimentally-based equation describing the kinetic
evolution of VR as a function of pressure was proposed by
Dalla Torre et al. (1997). This equation was formulated in
Basel and thought to be able to be extended to VR higher
than 5.0 %R, (meta-anthracite). Dalla Torre et al. (1997)
stated from their series of laboratory maturations that
pressure retards VR. Nevertheless, the study of Dalla Torre
et al. (1997) considered only a few heating durations and a
small range of investigated VR. In addition to the effect of
heating time and temperature, the influence of pressure on
VR was recently reinvestigated in a more systematic way
(Le Bayon et al. 2007, 2011, 2012a, b; Le Bayon 2012).
After a long debate (Le Bayon et al. 2011, 2012b and ref-
erences therein), it was evidenced that VR is not only
temperature- and time-, but also pressure-dependent (Le
Bayon et al. 2011, 2012a, b, Fig. 16). Moreover, it is of
interest to note that Ernst and Ferreiro Mihlmann (2004)
experimentally found that the rate of huminite/vitrinite
maturation is unaffected by nature of the lignitic starting
material (conifer or hardwood) and contrasting oxygen
fugacity ranges defined by hematite-magnetite (HM)
and magnetite—quartz—fayalite (FMQ) buffers. The recent
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Fig. 16 Comparison of VR modeled with EASY%R,, to VR obtained
with experiments as a function of effective heating time t at 400 °C
and 2, 10 and 20 kbar. The gray thick curve is the VR evolution with
time modeled with EASY%R,, at 400 °C. The three curves (dashed,
solid, pointed) are the least-square best fits to the data using the power
law equation of Le Bayon et al. (2011). Modified after Fig. 11 of Le
Bayon et al. (2011)

laboratory studies of Le Bayon et al. (2011, 2012a, b)
demonstrated that each magnitude of VR has its own
increase kinetics, which is pressure and temperature
dependent (Fig. 16). Whereas the promoting effect of
temperature on VR is obvious, the role of pressure increases
kinetics of VR increase and therefore on Type III organic
matter maturation is complex. It depends on the magnitude
of VR with respect to the key VR' = 1.34 + 0.29 %, at
which a transition to a pressure-affected vitrinite maturation
takes place in experiments (Le Bayon et al. 2012b). For
VR < VRi, pressure retards vitrinite maturation because
increasing pressure slowes down the kinetics of VR
increase and hence hinders VR increase with increasing
time. This retarding effect of pressure decreases with
increasing VR and is neutralized when VR attains VR'.
When VR = VR!, pressure practically has no impact on
vitrinite maturation. For VR > VR/, pressure promotes
vitrinite maturation inasmuch as increasing pressure redu-
ces the amount of VR increase. A deceleration with
increasing VR is observed and thus pressure greatly aug-
ments VR increase with increasing time (Fig. 16). This
promoting effect of pressure increases at higher maturity
levels. Furthermore, the experimental work of Le Bayon
et al. (2011, 2012a, b) demonstrated that pressure promotes
vitrinite maturation in geological settings at 400—450 °C
because the key VR' is attained in only a few minutes to a
few hours. Therefore, the retardation of VR increase due to

pressure is insignificant at 400—450 °C (Fig. 16, at lower
and higher temperature the effect is not experimentally
determined). All these recent observations on the role of
pressure in vitrinite/type III organic matter maturation were
surprising and the results were presented with caution at
meetings and finally published (see also Le Bayon 2012)
and partly contradict the first experimental approach of
Dalla Torre et al. (1997). Regarding the recent evolution of
our knowledge on the influence of pressure on VR, the
pressure-related shifts and retardation of VR (Figs. 13, 15)
must be reconsidered.

The state of our knowledge on the dependence of KI on
pressure is similar to that of VR on pressure a few years ago.
Only very few KI laboratory experiments were carried out
to support that temperature and time are the important
factors (Smykatz-Kloss and Althaus 1974; Krumm 1984).
Therefore, the effect of pressure on KI has to be estimated.
Probably, Martin Frey and Bernard Kiibler would not have
expected that reversal. Some arguments in favour of a
pressure effect on KI were presented in the researches of
Robert (1988), Reinhardt (1991), Dalla Torre et al. (1996)
and Do Campo and Nieto (2003). Additionally, Huang et al.
(1993) and Elliot et al. (1999) suggested that pressure has to
be included in the existing illite—smectite kinetic models in
the future. At the moment, it is basically thought that
temperature, time and the K* concentration (availability)
are by far the most important parameters controlling
smectite-to-illite conversion (Huang et al. 1993).

The influence of pressure on the K-white mica b cell
dimension of illite is well known. Nonetheless, it was
observed that the K-white mica b cell dimension of illite is
very robust to survive to a second thermal overprint taking
place at a pressure lower than that occurring during a first
thermal episode (Potel et al. 2006). Evidently, the K-white
mica b cell dimension of illite is of high interest to estimate
paleo-metamorphic pressure in metasedimentary terranes.

Field comparisons combined with experimental VR/KI-
P-T—t studies will contribute to better estimates of pressure
conditions in metamorphic terranes by using VR or KI. The
shifts in the VR/KI diagram (Fig. 15) give some strong
emphasis to be interpreted in this respect and will give a
first hint for interpreting geodynamic P-T—t evolutions (see
also Suchy 2000).
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