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Determination of a normal orogenic 
palaeo‑geothermal gradient with clay mineral 
and organic matter indices: a review
Rafael Ferreiro Mählmann1*   , Meinert Rahn2, Sébastien Potel3, Lan Nguyen‑Thanh1 and Rainer Petschick4 

Abstract 

A collection of large data sets from different orogenic belts was compiled for a correlation between organic mat‑
ter (OM) versus clay mineral (CM) indices calibrated with the vitrinite reflectance, (VR) vs Kübler-Indices (KI) method. 
Data selection was based on a normal geothermal gradient (25 to 35 °C/km) as determined in previous studies, e.g. 
by maturity modelling and clay mineral reaction progress calculations. In the Lower Austroalpine (Eastern Switzerland, 
European Alps) a 20 myr lasting metamorphic overprint caused an OM–CM thermal equilibrium among the indices 
used. The observed correlation enables to determine gradual changes in metamorphic factors such as pressure, tem‑
perature and time causing sensitive shifts of the gradient slope in the range of normal gradients. For New Caledonia, 
an identical correlation has been determined. Prior to re-equilibration of the VR/KI indices, sediments in New Caledo‑
nia of diagenetic to incipient metamorphic grade underwent a high-pressure subduction event. VR/KI indices are 
in or close to equilibrium, while slight differences in OM vs CM indices allow for a better understanding of polyphase 
conditions, especially with respect to pressure. Temperature estimations are identical despite of their poly-phase 
metamorphic history, which was mainly controlled by the last orogenic thermal event lasting > 5 to < 10 myr. In 
the eastern Helvetic Alps and Northern Calcareous Alps similar correlations were found with slightly different slopes. 
Comparison between different regions is possible when using KI standardization and same data discrimination. In 
both parts of the Alps a complex thermal history of short durations (< 5.0 myr for the Northern Calcareous Alps to 10 
myr for the Helvetic Alps) caused similar VR/KI trends, but disequilibrium is suggested by weaker regression param‑
eters. The following correlation is calculated for a moderate geotherm (55 to 74 mWm2, mean = 61 mWm2) and nor‑
mal temperature gradient conditions (25 to 35 °Ckm−1): KI = 1.134e−0.305VR, (R2 = 0.880, n = 462) with VR given as %Rmax, 
KI as Δ°2θ (limited to values between 0.2 to 1.0 Δ°2θ). With increasing depth (z) a VR gradient of 1.4 ± 0.2%Rmaxkm−1 
is determined and a KI gradient of 0.09 ± 0.002 Δ°2θ km−1 is observed. The study illustrates that a normal geotherm 
can be described by VR/KI correlation, even if different heating episodes may occur. For the detection of a poly-phase 
or plurifacial thermal history, several indices of clay minerals and organic matter with very different kinetics should 
be used, as e.g. demonstrated by strong differences in smectite content at equal VR/KI values versus structural depth. 
A specific interest is given to the correlation of vitrinite like solid bitumen reflectance as an alternative method to VR, 
the persistent preservation of liptinite macerals and the stability range of clay minerals and sub-greenschist facies 
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critical minerals compared with VR/KI data. Until now, despite the Alps in this study, systematic liptinite maceral stud‑
ies have not been published in other orogenic settings.

Keywords  Normal heat flow, Organic matter reflectances, Maceral preservation, Kübler-Index, Clay minerals, 
Austroalpine nappes, Helvetic nappes, New Caledonia

1  Introduction
Following a round-table discussion at the Mid-European 
Clay Conference (MECC) in Dresden 2014, new recom-
mendations for Kübler index standardization have been 
agreed upon (Warr & Ferreiro Mählmann, 2015). Based 
on this international agreement a preliminary attempt to 
define grade of diagenesis and incipient metamorphism 
considering geothermal gradients calibrated with clay 
mineral, mineral and maceral index data was presented in 
a keynote lecture at the MECC in Zagreb 2018. The ques-
tion was then raised (e.g. by Béla Raucsik, Darko Tibljaš, 
Goran Durn and Ömer Bozkaya) whether the conclu-
sions represent a rough general estimate, a mean includ-
ing all geodynamic settings or indicate predictions for a 
normal geotherm at steady state conditions. The latter 
question is the main focus of the study presented here.

Cooperation established by the working groups of 
Hans Krumm (Goethe University, Germany) and Martin 
Frey (Basel University, Switzerland) between 1984 and 
1994 led to several studies and Ph.D. theses, which com-
piled a large amount of data on very low-grade metamor-
phism in different orogens. In these days it was assumed 
that the combination of solid organic matter (OM) and 
clay mineral (CM) indices would allow generating a uni-
versally applicable geo-thermometer to better determine 
sensitive temperature differences in sedimentary and 
meta-sedimentary rocks.

Organic matter petrography is the study of solid OM 
and vitrinite reflectance (VR) the most robust analyti-
cal method to determine maturity (Suárez-Ruiz et  al., 
2012; Hartkopf-Fröder et  al., 2015; Hackley et  al., 
2015). The potential to determine maturity in sedimen-
tary rocks (shales) was proposed first by Teichmüller 
(1958), referring to a traditional method used in coal 
mining since Hoffman & Jenkner (1932). Vitrinite like 
solid bitumen reflectance (VlBR, according to Ferreiro 
Mählmann & Le Bayon, 2016), a maturity determina-
tion method hardly considered in very low-grade meta-
morphic (VLGM) studies so far is especially outlined, 
because solid bitumen (SB) is the most frequent OM 
found in clay rocks, mudstones, shales, slates and phyl-
lites (Hackley & Cardott, 2016). Such rocks also repre-
sent the main lithotype (pelites, meta-pelites) used in 
VLGM rocks to determine the grade of diagenesis and 
incipient metamorphism by clay mineralogy (Ferreiro 

Mählmann et al., 2012). Measuring the sharpness ratio 
of the 10  Å-basal peak of illite is the most popular 
method used for VLGM rocks (Weaver, 1961; Kübler, 
1967; Frey, 1987a). The terms diagenetic zone, anchiz-
one, and epizone are defined strictly by KI values (Frey, 
1987a). The anchizone lower and higher boundary are 
given with the KI values of 0.42 and 0.25 Δ°2θ (Kübler, 
1967). The combination of OM petrography and clay 
mineralogy can be used for predicting relatively pre-
cise temperatures in diagenetic to incipient metamor-
phic terranes. Limitations of the illite Kübler Index (KI, 
Kübler, 1967, 1968) and the VR method are extensively 
discussed in reviews such as Ferreiro Mählmann et. al. 
(2012). It was demonstrated that one single method is 
not sufficiently indicative to be used as a geo-thermom-
eter (see also Árkai, 1991). Despite routine application 
as maturity index, VR data need to be calibrated with 
other mineralogical and geochemical parameters, if 
used for thermal modelling (Ferreiro Mählmann, 1994, 
2001).

When comparing VR/KI, VR/VlBR and VlBR/KI cor-
relations from different geodynamic settings from diagen-
esis to low-grade greenschist and low-grade blueschist 
facies (according to Winkler, 1979), the relationships show 
significant different trajectories in correlating graphs 
(Fig.  1, and Ferreiro Mählmann et  al., 2012). Thus, tem-
perature (T) and pressure (P) differences cause discrete 
regression formalisms, in particular if one thermo-tec-
tonic event was predominant. Plurifacial (metamorphic 
events crossing different metamorphic facies along one 
P–T path) or poly-thermal (occurring at different time 
periods, “poly-metamorphic”, according to Bucher & Frey, 
1994) diagenetic/metamorphic histories are much more 
difficult to record. Different kinetic rates of reaction pro-
gress controlling the OM and CM indices, especially for 
short thermal episodes, cause disequilibrium conditions 
between the indices used (Frey et al., 1980a; Krumm et al., 
1988; Ferreiro Mählmann, 1994, 1995, 1996; Potel et  al., 
2006, 2016; Potel & Trullenque, 2012). Long lasting ther-
mal events at relatively lower temperatures may result in 
the same values of the thermal indices as short-term ther-
mal tectonic-metamorphic events with relatively higher 
peak temperatures (Rahn et al., 1994) and the precision of 
the determined temperature increases with heating time 
(Ferreiro Mählmann, 2001). Several studies (Wolf, 1975; 
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Kisch 1980a, b; Teichmüller, 1987) have demonstrated that 
the equilibration in VR acts faster than KI or clay mineral 
aggradation (Frey, 1987a; Petschick, 1989; Ferreiro Mähl-
mann et  al., 2012). Considering these factors contolling 
the VR/KI relationship, only tectonic units were selected 
for the review being affected by a single metamorphic 
event or tectonically buried during a long time at normal 
heat flow conditions (assuming steady state conditions). 
Establishing a zoning of metamorphic grade based on VR/
KI boundary-values is currently the best option to deter-
mine metamorphic conditions between 100 and 350  °C 
in different geodynamic settings, including contact meta-
morphism and extensional diastathermal basins (e.g. Warr 
et al., 1991; Belmar et al., 2002; Bozkaya & Yalçin, 2004a; 
Belmar & Morata, 2005), as well as subduction-related 
convergent margins (e.g. Kisch, 1980b, 1981; Dalla Torre 
et al., 1996; Potel et al., 2006).

In Fig. 1, gradients from different areas compiled for this 
study show a “moderate” orogenic VR/KI gradient (cf. Fig-
ure 15 in Ferreiro Mählmann et al., 2012) reflecting normal 
geothermal/palaeo-geothermal heat flow conditions as dem-
onstrated in the study of Ferreiro Mählmann & Le Bayon 

(2016). Note that a specific VR value corresponds to a range 
of different KI values varying with respect to the geothermal 
gradient, and vice versa. According to earlier reviews (Frey, 
1987a) the limit of the diagenetic zone/anchizone varies 
from 180 to 230 °C with a proposed mean of 200 °C (Frey & 
Robinson, 1999; Merriman & Peacor, 1999). Based on FI data 
in the Glarus Alps (Helvetic nappes) a temperature of 230 °C 
was calibrated (Merriman & Frey, 1999). In more recent 
studies of the former working groups of Martin Frey and 
Hans Krumm boundary temperatures of 240 ± 15  °C were 
deduced (Mullis et  al., 2017 and references therein). From 
these studies, it is evident that very different temperatures 
may be derived for individual VR and KI values, but a specific 
VR/KI pair of values should be indicative for one spot in P/T 
space. In this study the correlation of methods to determine 
diagenesis to incipient metamorphism will be constrained 
and characterised for “normal” geothermal conditions, i.e. 
a range from 25 to 35 °Ckm−1 and heat flow values around 
65 ± 20 mWm2. Furthermore, a universal application for oro-
genic P/T conditions will be proposed.

After presentation of the compiled database the tem-
perature–pressure histories of the different areas from 

Fig. 1  Kübler-Index (KI) vs. vitrinite reflectance (VR) diagram and determined geothermal gradients; modified from Ferreiro Mählmann et. al. (2012, 
Fig. 15). The zones of diagenesis, anchizone, and epizone are based on the division by Kübler (1967), with the limits at KI = 0.42 and 0.25 Δ°2θ 
(Kisch, 1987). Methodical limits are given by VR = 6.5 Rmax% and KI = 0.115 Δ°2θ (representing the technical limits of the XRD measurement device 
and the corresponding VR value for normal geothermal gradients). The diagram is calibrated until a KI of 0.6 Δ°2θ
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which the samples originate are discussed briefly. It will 
be demonstrated that small differences in pressure, heat-
flow, and the duration of the thermal peak (interval of 
nearly same peak temperatures) cause significant correla-
tion differences in the same range of temperature.

In this study the terms “high” and “low” will be used 
with respect to grade of metamorphism, grade of diagen-
esis, and stage of maturity. For the characterisation 
of a geothermal gradient the terms “hypothermal” for 
< 25  °Ckm−1 and “hyperthermal” for > 35  °Ckm−1 (Rob-
ert, 1988) are applied. The terms “upper”, “middle” and 
“lower” will be used to define tectonic, structural, and 
geographic altitude or depth positions, while “early”, 
“mid” and “late” will be restricted to time, (e.g., time of 
diagenesis/metamorphism or deposition).

2 � Database
Areas in agreement with P–T-conditions of a nor-
mal geothermal gradient defined in the introduction 
(Fig.  1) include in Switzerland and Austria (Fig.  2) the 
western part of the Northern Calcareous Alps (Upper 

Austroalpine nappes, Vorarlberg, Eastern Austria), the 
Lower Austroalpine and South Penninic nappes of the 
Oberhalbstein (Grison, Western Switzerland), the Hel-
vetic nappes (Säntis and Glarus Alps, Switzerland and 
Bregenzer Wald Helvetic nappes, Austria), the Dauphi-
nois nappes (Pelvoux Massif, France), and NW New Cal-
edonia (France).

First KI values from the Northern Calcareous Alps west 
of the Arlberg region (Fig. 2) were published by Schramm 
(1980, 1982a, 1982b), Krumm (1984), Kralik et. al. (1987), 
and Kralik & Schramm (1994), first VR measurements by 
Gaupp & Batten (1985), and Henrichs & Richter (1993). 
As we do not have KI values from the same locality for 
all VR analyses (Krumm et al., 1988; Petschick, 1989, Fer-
reiro Mählmann, 1994), closest KI samples from the same 
stratigraphic unit and same lithofacies type were included 
from the first VR and KI studies cited above. The same 
strategy was applied to all other areas listed below.

Using different illite “crystallinity” indices, first data 
sets from the Lower Austroalpine of the Grisons were 
published by Dietrich (1969), and Dunoyer De Segonzac 

Fig. 2  Tectonic map with the highlighted Alpine nappes shown with different grey scales. The numbers indicate the different data sets compiled 
in the study and related to nappe stacks of the Helvetic and Austroalpine units. In the large nappe stack of the Northern Calcareous Alps four nappe 
units are separately shown, the Allgäu-, Lechtal-, Inntal- and Krabajoch nappe
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& Bernoulli (1976). The data set was later extended by VR 
measurements by Henrichs (1993), and Kürmann (1993). 
A large number of VR and KI values listed by Ferreiro 
Mählmann (1995, 1996) complete the data set. Included 
in metamorphic studies from the southernmost area (but 
north of the Engadine line) Nievergelt et. al. (1996), and 
Handy et. al. (1996) published VR and KI values. Data 
were used to propose first published coalification, illite 
aggradation, clay mineral transformation and organic 
matter trends with increasing P–T-grade at a normal 
thermal gradient of 30 ± 2 °C (Ferreiro Mählmann, 2001). 
New measurements are presented in this study extending 
the dataset to lower tectonic units and more to the south 
for a better understanding of conflicting results with 
Handy et. al. (1996).

The third area, the Helvetic nappe system is one or 
the most prominent study area of low temperature 
metamorphism and a frequently referenced area in 
the VLGM community. Shortly, after publication of 
the basic studies on illite “crystallinity” (Kübler, 1964, 
1967, 1968), redefined as Kübler-Index (Guggenheim 
et  al., 2002), the first diagenetic to metamorphic field 
gradient from the Jura mountains across the Central 
Helvetic Alps following one single stratigraphic lithol-
ogy was studied by Frey (1969). A second section across 

the Alps presented by Kübler et. al. (1979a) included 
VR data. Several thousand KI samples and several 
hundreds of VR samples were measured in the Hel-
vetic domain since and are part of an extensive data 
file including new and unpublished measurements (for 
new measurements, see Tables 1, 2, 3 and 4). In a land-
mark study, Frey et. al. (1980a) demonstrated that VR/
KI correlations show regional differences within the 
Helvetic domain when calibrated against fluid inclu-
sion and mineral paragenesis data. Within the Hel-
vetic realm different Helvetic/Ultrahelvetic nappes and 
nappe stacks occur, and VR/KI relationships must be 
explained assuming different tectonic burden and geo-
dynamic conditions or thermal regimes. In the study of 
Frey et. al. (1980a) it was implicitly suggested that the 
thermal gradient might be an important controlling 
factor. It was demonstrated that VR/KI correlations are 
different in orogenic settings with respect to coal basins 
(Kübler et  al., 1979a, Środoń, 1979). This led to many 
regional studies in orogenic settings and especially in 
the Helvetic Alps. In a compiling paper (Ferreiro Mähl-
mann et al., 2012) some areas show a VR/KI correlation 
resulting from normal geothermal heat flow conditions, 
as e.g. observed in the Kandersteg area (Árkai et  al., 
2002) and the Glarus Alps (Rahn et  al., 1994). Due to 

Table 1  Samples from around the Toissa Outlayer, partly provided by Daniela Krieg (BSc thesis)

Sample VR %Rmax n s KI Δ°2Θ n Tectonic unit mNN

Flysch F 70 7.4 16 0.65 0.13 3 Platta 2408

Palombini Pa 46 4.9 52 0.38 0.26 3 Carungas 1232

Aptychus J 85 6.5 22 0.62 0.15 3 Carungas 1245

Palombini Pa 47 7.0 28 0.47 0.13 3 Platta 1952

Aptychus J 83 7.2 15 0.56 0.13 3 Platta 1952

Flysch F 58 8.0 18 0.72 0.18 1 Platta 1792

Raibl RS 159 8.6 3 – 0.17 1 Toissa 1851

Palombini Pa 42 7.9 6 – 0.20 1 Platta 1361

Palombini Pa 44 9.5 5 – 0.20 1 Platta 2288

Palombini Pa 45 8.7 25 0.66 0.17 1 Platta 1942

Flysch F 67 8.2 38 0.42 0.20 1 Platta 1642

Table 2  Samples from Piz Ducan, partly provided by Patrik Meister (diploma thesis)

Sample VR %Rmax n s KI Δ°2Θ n Tectonic unit mNN

Platten Limest 3.5 24 0.42 0.37 3 Silvretta 1885

Platten Limest 3.3 21 0.38 0.40 3 Silvretta 1885

Kössen Fm 2.9 34 0.35 0.38 3 Silvretta 1935

Kössen Fm 3.2 72 0.21 0.38 3 Silvretta 1935

Kössen Fm 3.2 50 0.27 0.45 3 Silvretta 1935

Kössen Fm 3.0 28 0.34 0.42 3 Silvretta 1935

Kössen Fm 3.1 50 0.22 0.38 3 Silvretta 1935
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an integrated large data set, the focus is on the Glarus 
and Säntis Alps (Rahn, 1994; Wang, 1994), but com-
parisons will be made with the Kandersteg (Oeschinen 
Lake, Fig. 1) section including neighbouring areas (Frey 
et  al., 1976, 1980b; Burkhard, 1987; Suchý et  al., 1997; 
Árkai et  al., 2002) and the Bregenzer Wald (Ferreiro 

Mählmann, 1994; Zerlauth et  al., 2015; Mullis et  al., 
2017).

In the Glarus and Säntis Alps higher structural units 
(i.e. above the Glarus thrust plane) are characterized 
by normal thermal VR/KI gradients, while the lower 
structural units are controlled by increasing strain and 

Table 3  Samples from around the Vrenelisgärtli, provided by Martin Frey

Three samples, bold letters, are very rich in solid bitumen (see text)

Sample VR %Rmax n S KI Δ°2Θ n Tectonic unit mNN

MF 1321 3.6 39 0.19 0.34 1 Glarus 856

MF 1322 3.2 41 0.12 0.39 1 Axen 1200

MF 1322k 3.3 23 0.08 0.32 1 Axen 1202

MF 1322 b,c,d 3,3 55 0.16 0.39 1 Axen 1202

MF 1323 3.6 19 0.19 0.41 1 Axen 1230

MF 1324 3.6 11 0.10 0.43 1 Axen 1340

MF 1325 3.4 26 0.21 0.40 1 Axen 1792

MF 1326 3.1 45 0.18 0.40 1 Axen 1805

MF 1327 3.1 47 0.13 0.40 1 Axen 1818

MF 1328 2.9 7 0.21 0.43 1 Axen 1820

MF 1329 2.7 10 0.27 0.47 1 Axen 1825

MF 1330 3.0 39 0.15 0.42 1 Axen 1908

MF 1331 2.1 24 0.12 0.85 1 Axen 2860

MF 1331 b 2.5 32 0.24 0.72 1 Axen 2860

MF 1332 2.7 18 0.28 0.55 1 Axen 2632

MF 1336 bit 2.4 34 0.30 1.06 1 Axen 2200

MF 1337 bit 2.8 29 0.34 0.89 1 Axen 2150

MF 1338 bit 3.0 22 0.29 0.70 1 Axen 2070

MF 1340 3.8 14 0.08 0.43 1 Axen 1520

MF 1341 3.5 52 0.19 0.43 1 Axen 1082

MF 1342 3.1 42 0.27 0.45 1 Mürtschen 820

MF 1343 3.4 18 0.32 0.38 1 Glarus 750

Table 4  Samples from the Walenstadt–Hinterrugg (2306 m) section, sampled in a project with Martin Frey

Sample VR %Rmax n s KI Δ°2Θ n Tectonic unit mNN

QK 1 WS (CH) 3.9 9 0.48 0.27 3 Axen 885

QK 2 WS (CH) 3.7 11 0.38 0.35 3 Axen 1685

ZS 1 WS (CH) 3.0 16 0.16 0.37 3 Axen 1700

ZS 2 WS (CH) 2.9 17 0.19 0.45 3 Axen 1735

ZS 3 WS (CH) 2.6 43 0.21 0.45 3 Axen 1780

ZS 4 WS (CH) 2.9 28 0.14 0.41 3 Säntis 1825

SK 1 WS (CH) 2.2 28 0.24 0.59 3 Säntis 2109

SK 2 WS (CH) 2.3 55 0.18 0.55 3 Mürtschen 1355

VM 1 WS (CH) 2.7 52 0.21 0.57 3 Mürtschen 1175

QK 3 WS (CH) 3.1 11 0.19 0.48 3 Axen 1050

QK 4 WS (CH) 3.6 19 0.30 0.37 3 Axen 955

ZS 5 WS (CH) 3.4 42 0.22 0.37 3 Mürtschen 710

QK 5 WS (CH) 3.4 13 0.32 0.29 3 Mürtschen 580

QK 6 WS (CH) 3.5 8 0.33 0.40 3 Mürtschen 425
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lithostatic pressure (Ferreiro Mählmann et  al., 2012). 
Thus, this study is focusses on the higher structural units. 
These were studied by Frey (1970, 1987a, 1987b, 1988), 
Frey & Niggli (1971), Frey et. al. (1973, 1980a), Hunziker 
et. al. (1986), Rahn (1994), Wang et. al. (1996), and Árkai 
et. al. (1997). Additional KI and CM studies were com-
bined with VR measurements reported by Ferreiro Mähl-
mann (1994); Erdelbrock (1994); Rahn et. al. (1994, 1995), 
Ferreiro Mählmann et. al. (2012), and Ferreiro Mähl-
mann & Le Bayon (2016). Both methods were also cali-
brated against fluid inclusion (FI) data (Frey et al., 1980a; 
Rahn et  al., 1995; Mullis et  al., 2002, 2017) and critical 
(clay) mineral parageneses (Rahn et al., 1994).

The sedimentary cover of the Dauphinois domain 
(French Alps) was one of the very early studied VLGM 
areas of the Alps (Aprahamian, 1974; Aprahamian et al., 
1975, one of the very first pioneers using the KI and CM 
data in metamorphic petrology). For this study, data from 
Aprahamian (1988), Waibel (1990), Ceriani et. al. (2003), 
and Potel & Trullenque (2012) were included. Fission 
track data are available from tectono-metamorphic stud-
ies by Seward et. al. (1999), Fügenschuh et. al. (1999), and 
Fügenschuh & Schmid (2003). No VR data have yet been 
published, but CM data can be compared with aggrada-
tion grade of illite by KI data to support the database for 
normal orogenic palaeo-geothermal gradients.

Finally, data from the northern part of New Caledo-
nia are included, an area well known from studies by 
Brothers (1970), Brothers & Black (1973) and many oth-
ers cited in Potel et. al. (2006) for its low-grade blues-
chist (sub-blueschist) to eclogite facies field gradient. 
Potel (2001), and Potel et. al. (2006) demonstrated that 
VR and CM data showed reactivated reaction progress 
towards higher thermal conditions after pressure peak 
conditions during a sub-greenschist to greenschist facies 
event (Potel et al., 2002). Equilibration of different indices 
under diagenetic conditions was observed along a cross 
section from the external part of the orogen towards its 
foreland. Results are important to understand the time–
temperature–pressure evolution of chemical and miner-
alogical reactions and the approach towards steady state 
conditions along the P–T gradient.

From most of the study areas, vitrinite like solid 
bitumen (VlB) and migra-bitumen investigations are 
available (Ferreiro Mählmann, 1994, 1995, 2001; Fer-
reiro Mählmann & Le Bayon, 2016) to allow formula-
tion of a correlation equation between VR and VlBR 
for normal geothermal heat flow conditions. Not many 
attempts were made so far to correlate stages of coali-
fication as defined by optical microscopy with changes 
of graphitic structures/textures (Wada et  al., 1994; 
Kahr et  al., 1996; Petrova et  al., 2002; Ferreiro Mähl-
mann et al., 2002).

3 � Geologic setting, pressure–temperature 
evolution, and duration of thermal episodes

For a better understanding of the differences found 
among the integrated study areas with respect to effective 
heating-duration at peak temperature conditions, a short 
overview on the tectonic history and its deciphering by 
radiometric age dating is given below. For the five study 
areas a short overview is given. It will be remembered 
that the structural and starigraphic position in the nappe 
pile and geologic section is not important. For the com-
pilation the determined thermal grade, tectonic burial 
pressure, and time of maximum diagenesis and incipient 
metamorphism is essential. For geological details, struc-
tural sections, and maps the cited literature may be used.

3.1 � Tectono‑metamorphic evolution of the Northern 
Calcareous Alps

The Austroalpine nappes were part of the northwest-
ern and northern shelf of the Austroalpine-Apulian plate 
(Adriatic promontory of the African continent, Dercourt 
et  al., 1986) bordering the Piemonte-Liguria Ocean dur-
ing Jurassic and Early Cretaceous. The Piemonte-Liguria 
Ocean was situated between the Eurasian and African 
plates. The Upper Austroalpine of the western North-
ern Calcareous Alps consists, from bottom to top, of the 
Allgäu, Lechtal, Inntal and Krabachjoch nappes (Amp-
ferer, 1902, 1914, 1940; Ampferer & Hammer, 1911). The 
Krabachjoch nappe (Fig.  2) is characterised by a mono-
metamorphic pattern (Fig. 3) and an allochthonous posi-
tion with respect to the nappes in the footwall (Petschick, 
1989). The mainly carbonaceous platform sediments (Per-
mian to Triassic-Jurassic boundary) are part of the distal 
Austroalpine-Apulia passive margin of the Neothethys 
region (Oberhauser, 1968; Trümpy, 1975; Froitzheim 
et  al., 1994). The Northern Calcareous Alps form the 
structurally highest allochthonous nappe system of the 
Alps, independent of the tectonic model postulated (Zyn-
del, 1912; Tollmann, 1959; Frank, 1983; Müller-Wolfskeil 
und Zacher, 1984; Schmid et  al., 2004). In synclines and 
on top of the sediment stacks syn-orogenic Albian to 
Turonian flysch sediments are occasionally preserved. 
The structural position on the Northern Calcareous Alps 
in the Alpine orogen impeded a deep tectonic burial and 
Cretaceous orogenic metamorphic overprint.

Krumm et. al. (1988), and Petschick (1989) concluded 
that preserved palaeo-geothermal gradients observed 
with increasing stratigraphic depth occurred syn-deposi-
tionally prior to Alpine deformation. Burial heating in the 
Upper Austroalpine units inducing peak temperatures on 
sedimentary rocks took place mainly during the Permian, 
Anisian to Ladinian and Norian diastathermal subsid-
ence episodes. Burial hyperthermal heat flow, charac-
terized by flat VR gradients in the lower stratigraphic 
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Fig. 3  Vitrinite reflection (VR) gradients from the Austroalpine nappes, plotted along a standardised stratigraphic section. In the formation 
level of the Raibl and Hauptdolomit formation a prominent change in the VR gradient slope is visible. The flat lower part reflects a pre-orogenic 
hyperthermal event and the steep upper part was formed during an orogenic Alpine normal geothermal gradient. The compilation uses gradient 
determinations published by Krumm et. al. (1988), Petschick (1989), Ferreiro Mählmann (1994, 1995, 2001), and Ferreiro Mählmann et. al. (2012)
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sections, are shown on Fig.  3 and were extensively 
described by Petschick (1989), and Ferreiro Mählmann 
(1994). Sediment deposition not affected by hyperther-
mal burial conditions (Krumm et  al., 1988) ceased dur-
ing the Late Cenomanian to Turonian (Caron et al., 1982; 
Ortner, 2003).

During Late Cretaceous Alpine nappe stacking and 
folding, attributed to the first Austroalpine deformation 
(AD1) phase, the burial metamorphic pattern was dis-
turbed along tectonic structures. Discontinuous VR or KI 
data at nappe boundaries or important faults are widely 
observed within the western Northern Calcareous Alps, 
especially where Permian to Middle Triassic rocks are 
not detached at the base of the nappe piles. The onset of 
thrusting (AD1) is of Albian to Turonian age (Tollmann, 
1976; Trümpy, 1980a, 1980b; Froitzheim et al., 1994).

Jurassic to Early Cretaceous sediments underwent 
post-depositional thermal alteration to higher grades 
during Alpine orogenesis (Petschick, 1989). A ther-
mal anomaly with a high heat-flow existing in the lower 
structural parts of the Austroalpine crust is postulated 
for the Jurassic rifting period (Ferreiro Mählmann, 
1994). Thus, for most units of the Upper Austroalpine 
(Fig.  2) VR gradients observed for Permian to Carnian 
formation sequences differ from those measured for the 
Norian to Jurassic/Cretaceous formation successions 
(the latter is less well reflected in KI aggradation gradi-
ent plots, Petschick, 1989). Along the southern border 
of the Northern Calcareous Alps the gradient subdivi-
sion is less evident, but a more continuous gradient pat-
tern from the Permian to the Jurassic (Cretaceous rocks 
are not cropping out) has been measured (Fig. 3, Rätikon 
section). In this area, patterns of high-grade anchi- to 
epizone along folds point to local hydrothermal activity 
and do not relate to normal geothermal conditions. The 
technique and discrimination rules applied in this study 
are explained in Sect. 4.

Epizonal conditions at the southernmost Northern Cal-
careous Alps (Schramm, 1980, 1982a, 1982b; Kralik et al., 
1987; Petschick, 1989) led to Cenomanian to Turonian 
K/Ar ages for the smallest white mica grain size fraction 
ages (Ferreiro Mählmann, 1994). Mixed ages from Rb/
Sr dating of the same size fraction could not be attrib-
uted to a geologic event, but point to a short orogenic 
peak temperature interval (the same was found using K/
Ar analyses from coarser grain size fractions). TTI mod-
elling (Lopatin, 1971; Waples, 1980) based on the timeta-
ble of Haq et. al. (1987) with an Alpine orogenic interval 
> 5 myr completely levelled out any maturity differences 
(Ferreiro Mählmann, 1994). The lower structural nappes 
of the Walsertal/Arosa zone (South Penninic, Piemonte-
Liguria Ocean) remain at much lower maturity. Thus, 
a short heating duration (< 5 myr) must be assumed 

(Ferreiro Mählmann & Giger, 2012). This is also reflected 
by high-grade diagenesis KI values for the “Walsertal 
zone” according to Winkler (1988) and for the Cenoma-
nian/Turonian flysch (Richter, 1957; Winkler, 1988) in the 
“Arosa zone s.s.” according to Ferreiro Mählmann & Giger 
(2012). In the hanging wall a short orogenic thermal inter-
val of the northern Austroalpine units (Silvretta nappe, 
Northern Calcareous Alps, Fig. 2) prior to thrusting onto 
South Penninic units is evident (Ferreiro Mählmann, 
1994). The South Penninic Walsertal zone and Arosa zone 
in the fodwall of the main trust of the Silvretta nappe and 
the Northern Calcareous Alps is not schown on Fig.  2 
because it is a relative thin tectonic mélange unit.

A similar stratigraphy, tectonic and thermal history 
(Ferreiro Mählmann, 1994, 1995, 1996) is reported for 
the sediment cover of the Silvretta nappe (Fig. 2), belong-
ing to the Upper Austroalpine (Froitzheim et  al., 1994). 
The main difference controlling metamorphic grade from 
the foreland to the orogenic hinterland is shown in Fig. 3. 
Eroded tectonic loads increase from 4.5 to 9.5 km from 
the Northern Calcareous Alps (N) to the Silvretta nappe 
(S). A large number of clay mineral and coal petrologi-
cal data is available (Henrichs & Richter, 1993; Henrichs, 
1993; Kürmann, 1993; Ferreiro Mählmann, 1994, 1995, 
1996). Between the Silvretta nappe s.l. (including the 
Silvretta nappe s.s., the Arosa Dolomites nappe and the 
Rothorn nappe) and the Lower Austroalpine a promi-
nent metamorphic inversion was mapped and related to 
late Alpine thrusting (Ferreiro Mählmann, 1995). Due to 
metamorphic inversion and based on tectono-thermal 
reasons, the Ela nappe was assigned to the Lower Aus-
troalpine nappe system. Diagenesis to metamorphic 
results were included as follows in the Lower Austroal-
pine data group.

3.2 � Tectono‑metamorphic evolution of the Lower 
Austroalpine

In the Oberhalbstein area “stockwerk tectonics” (Lini-
ger & Nievergelt, 1990) controls the pattern of diagen-
esis and metamorphism (Ferreiro Mählmann, 1995). 
Tectonic boundaries were detected by gaps of progres-
sive metamorphism or metamorphic inversion (“trans-
ported metamorphism” sensu Frey, 1988) as revealed 
by using KI, VR, BR, FI, clay mineral and metamorphic 
mineral assemblages (Frey & Ferreiro Mählmann, 1999). 
A stack of Lower Austroalpine nappes together with the 
South Penninic Platta nappe (Fig. 2) corresponds to the 
middle “stockwerk”. Different to the Northern Calcareous 
Alps the continent–ocean transition of the Austroalpine-
Apulia continent plate to the Piemonte-Liguria Ocean 
plate is preserved in the Platta nappe of the Cretaceous 
nappe stack.
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In the Lower Austroalpine Permian and Mesozoic 
basins were formed by lithospheric stretching. Sedi-
mentation started during intra-continental rifting with 
detrital deposits in Permian pull-apart basins accompa-
nied by volcanism (Handy et  al., 1996). During the Tri-
assic, dolomite platform sediments were deposited in a 
passive margin setting of the Hallstatt–Meliata–Vardar 
Ocean. Assuming intra-oceanic subduction according to 
Stampfli et. al. (1998) the ocean closed during the Late 
Jurassic to Early Cretaceous (Channell et  al., 1990) in 
the E of the Austroalpine. This geodynamic event caused 
the initiation of the Austroalpine nappe formation (Fer-
reiro Mählmann, 1994; Schmid et al., 2008) triggered by 
the Vardar obduction (Handy et  al., 2010). Pre-rifting 
to the Piemonte-Liguria Ocean caused the formation of 
neritic to littoral deposits, mainly carbonaceous platform 
sediments (Triassic). In the Triassic the Austroalpine was 
part of the northern shelf of the Tethys. The increase in 
subsidence passed into the opening of the Piemont-Lig-
uria Ocean in the W of the Austroalpine (Weissert & 
Bernoulli, 1985). In the new plate tectonic configuration, 
the Austroalpine nappes where in the Jurassic part of the 
proximal Austroalpine-Apulia passive margin (Froitz-
heim et al., 1994, Froitzheim & Manatschal, 1996). In the 
Early Jurassic, syn-rift conglomerates, shales and turbid-
ites were deposited leading to the formation of a mature 
continental margin in the Late Jurassic (Froitzheim et al., 
1994), while post-rift sediments (radiolarites, lime-
stones, and shales) and Cenomanian to Turonian flysch 
sediments demonstrate the change to an active margin 
setting.

In the Platta nappe, ophiolitic rocks are part of the 
Early Jurassic oceanic crust of the Piemonte-Liguria 
Ocean (Tollmann, 1978; Trümpy, 1980a, 1980b; Schmid 
et al., 2004). The Platta nappe is considered a part of the 
oceanic Piemonte-Liguria basin and is probably an oce-
anic slice obducted and accreted very early during Cre-
taceous Alpine orogenesis (Ferreiro Mählmann, 1995). 
It includes mantle rocks (serpentinite, pyroxenite and 
peridotite rocks), exhumed and denuded immediately 
during Middle Jurassic continental break-up (Froitzheim 
& Manatschal, 1996). The development of the Middle 
Jurassic to Cretaceous sedimentary cover was the same as 
described for the Lower Austroalpine nappes.

The thermal overprint of the tectonic “middle stock-
werk” is here defined according to data by Ferreiro Mähl-
mann (1995), which comprises the South Penninic Platta 
nappe together with the Lower Austroalpine Ela, Carun-
gas, Err and Julier nappes (Fig.  2). Ferreiro Mählmann 
(2001) showed that their maturity pattern (VR and VlBR) 
is best modelled when postulating more than one heat-
ing period (Ferreiro Mählmann, 1994, 2001), including 
(1) pre-orogenic burial due to thermal subsidence during 

Permian to Triassic, (2) hyperthermal heat flow during 
Jurassic rifting, (3) orogenic Early to Late Cretaceous 
tectonic burial during alpine deformation AD1 nappe 
stacking, induced by the closure of the Hallstatt-Meliata-
Vardar oceanic realm since the Late Jurassic and initial 
Turonian Austroalpine nappe thrusting (AD1a) from E 
to W (Dercourt et al., 1986; see references in Dallmeyer 
et al., 2008), (4) Cretaceous orogenic diagenesis to meta-
morphism (Cretaceous Alpine orogenesis) triggered by 
the closure of the Piemonte-Liguria Ocean (Weissert 
& Bernoulli, 1985; Winkler, 1988; Schmid et  al., 2004). 
The latter phase (AD1b) is considered the main source 
for forming the maturity pattern found in the area (Fer-
reiro Mählmann, 1995, 1996, 2001), (5) high heat flow 
conditions during crustal thinning (AD2) subsequent 
to orogenic collapse (Nievergelt et  al., 1996), preserving 
temperatures at the same level as during AD1b, and (6) 
a final retrograde thermal event in the Tertiary when the 
Austroalpine nappe stack was passively transported to 
the N, folded and thrusted onto metamorphosed rocks in 
the footwall (AD3). Metamorphism below the Austroal-
pine “orogenic lid” according to Laubscher and Bernoulli 
(1982), and Laubscher (1983) is the result of a second 
Alpine orogenic cycle. For more details on the tectonic 
history, see reviews in Froitzheim et. al. (1994), Steck and 
Hunziker (1994), and Schmid et. al. (1996).

Mineral parageneses and illite-mica ages of epizonal 
structures gave K–Ar ages of 90 ± 10  Ma for AD1b and 
quartz-mylonite ages of 70 ± 5  Ma for AD2 (Ferreiro 
Mählmann, 2001). The Austroalpine is generally charac-
terised by a diagenetic to metamorphic event between 
100/80  Ma (e.g. Thöni, 1981; Frank et  al., 1987; Kra-
lik et al., 1987; Handy et al., 1996) and 90/60 Ma (Frank 
et al., 1987; Hunziker et al., 1992). In those parts included 
in this study, ages of 90 Ma and 70 Ma are interpreted to 
determine formation and cooling ages. Zircon FT data 
indicate fast cooling at 60 Ma (Spiegel et al., 2004). Peak 
thermal conditions endured for a period of 20 myr. An 
eroded nappe pile of 5 to 7  km was estimated with the 
onset of exhumation and during orogenic lid tectonics 
(Ferreiro Mählmann, 2001). The diagenetic to metamor-
phic Cretaceous pattern is post AD1 and AD2 and pre 
AD3 (Ferreiro Mählmann, 1995, 2001, see also Frey et al., 
1999; Frey & Ferreiro Mählmann, 1999; Oberhänsli et al., 
2004; Ferreiro Mählmann & Giger, 2012).

3.3 � Tectono‑metamorphic evolution of the eastern 
Helvetic Alps

The Helvetic belt, including the Glarus and Säntis Alps 
(Fig.  2), represents a stack of sedimentary nappes with 
sediments deposited during the Mesozoic and early 
Cenozoic at the northern border of the Penninic Oceans, 
between the Eurasian and Austroalpine-Apulian plates. 



Page 11 of 53     17 Determination of a normal orogenic palaeo-geothermal gradient

The Penninic realm is palaeo-geographically subdivided 
from north to south into the Valais basin, the Brian-
çonnais continental plate, and the Piemonte-Liguria 
basin with oceanic crust (Frisch, 1979). Movement of 
the Apulian-Austroalpine microplate towards Europa 
caused accretion of parts of the Piemonte-Liguria 
Ocean, the Briançonnais continental plate, and Valais 
basin. Crustal shortening since the Late Cretaceous led 
to closure of the oceans and eventually to continent–
continent collision in the Early Cenozoic (Schmid et al., 
2004; Pfiffner, 2009). Continuous orogenic shortening 
involved the Helvetic shelf, causing a separation of most 
of the Triassic to Cretaceous/Early Cenozoic sediments 
from their pre-Mesozoic metamorphic basement and 
nappe transport from S to N leading to a propagating 
orogenic front with flysch formation towards the north 
as the last episode of sedimentation before emergence 
above sea level.

Tectonic burial under a thick stack of nappe units from 
more southern proveniences is documented today by the 
presence of allochthonous Penninic and Austroalpine 
klippes on top of the autochthonous to parautochthonous 
Helvetic nappe stack (but nearly completely eroded away 
in the Glarus and Säntis Alps). From the Säntis Alps in 
the N to the Glarus Alps in the S an eroded nappe stack 
of 4.0 to 7.5  km is estimated (Erdelbrock, 1994, Rahn, 
1994, Wang, 1994). Burial led to conditions from diagen-
esis to low-grade greenschist facies metamorphism, gen-
erally increasing in grade from N to S. However, several 
unconformities in the diagenetic/metamorphic pattern 
illustrate post-metamorphic thrusting (“transported met-
amorphism” sensu Frey, 1988).

Initial data on the metamorphic gradient within the 
Glarus and Säntis Alps were gathered by Frey (1969, 
1970, 1978), and Frey et. al. (1973, 1980a), while more 
regional studies were published in the 1990s (Frey, 1988; 
Erdelbrock, 1994; Rahn, 1994; Rahn et  al., 1994, 1995, 
1997, 2002; Wang et al., 1996). Metamorphic P–T-condi-
tions determined by Frey & Ferreiro Mählmann (1999), 
and Mullis et. al. (2017) are based on extended data sets 
on KI, VR, fluid inclusion composition and homogeniza-
tion temperatures, and minerals reactions such as kao-
linite/pyrophyillite (Frey, 1987b) or the neo-formation 
of chloritoid (Frey & Wieland, 1975; Rahn et  al., 2002). 
These data demonstrate that diagenetic/metamorphic 
zones crosscuts nappe boundaries (Frey et  al., 1973), 
while the metamorphic pattern was later dissected by 
thrusting, in particular along the Glarus thrust plane 
(Fig. 2; Frey, 1988), for which difference in metamorphic 
grade allowed to estimate a post-metamorphic thrusting 
distance of 10 km towards N (Rahn et al., 1995). From the 
Helvetic napes and cover nappes of the Bregenzer Wald 
(Fig.  2) maturity studies were published (Eggert et  al., 

1976; Kuckelkorn et  al., 1990; Kuckelkorn & Hiltmann, 
1990; Ferreiro Mählmann, 1994; Hiltmann et  al., 1995; 
Krumm et  al., 1995; Zerlauth et  al., 2015). The results 
demonstrate a similar tectono-thermal history as found 
in the Glarus and Säntis Alps (Mullis et al., 2017).

Concordant K–Ar and Rb–Sr ages of around 35–30 Ma 
were interpreted to represent the main phase of Alpine 
metamorphism in the Glarus Alps, while a second age 
group between 25 and 20  Ma was tentatively attributed 
to movements along the Glarus thrust (Hunziker et  al., 
1986). Since youngest flysch sediments accumulated in 
the Glarus Alps (Taveyannaz sandstone) contain zircons 
of the same age (Lu et al., 2018), it must be assumed that 
the previous K–Ar and Rb–Sr ages are still biased by a 
detrital age component, and the second age group may 
be a more realistic estimation for the age of peak meta-
morphism. This was recently corroborated dating peak 
metamorphism in the Helvetic Flysch below the thrust 
plane at 27.1 ± 0.6 Ma by compiling radiometric ages and 
new K–Ar and Ar–Ar ages (Akker et al., 2021). Correla-
tions between VR and fluid inclusion data suggested that 
the maximum thermal peak endured for significantly less 
than 10 myr (Rahn et  al., 1995). Ages from apatite FT 
dating reflect late exhumation and continued thrusting 
along the Glarus thrust (Rahn et al., 1997).

The combined application of the various techniques led 
to several attempts of cross calibration of the methods. A 
first correlation was presented Frey & Niggli (1971), while 
data from different areas of the Helvetic Alps (including 
the Glarus and Säntis Alps) were compared in Frey et. al. 
(1980a). More regional correlations were published later 
(e.g. Rahn et al., 1995), but an overview compilation and 
correlation of the large data sets measured in the 1990s is 
yet missing here.

3.4 � Tectono‑metamorphic evolution of the Dauphinois 
domain

During Mesozoic rifting, the margin of the European 
plate (Helvetic shelf ) became substantially thinned 
towards east. The formation of major tilted crustal blocks 
allowed for the deposition of thick Mesozoic sedimentary 
series in asymmetric half grabens (Davies, 1982; Gill-
crist et al., 1987; Tricart et al., 1988; Butler, 1989; Coward 
et al., 1991; Huyghe & Mugnier, 1995; Lazarre et al., 1996; 
Sue et  al., 1997). The half grabens were inverted during 
the Alpine orogeny, but relics are preserved within the 
Pelvoux Massif and immediately north of it. Palaeo-nor-
mal faults, such as the “Col dʼOrnon” fault (Barféty et al., 
1979) are mostly NE–SW striking.

Mesozoic strata are discordantly overlain by a con-
glomerate formation (Gupta, 1997), followed by a “Pria-
bonian trilogy” (Ravenne et al., 1987; Apps et al., 2004), 
which comprises, from base to top: (1) shallow water 
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nummulitic limestone, (2) hemipelagic globigerina marls, 
(3) the Champsaur sandstone formation, a regular alter-
nance of turbiditic sandstones and shales (Perriaux & 
Uselle, 1968; Waibel, 1990). In some areas immediately 
south of the Pelvoux Massif, the siliciclastic deposits 
contain up to 50% of volcanic detritus (Debrand-Passard 
et al., 1984; Bürgisser, 1998). The intense volcanism, the 
increase in subsidence and lithospheric thinning during 
the Cretaceous in the later Penninic basin was followed 
by the opening of the Valais Ocean in the S of the Dau-
phinois (Helvetic) shelf and subsequently the turbidite 
formation predate the propagation of the Alpine defor-
mation front (Schmid et al., 2004).

The Subriançonnais domain formed the northern Bri-
ançonnais passive margin during the opening of the 
Valais Ocean, representing an intermediate position 
between the tectonically underlying Dauphinois domain 
units and the overlying Briançonnais continental plate. 
The stratigraphically youngest formation of the Subrian-
çonnais units is the Lutetian “black flysch” unit. Short-
ening of the Valais Ocean and later thrusting on the 
Dauphinois started in the late Eocene. In map view, the 
Subriançonnais unit usually forms a narrow zone border-
ing the Briançonnais domain east and south of the Pel-
voux Massif. Crustal thinning along the bordering zone 
might be explained by late normal faulting, dissecting the 
Subriançonnais and Briançonnais front (Tricart, 1986), 
or alternatively, by intense lateral shearing of the units at 
the eastern rim of the Pelvoux Massif (Rocher de l’Yret 
shear zone, Trullenque et al., 2006).

The Dauphinois domain SE of the Pelvoux massif 
underwent VLGM conditions (Potel & Trullenque, 2012), 
comparable to facies-critical mineral stability fields 
(Aprahamian, 1988; Waibel, 1990). According to Frey et. 
al. (1991), and Potel et. al. (2002), the coexistence of zeo-
lites (and in this case laumontite) and prehnite-pumpelly-
ite is restricted to a rather small P–T range below 240 °C 
(lower part of low-grade anchizone). The reassessment of 
such low peak temperatures raises doubts on the inter-
pretation of zircon fission track (FT) ages as cooling ages, 
as proposed by Seward et. al. (1999), and Fügenschuh and 
Schmid (2003) and see discussion on zircon FT annealing 
in Brandon et. al. (1998), and Rahn et. al. (2004, 2019). 
Consequently, existing FT-data do not allow to bracket 
the duration of the thermal episode (see discussion). The 
measured K-white mica b cell dimension values infer an 
intermediate geothermal gradient with 25–35  °C/km 
when comparing with the correlation of Merriman & 
Peacor (1999). This geothermal gradient was the gradi-
ent occurring during peak metamorphism in this part of 
the Dauphinois domain. The comparison of KI, FT and 
fluid inclusion data led to the conclusion that the SE of 

the Pelvoux massif experienced conditions of high-grade 
diagenetic zone to low-grade anchizone.

Locally, three Alpine deformation phases (D1, D2 and 
D3) can be recognized (Trullenque, 2005). Available data 
on metamorphism and deformation SE of the Pelvoux 
massif indicate that D1 corresponds to the first penetra-
tive schistosity. The observed metamorphic gradient is 
related to this deformation phase. Burial in the Dauphi-
nois domain reached a maximum of 9 km, caused by tec-
tonic overburden due to overthrusted Penninic units along 
the D1 Roseland thrust (Potel & Trullenque, 2012). The 
D2 phase recorded within the investigated area results in 
SW-directed movements that overprint the top-WNW 
D1 nappe displacement. D3 normal faults related to the 
Durance fault system (High Durance Faulted Zone, Tri-
cart, 2004) are the latest deformation pattern found in the 
investigated area. D2 and D3 deform the metamorphic field 
gradient observed in the Penninic domain. This observa-
tion coroborates the results that peak metamorphism was 
established earlier, as observed by Ceriani et. al. (2003) fur-
ther to the N. If the deformation events can be parallelised 
with the Eastern Helvetic Alps (Sect. 3.3) a similar thermal 
period can be expected. Therefore, the data from the Dau-
phinois can help to not only better correlate with Helvetic 
samples, but also generally compare data sets of normal 
thermal regimes as needed for the study.

3.5 � Tectono‑metamorphic evolution of the NE New 
Caledonia

New Caledonia is a dispersed fragment of the eastern 
margin of Gondwana resulting from the opening of the 
Tasman Sea by rifting of New Caledonia and New Zea-
land from Australia. In Late Eocene time, the New Cale-
donian fragment collided with an intra-oceanic island-arc 
system (Cluzel et  al., 1994, 2001; Aitchison et  al., 1995; 
Clarke et  al., 1997) after a period of subduction tecton-
ics. The collision, responsible for the main deformation 
of the continental basement of New Caledonia, generated 
a High-Pressure (HP) schist belt coeval with the south-
westwards thrusting of two nappes over the basement, 
the Poya nappe or “formation des basalts” (Paris, 1981) 
and the peridotite nappe (an ophiolite complex). The 
basement is composed of terranes of Palaeozoic to Meso-
zoic age of varying metamorphic grade, transgressively 
overlain by Late Cretaceous to Eocene sedimentary rocks 
deposited during Gondwana dispersal (Aitchison et  al., 
1995; Clarke et  al., 1997). The basement is affected by 
Late Jurassic high-pressure metamorphism (ca. 150 Ma, 
Cluzel & Meffre, 2002). A second Eocene HP metamor-
phism overprinted only the northern part of New Cal-
edonia (Cluzel et al., 2001), i.e. the northern part of the 
investigated terranes (Potel, 2007).



Page 13 of 53     17 Determination of a normal orogenic palaeo-geothermal gradient

The post-Early Cretaceous tectonic units comprise the 
Poya and peridotite nappes and the Koumac, Diahot and 
Pouébo basement terranes. The Koumac terrane (Cluzel 
et  al., 1994) is a sedimentary terrane preserved as olis-
trostromes in the collisional structure of northern New 
Caledonia according to Fitzherbert et. al. (2003). It con-
sists of an intensely tectonized Late Cretaceous to Early 
Eocene flysch sequence. The Diahot terrane contains an 
interbedded sequence of Cretaceous to Eocene meta-
sediments and felsic volcanics metamorphosed under 
high P–T conditions (Fitzherbert et al., 2003). The east-
ernmost Pouébo terrane is composed by a mélange con-
taining large mafic eclogite tectonic slices enclosed in an 
argillaceous or serpentine-rich matrix (Maurizot et  al., 
1989). According to Ghent et. al. (1994) the time of meta-
morphism is bracketed between Early Eocene (youngest 
Sediments) and Late Eocene (37 ± 1 Ma 40Ar/39Ar white 
mica cooling ages).

Bell and Brothers (1985) demonstrated an increase 
of temperature during exhumation after peak pressure 
metamorphism in the lawsonite zone. At the transi-
tion between lawsonite and epidote-blueschist zone, all 
organic matter changed to a well-ordered graphite struc-
ture (Diessel et  al., 1978). Yokoyama et. al. (1986) pre-
sented a P–T path for the higher metamorphic zones, 
including a temperature-prograde phase of climax crys-
tallisation that prevailed during pressure decline. The 
eclogite to blueschist facies metamorphism was followed 
by a collisional orogenic greenschist to sub-greenschist 
facies event with preserved high grade diagenetic to 
anchizonal rocks in the foreland structural zone (Potel 
et al., 2006). This structural part has been included in this 
correlation study. In contrast, data from the hinterland 
must be evaluated with caution due to the subduction 
related HP event. During the collisional stage meta-
morphic temperatures increased. Thus, during the tem-
perature-prograde path part of the mineral assemblage 
re-equilibrated under higher temperatures at normal 
heat flow conditions (Potel et al., 2006). Consequently, it 
is thought that at least coal indices and clay mineral indi-
ces followed the same process.

4 � Methods
In all the areas described in Sect.  3 a careful sample 
selection was performed. Samples selected without (I) 
signs of weathering (see guidelines in Littke, 1993; Fer-
reiro Mählmann & Le Bayon, 2016), (II) detrital vit-
rinite or mica populations, (III) indication for red bed 
facies, (IV) the evidence for migra-bitumen or migrated 
solid bitumen (bituminous rocks), and (V) without evi-
dence for prograde hydrothermal activity (for methodi-
cal details, see Ferreiro Mählmann et al., 2012). Samples 

with fluid-driven retrograde processes as described by 
Nieto & Peacor (1993), Środoń (1999),  and Árkai et. al. 
(2012), commonly found along faults and high permeable 
psamitic rocks, were also rejected. Many of these five rea-
sons can be observed in the outcrop and hand specimen, 
and the grade of alteration of a measured value estimated 
(Fig. 4). Wherever the presence of detrital VR/KI mate-
rial or weathering effects, not observed in the field, were 
evident after subsequent analytical steps based on the 
discrimination graph by Ferreiro Mählmann and Giger 
(2012, Fig. 5) corresponding samples were discarded too. 
Additional statistical reasons for data discriminations are 
reported as follows.

The analytical methods are described in detail in the 
original sources of the data. 95% of the data have previ-
ously been published, and the reader is referred to the 
cited references. New measurements from the Lower 
Austroalpine and Helvetic nappes are listed in Tables 1, 
2, 3 and 4.

1051 samples (more than 700 samples represented by 
the mean value of 3 separate measurements per sample) 
provided KI analyses. Despite their production within 
different study groups using different preparation tech-
niques, different analytical measurement devices, and 
different analogue and digitalised XRD (x-ray diffraction) 
equipments, an inter-laboratory comparison and calibra-
tion revealed well compatible results (Ferreiro Mählmann 
& Frey, 2012). For the KI value compilation, the following 
aspects were included:

–	 Recommendations by Kisch (1991), Krumm & Bug-
gisch (1991), and Kisch et. al. (2004); according to 
Kübler (1967, 1968) the full width at half maximum 
(FWHM) of the 10 Å illite peak is measured and pre-
sented as KI Δ°2θ (Guggenheim et al., 2002).

–	 KI values from the old mm scale were re-calculated 
into Δ°2θ (Frey, 1988; Frey & Burkhard, 1992).

–	 Wherever needed, data were re-calibrated to the 
Kisch standards (Kisch, 1983) after their transforma-
tion to Kübler-Frey values (Ferreiro Mählmann & 
Frey, 2012; Warr & Ferreiro Mählmann, 2015).

–	 Application of CIS standards (Warr & Rice, 1994), 
e.g. in Potel & Trullenque (2012),

–	 Translation of CIS values based on a calibration for-
mulism to KI values (Warr & Ferreiro Mählmann, 
2015).

Therefore, in this study a uniformly calibrated and 
standardised KI is accomplished for further correlation 
with VR. The same strategy of standardisation is applied 
to other diagenetic to incipient metamorphic indices and 
mineral phase stability limits.
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568 samples were incorporated into a uniform data 
set of VR values. Calibration and standardisation are 
described in Ferreiro Mählmann & Frey (2012, see also 
Teichmüller, 1987). As recommended in OM studies 
reflectance below a VR of 1.3 is measured as random 

reflectance under monochromatic white light (%Rr) and 
at higher maturity under polarised light as maximum 
reflectance (%Rmax). Measuring VR is a relatively sub-
jective method and, thus, slight differences may occur 
among different analysts (commonly in the range of the 

Fig. 4  Influencing factors altering vitrinite reflectance (VR) or the Kübler-Index (KI). The limits for orogenic diagenesis and metamorphism 
by the high geothermal gradient (HGT) and the low geothermal gradient (LGT) were taken from Ferreiro Mählmann & Le Bayon (2016). Red-bed 
facies, hydrothermal overprint and detrital populations of illite or organic matter may strongly change mean KI and VR values but can be 
discriminated easily (by field evidence). Size and direction of the arrows indicate the importance and changes caused by the influencing factor, 
respectively. White to black shading indicates: white = not observed, grey = occasionally observed, black = frequently observed. This is shown 
in relation to the KI or VR values with one or several arrows. Example for KI: bitumen coating on illite hinders illite aggradation. The arrow 
at the anchizone/diagenesis boundary indicates nearly no influence in the anchizone, but an increasing influence in the diagenesis zone. The 
“bitumen coating” arrow at the top of the graph indicates the occasionally observed influence on KI at values of 1.0 Δ°2θ and the frequently 
observed influence on KI at low-grade diagenetic grade (KI > 1.0 Δ°2θ). Example for VR: in high-grade diagenesis a very prominent increase of ∆ 
4.5%Rmax of VR is caused by weathering
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methodical error, Ferreiro Mählmann & Le Bayon, 2016). 
In the study areas, different analysts cross-calibrated 
their measurements on the same samples. Very few cases 
show results beyond statistical tolerance (σ2 > 10% of the 
mean value). Such measurements from e.g., the southern 
anchizone part of the Helvetic nappes (Permian–Trias-
sic) are excluded from final correlation (see discussion in 
Ferreiro Mählmann et al., 2012). In other cases literature 
data were not included due to unknown relationships 
with other illite- “crystallinity” values (“Weaver-Index”, 
Weaver, 1960; “Weber-Index”, Weber, 1972; see discus-
sion in Ferreiro Mählmann & Frey, 2012). Other illite- 
“crystallinity” methods should show close agreement to 
KI in principle (Kübler, 1968; Loeschke & Weber, 1973; 
Weaver, 1984), but they have more restrictions due to 
measurement errors depending on the XRD peak geom-
etry than KI (Frey, 1987a). An extended comparison 
based on 1385 samples with 3 measurements per sample 
Ferreiro Mählmann (1994), support prior results. The 
same was observed for studies using deviating meth-
ods to determine mean reflectance values on vitrinite 
(see discussion in Ferreiro Mählmann & Frey, 2012). 
As a precondition prior to VR measurements, a precise 
OM characterisation by maceral analyses of the physical 
(and chemical) individual components of OM is required 
(Spackman, 1958).

158 measurements of VIBR values form a third uni-
formly available data set. As for VR the same standardi-
sation and calibration was applied. In this study the first 
VR/VlBR correlation equation (n = 95 VR/VlBR values) 
will be determined for a normal orogenic geothermal 
gradient (Sect. 5.2). In Mastarlerz et. al. (2018) the term 
bituminite is by definition restricted to a primary organic 
matter, similar to other maceral groups, such as vitrinite, 
liptinite and inertinite, and the term solid bitumen used 
for secondary organic matter. For this study, samples, for 
which bituminites could not be resolved optically (mostly 
from the low-grade diagenesis zone), were rejected from 
correlation. Thus, the VR/VlBR correlation starts with 
solid bitumen measurements at the low-grade to high-
grade diagenesis zone boundary.

According to Mastarlerz et. al. (2018) the term “bitu-
minite” has frequently been used in petrologic studies 
instead of “solid bitumen”. In low-temperature petrology 
the terms “bituminite” and “meta-bituminite” have a long 
tradition (Teichmüller, 1987; Ferreiro Mählmann, 1994 
and references therein; Ciulavu et al., 2008). In the Alps, 
bituminite (exudatinite) reflectance and solid bitumen 
reflectance (BR) were first applied and correlated with 
VR and KI by Ferreiro Mählmann (1994, 1995, 2001). 
Ferreiro Mählmann & Le Bayon (2016) proposed that 
the term bituminite should no longer be used in VLGM 
studies (see inconsistend critical comment of Mastarlerz 

et al., 2018), if the bitumen matter is a secondary prod-
uct. According to the proposal, solid bitumen was sub-
divided into three optical determined categories. In this 
study only VlB will be used as recommended. Measured 
“bituminite” of Ferreiro Mählmann (1994, 1995, 2001) 
corresponds to VlB. Thus, for this study a large data set 
is available.

Additional clay mineral, organic matter, and mineral-
ogical indices as well as mineral paragenesis (including 
a total of 250 thin sections) were used in this study to 
propose subdivisions of the KI zones, to define the grade 
of diagenesis, anchizone and epizone in more detail. A 
second focus of the study is to show stability limits of 
selected clay minerals and minerals critical for determi-
nation of the metamorphic facies with respect to VR and 
KI. Special emphasis is given to discrete smectite, smec-
tite mixed layer minerals and illite polytype occurrences 
along a normal geothermal gradient from low-grade 
diagenesis to epizone (sub-greenschist facies). When 
using smectite as an indicator for the degree of burial, 
some preconditions must be defined. Many processes 
may form smectite and control the smectite to illite (illiti-
sation) or chlorite (chloritisation) reaction progress. Dur-
ing progressive burial and tectonic burial in the context 
of orogenic metamorphism, the decrease of smectite and 
increase of illite content is a diagnostic parameter (Hower 
et  al., 1976; Hoffmann et al., 1976; Altaner et  al., 1984), 
but also dependent on the geothermal gradient (Jen-
nings & Thompson, 1986; Inoue et  al., 1988), K+, Ca2+, 
Na+ and Mg2+ activity in the fluid, and rock composition 
(Robertson & Lahann, 1981; Frey, 1987a; Huang et  al., 
1993). The transformation rate increases with increas-
ing temperature (Pytte, 1982; Pytte & Reynolds, 1989; 
Elliot et al., 1991) and may also increase with H2O activ-
ity (Whitney, 1990). In this study only solid-state trans-
formation scenarios are used for correlation, if a series 
of interstratified phases of illite/smectite (I/Sm) changes 
from Sm to illite (according to Reynolds & Hower, 1970) 
has been observed. In such cases, the percentage of Sm 
in illite may be applied as a semi-quantitative geo-ther-
mometer (Hoffman & Hower, 1979; Pollastro, 1993; 
Elliot & Matisoff, 1996). As shown by Frey (1987a), the 
percentage of smectite may be a useful inorganic matu-
rity index to determine maximum T [°C] (Pollastro, 1993; 
Środoń, 1995, see also Waliczek et  al., 2020 and refer-
ences therein).

Kinetic models based on this solid-state concept 
(Huang et al., 1993; Hillier et al., 1995) can be easily com-
pared with VR modelling giving comprehensive results 
(Fereiro Mählmann, 2001). The sensitivity of smectite 
content-determination depends on the method applied. 
In the Northern Calcareous Alps simple peak fitting by 
comparing air-dried and glycolated samples was applied, 
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but provides only restricted information (Petschick, 
1989; Ferreiro Mählmann, 1994). In the Lower Austroal-
pine and Platta nappe, the sophisticated XRD method of 
Środoń (1984) was practiced on many samples (Ferreiro 
Mählmann, 2001). In the Helvetic nappes the ordering 
type according to Moore & Reynolds (1989) was deter-
mined (Wang et  al., 1996) by applying the program 
NEWMOD (Reynolds, 1985). For the clay mineral study 
in New Caledonia (Potel et al., 2006) the classification of 
Moore & Reynolds (1997) was used.

In case of hydrothermal alteration of the rocks, smec-
tite may have formed by fluid–rock interaction. This pro-
cess is evident along E–W striking faults at the southern 
border of the Northern Calcareous Alps (Ferreiro Mähl-
mann, 1994), at the AD1 basal thrust of the Lower Aus-
troalpine (Eppel & Abart, 1997), in the basal trust of the 
Platte nappe and along internal AD1 digitations (Ferreiro 
Mählmann, 2001), along the tectonised zone of the Gel-
lihorn nappe mylonite (Árkai et al., 2002) in the Helvetic 
nappes (first Helvetic deformation, HD1), and along the 
Glarus thrust plane (Abart & Ramseyer, 2002; Hürzeler 
& Abart, 2008). Smectite may transform to illite by a dis-
solution and re-precipitation process (Boles & Franks, 
1979; Nadeau et al., 1984) or by Ostwald ripening (Morse 
& Casey, 1988, Eberl et al., 1990). Accordingly, if a hydro-
thermal event was detected or must be assumed based on 
indicators of thermal anomalies, samples were excluded 
from this correlation study.

All X-ray diffractograms characterised by an illite 
10  Å-peak interfering with other sheet silicates were also 
excluded (see also Árkai et  al., 2004). Such interferences 
include the presence of (1) paragonite, as found in the 
southern Helvetic nappes and lowermost Lower Austroal-
pine nappes and Platta nappe, (2) rare biotite in the epizone, 
(3) occasional stilpnomelane, and (4) rare occurrence of 
pyrophyllite in the anchizone. Despite being discarded for 
correlation, the stability range of the minerals in the field 
will be compared with the prograde change of illite aggrada-
tion, vitrinite and vitrinite like solid bitumen maturity.

135 samples have measurement of illite/K-white mica b 
unit-cell dimension. Velde (1965) suggested that the phen-
gite mol% in white mica is significantly related to pres-
sure. Thus, a b unit-cell dimension (b parameter) measure 
should be pressure dependent. Since the introduction of 
the lattice illite “b0 parameter” (Sassi, 1972; Sassi & Scolari, 
1974) to predict the baric type of very-low grade (Guidotti 

& Sassi, 1976) to low-grade metamorphic conditions 
(Padan et  al., 1982) many authors (see e.g., references in 
Kisch et al., 2006) have used the method for Na poor illite/
muscovites to semi-quantitatively estimate pressure. A 
“cumulative b0 value plot” with reference lines for specific 
baric conditions from selected areas published by Sassi & 
Scolari (1974) was frequently used. No crystallographic 
rational could be related with this value, therefore the uni-
versally accepted symbol b will be used as follows. With 
the help of this method the very-low grade to low-grade 
metamorphic zone could be sub-divided into a low-, inter-
mediate-, and a high-pressure facies series (Guidotti & 
Sassi, 1986). Frey & Kisch (1987) discussed the advantages 
and limits of the method, being one of very few methods 
to estimate pressure in VLGM studies. Despite the recom-
mendation of Essene (1989) to avoid the method while not 
knowing the illite chemistry (in particular its Si content 
and Fe2+/(Mg + Fe2+) ratio, both strongly controlling the b 
parameter (Kisch et al., 2006), the method gives reasonable 
results in this study fitting with pressure estimations from 
fluid inclusions and tectonic burial modelling. The Ph.D. 
studies of the authors are the main database (re-evaluating 
clay mineral XRD analyses). At that time (Petschick, 1989; 
Ferreiro Mählmann, 1994; Rahn, 1994) the b parameter 
was controversially discussed and the b parameter not 
routinely used (see also Wang, 1994; Erdelbrock, 1994). 
Therefore, b values are not available for most tectonic units 
in this study. The authors have later used the parameter in 
many studies, in which the b parameter results have been 
supportive for the geologic interpretation (e.g., Potel et al., 
2006, 2016; Potel & Trullenque, 2012; Ferreiro Mählmann 
& Giger, 2012).

5 � Results
In Fig. 4 a schematic VR/KI plot illustrates the range of 
values of all included study areas. The arrows in the fig-
ure demonstrate the direction of influencing factors 
including red-bed facies, bitumen-rich rocks, weathered 
rocks, deformed rocks with high strain rates, rocks with 
signs of hydrothermal transformations taken along faults 
and within tectonised zones, and rocks showing detrital 
populations. Including these samples, resulted in a large 
variation of VR/KI relationships and thus in the stud-
ies of Wang (1994), and Erdelbrock (1994) a statistically 
and significantly constrained VR/KI gradient could not 
be detected. As indicated in Sect.  3, samples showing 

Fig. 5  Vitrinite reflectance (VR) vs. Kübler-Index (KI) correlation plot showing all data used from the different areas to characterise the orogenic 
normal geothermal gradient. Low-grade and high-grade diagenesis KI zones are shown according to the division proposed by Merriman & Kemp 
(1996). In the VR/KI correlation this limit reflects the transition from high to medium volatile bituminous coal (Ferreiro Mählmann & Le Bayon, 2016). 
For explanation to the data group in the fine dashed line ellipses, see text. The sub-division of the anchizone is shown at KI = 0.33 Δ°2θ according 
to Ferreiro Mählmann (1994, 2001; see also Potel et al., 2006, 2016)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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such influencing factors are not included in the study. 
Thus, the light grey area between the lower and higher 
geothermal gradient-limits of orogenic geothermal gradi-
ents in the Figs. 4 and 5 presents the unaffected samples 
assumed to mark values only controlled by temperature, 
time, and pressure in an orogenic setting. In Fig. 5, all val-
ues from the study areas plot in the middle of the interval 
of orogenic gradients (Fig. 1) as shown by Ferreiro Mähl-
mann et. al. (2012). Thus, it is proposed that a “moder-
ate geothermal gradient” sensu Ferreiro Mählmann et. al. 
(2012) can be interpreted as a normal orogenic gradient 
(Fig. 1).

5.1 � Vitrinite reflectance and Kübler‑Index values
5.1.1 � Data from the Northern Calcareous Alps and Silvretta 

nappe
In the Northern Calcareous Alps of Bavaria and North-
ern Tyrolean outside the western and southernmost 
regions studied (Rätikon to Lechtal Alps and southern 
rim, Fig. 2) there is a wide spread of KI and VR data sets 
of diagenetic grades collected from late Triassic to Creta-
ceous fine clastic and marly sediments. VR values ranges 
from 0.45% to 0.9%Rr. KI values scatter from 0.6 to > 1.5 
Δ°2θ pointing to considerable amounts of illite–smec-
tite mixed layers and their swellable parts who broaden 
the FWHM of most illite peaks. According to palaeo-
geothermal model calculations (TTI of Lopatin, 1971; 
Waples, 1980) palaeo-temperatures required to explain 
the coal rank and illitisation stage range between 60 and 
100 °C which were reached under moderate palaeodepths 
after nappe stacking. Earlier Triassic rocks buried closer 
to the detachment planes reached maximum tempera-
tures before the end of sedimentation as estimated based 
on palaeo-geothermal gradients between 25 and 40  °C/
km (Petschick, 1989) or 50  °C/km (Silvretta nappe; Fer-
reiro Mählmann, 1996).

From the Rätikon mountains to the Arlberg region, 
central Lechtal and southernmost Allgäu Alps (Fig. 2) the 
complete set of Raetian to Cretaceous rocks are higher 
coalified as in other regions of the Northern Calcareous 
Alps (Fig. 3). Thermal maturity is indicated by VR %Rmax 
values of around 2.0% (sometimes up to 2.5% when 
approaching the southern rim of the Northern Calcare-
ous Alps). The grade of diagenesis is determined by KI 
values from 0.4 to 0.8 Δ°2θ, which indicate a substantial 
loss of smectitic layers within the illite–smectite mixed 
layer structures. Different slopes of VR gradients (Fig. 3) 
demonstrate the existence of a two-step thermal history, 
i.e. a pre-orogenic thermal VR gradient in Triassic rocks 
and a post-orogenic, post-nappe formation gradient 
(Petschick, 1989). The pre-orogenic gradient was hyper-
thermal and thus not of interest for this study. Towards 
the southern border of the Northern Calcareous Alps the 

post-nappe thermal event also re-heated Norian to Rhae-
tian sedimentary rocks to a higher maturity grade, thus 
samples from these stratigraphic units are considered 
part of the post-orogenic VR gradient. Similarly, samples 
of post-Norian age collected at the southernmost rim of 
the Lechtal nappe show VR values exceeding 4.0%Rmax. 
The KI values do not reflect any re-heating (Ferreiro 
Mählmann, 1994) and these data cause a large data vari-
ance in the VR/KI correlation. The re-coalification of 
the organic matter causes a steep VR-gradient slope for 
the Permian to Cretaceous rocks, which follows a single 
second order regression line (Fig.  3). Accordingly, only 
post-Norian to Cretaceous samples were used for further 
correlation. Maximum maturity is given by VR values 
of 3.5%Rmax (Rätikon area) to 5.05%Rmax (near Landeck, 
Fig.  2) corresponding to KI values of 0.27 to 0.39 Δ°2θ 
(near Landeck 0.24 Δ°2θ).

In the sedimentary cover of the Silvretta nappe s.l. 
(Fig. 2), the same procedure for the VR/KI values as for 
the Northern Calcareous Alps is applied and data reflect-
ing the pre-orogenic hyper-thermal event are neglected. 
Ferreiro Mählmann (1995) demonstrated that in the Sil-
vretta nappe s.l. the post nappe tectonic orogenic ther-
mal event can be traced in all sub-units, as evidenced by 
only plotting the VR/KI data using the measurements 
from the Raibl Formation to the youngest sediments pre-
served (Kössen Formation and Allgäu Formation) only. 
Apart from the Kössen Formation, rocks are commonly 
poor in clay minerals and vitrinite, resulting in a limiting 
data set, which is amended to the result of the Northern 
Calcareous Alps (Fig. 3, Table 2). In fact, this set of values 
is important because they assist to sharpen the important 
boundary of the diagenetic zone/anchizone at 0.42 Δ°2θ 
(Kübler, 1967; Guggenheim et al., 2002). Furthermore, it 
helps to bracket the occurrence of anthracite (White & 
Thiessen, 1913 in Stach, 1935), defined by a large range 
of VR values. The values of the Silvretta nappe s.l. over-
lap with data found in the Northern Calcareous Alps (low 
volatile bituminous coal, semi-anthracite, and anthracite) 
and in the Lower Austroalpine and Platta nappe (anthra-
cite, meta-anthracite, and optical graphite).

5.1.2 � Data from the Lower Austroalpine of Grisons 
(Oberhalbstein)

The VR/KI gradient crosscuts nappe boundaries of the 
Lower Austroalpine/South Penninic nappe pile. The 
metamorphic grade determined by VR/KI measure-
ments is therefore dependent on the structural position 
of the tectonic unit, varying from the diagenesis/anchi-
zone boundary (VR = 2.9%Rmax, KI = 0.46 − 0.42 Δ°2θ) at 
mountain summit to conditions of the upper limit of the 
sub-greenschist facies (VR %Rmax > 6.5, KI 0.125 to 1.20 
Δ°2θ) in deep valleys. Ferreiro Mählmann (2001) used the 
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data to estimate maximum temperatures and to discuss 
nappe tectonic scenarios. The study served as a reference 
for normal geothermal orogenic gradient comparisons 
including OM and clay mineral stability relationships (e.g. 
Potel et al., 2006; Malinconico et al., 2009; Środoń et al., 
2018). The VR/KI correlation of the previous regression 
calculation for a normal orogenic metamorphic gradi-
ent (Ferreiro Mählmann, 2001) between KI 0.19 and 0.48 
Δ°2θ can be expressed by the following equation:

This relationship is well defined within the study 
range of this VR/KI correlation. At the structural basis 
of the nappe pile the methodical limit is reached (Fig. 5, 
Table  1) with VR values at around 6.5%Rmax. Towards 
this limit (meta-anthracite rank) KI amounts to 0.15 
Δ°2θ, corresponding to the technical limit of the XRD 
measurement device (KI = 0.13 Δ°2θ). Independent of 
the maturity increase from VR = 6.5 to > 11.0%Rmax (not 
shown in Fig. 5 and not included for further VR/KI corre-
lation) the KI values scatter between 0.15 and 0.20 Δ°2θ. 
The scatter of values in the southernmost area (see also 
Handy et  al., 1996) illustrates the loss of significance of 
KI changes with respect to metamorphic grade (Ferreiro 
Mählman, 2001; Montmartin et al., 2021).

It is observed that gradient slopes frequently change 
along strike and perpendicular to nappe structures. The 
gradient determined in the Err section (Ferreiro Mähl-
mann, 2001) was reported with 28  °Ckm−1, but to the 
north (Ela section, Ferreiro Mählmann, 1995) or to the 
south (Platta, Julier section (Fig. 2), Ferreiro Mählmann, 
1995; Handy et  al., 1996) thermal gradients between 25 
and 35 °Ckm−1 were predicted, respectively. Similarly, in 
the Northern Calcareous Alps (Fig. 3), thermal gradients 
may differ considerably in a single nappe pile or nappe 
unit depending on the tectonic-thermal history and/or 
the structural geometry at crustal scale, the palaeo-geo-
graphic position along the ocean-continent transition, 
and the geodynamic history within the orogen.

5.1.3 � Data from the Helvetic nappes (Glarus, Mürtschen, 
Axen, and Säntis nappe)

North of Lake Walen (Säntis Alps, Fig.  2), in the 
Mürtschen, Axen and Säntis nappes, KI data demon-
strate field gradients with a topographic top-down trend 
parallel to a general increasing metamorphic trend from 
NW to SE from the low-grade diagenesis to the high-
grade anchizone/epizone boundary. KI demonstrates 
increasing grade from 1.75 to 0.25 Δ°2θ (correspond-
ing to VR = 0.60 to 4.88%Rmax). In the studies of Erdel-
brock (1994), Rahn et. al. (1995), and Wang et. al. (1996), 

(1a)
VR %Rmax =8.6− 17.7 (KI)+ 11.1 (KI)2,

(n = 47, r = 0.87).

a post-nappe and post-fold metamorphic overprint is 
indicated.

A data group at Gonzen and from the southeastern-
most part of the Axen and Säntis nappe, east of Gonzen 
(Fig.  2) gave very high VR values. After the studies of 
Erdelbrock (1994), Ferreiro Mählmann (1994), and Rahn 
et. al. (1995) it was demonstrated that the area was part of 
a fossil migration system of hydrocarbons (solid bitumen) 
and partly also hydrothermal fluids (Árkai et  al., 1997). 
Tobelite causes a broader KI (Árkai et  al., 1997) and 
hydrothermal pulses a short-term heat supply increased 
VR. For this study, samples from hydrothermal fossil sys-
tems and tobelite-bearing samples were excluded from 
further correlation.

Discriminating both data groups, the remaining sam-
ples from Erdelbrock (1994), and Rahn (1994) show a 
well-established and statistically significant correlation 
parallel to the data from other eastern Helvetic nappes 
(data group Walen Lake, Vrenelisgärtli, Bregenzer Alps, 
Fig.  5). However, data from the Säntis and Axen nap-
pes by Erdelbrock (1994), and Rahn (1994) tend to have 
slightly elevated VR values at similar variance of the VR/
KI values (data group “Säntis and Glarus Alps”, Fig. 5).

In the Glarus to Säntis nappe stack (Linth and Sernft 
valleys) at the south of Glarus (Fig.  2) post-nappe tec-
tonic metamorphism (Frey et  al., 1973) is documented 
with a KI trend from high-grade anchizone (Glarus 
nappe, close to the Glarus thrust) to high-grade diagen-
esis at the mountain summits (Frey, 1988; Rahn, 1994; 
Rahn et  al., 1994). KI decreases from valley bottom to 
the summit peaks from 0.32 to 0.55 Δ°2θ (locally to 0.85 
Δ°2θ, Table  3). A parallel trend of decreasing VR val-
ues is established with data from Rahn (1994) and new 
measurements (Table 3) along the Vrenelisgärtli ridge at 
Glarus (Frey et al., 1973; Ferreiro Mählmann et al., 2012, 
Fig.  8). VR decreases from 3.6 to 2.1%Rmax (mountain 
peak).

To include the structurally highest Helvetic nappe, a 
new section from the Mürtschen to the Säntis nappe at 
the northeastern end of Lake Walen (Fig.  2) was sam-
pled and provided a similar trend with 3.9%Rmax at val-
ley bottom to 2.2%Rmax at mountain peak (Table 4). KI 
values show little scatter and a well-defined trend with 
altitude.

Discrepant results exist between Árkai et. al. (1997), and 
Erdelbrock (1994) SE of Glarus in the Linth valley in the 
Verrucano and Axen nappes (see also review by Ferreiro 
Mählmann et al., 2012). As observed at the Glarus thrust 
south of Gonzen a similar VR/KI pattern is probably a 
thermal fossil-anomaly. Therefore, data are not used for 
further correlation (see discussion in Abart & Ramseyer, 
2002; Ferreiro Mählmann et al., 2012; Mullis et al., 2017).
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5.1.4 � Data from NE New Caledonia
In northern New Caledonia, KI values generally range 
from low-grade diagenesis to epizone. In the Koumac 
terrane, the KI data indicate low-grade diagenesis to low-
grade anchizone values, ranging from 2.33 to 0.33 ∆°2θ 
(VR = 1.39%Rr to 3.34%Rmax). In the Diahot terrane, KI 
values vary between low-grade anchizone and epizone 
(VR = 3.95 to 14.9%Rmax, observation of optical graphite). 
A trend of increasing grade from diagenesis to epizone is 
observed in a traverse from southwest to northeast along 
the Koumac-Ouégoa road. An overall prograde sequence 
for the terranes is documented, with KI decreasing and 
VR increasing from southwest to northeast. The VR/KI 
trends reflect the post-nappe and post-terrane tectonic 
collisional and post-kinematic orogenic metamorphic 
event.

5.1.5 � Vitrinite reflectance/Kübler‑Index correlation defined 
for a normal geothermal gradient

After rigorous data discrimination refusing all samples 
not reflecting orogenic diagenesis to metamorphism 
(Sect. 4) 568 VR/KI data pairs can be related to an oro-
genic normal heat flow setting. The resulting equation is:

The equation is very similar to Eq. 1a but based on a 
much larger sample number. One data group (dasched 
black line ellipse in Fig.  5) must be discussed sepa-
rately. The VR/KI data come from the Austroalpine and 
mostly from Cretaceous syn-orogenic (e.g. turbidite) 
sequences. Most of the corresponding samples have 
small amounts of discrete smectite or low mixed-layer 
content in illite. Thus, any mineral reactions (smectite 
diagenesis) can only have a low impact on the 10 Å peak 
form and any aggradation is limited to crystal struc-
tural (domain size, particle thickness) and chemical 
ordering (Merriman & Frey, 1999; Ferreiro Mählmann 
et  al., 2012). Furthermore, a low illite-FWHM may be 
explained with very fine-grained mica detritus. A high 
detrital contamination is well known in clay, mudstone, 
and shale of these formations (Achtnich, 1982; Gaupp, 
1982; Gaupp & Batten, 1985; Petschick, 1989; Ortner & 
Gaupp, 2007).

As next the measurements with a VR > 7.0 Rmax% VR 
must be extracted (pointed white line elipse in Fig. 5, see 
Sect.  6.1). Approaching the limit of the XRD measure-
ment device, KI does no longer change with increasing 
maturity (see also Montmartin et al., 2021), but continue 
to show values between 0.13 and 0.20 ∆°2θ. Exclud-
ing both groups, the values follow a gradient defined 
between VR 7.0 and 0.25%Rmax with the following regres-
sion (Fig. 5):

(1b)KI = 1.0693e−0.318VR, (R2
= 0.552, n = 568).

In the VR/KI thermal gradient graph of Ferreiro Mähl-
mann et. al. (2012) the calibration below KI = 0.6 ∆°2θ 
was based on 1200 samples. The extrapolation to KI = 1.1 
∆°2θ (Ferreiro Mählmann & Le Bayon, 2016), based on 
many cited publication results, was signficantly narrower 
than the correlation presented in this study (Fig. 5). The 
presentation in Fig. 5 is extended to KI = 1.6 ∆°2θ. With 
the help of this VR/KI correlation graph low- and high-
grade sensitivity limits are determined for the first time. 
At VR < 0.85%Rr, KI values scatter from 0.6 to 2.4 ∆°2θ. 
At VR = 1.0%Rr, the scatter decreases to 0.6 to 1.28 ∆°2θ, 
and with increasing grade of metamorphism the VR/KI 
value is increasingly diagnostic to determine metamor-
phic grade up to VR = 6.5%Rmax. At 1.0%Rr the correla-
tion gradient is still represented in the range of plottet 
values. Accepting VR limits of 1.0 and 6.5%Rmax, the cor-
relation follows an equation:

Equation  1d is proposed for general use. Commonly, 
research is based on smaller sample numbers and thus 
data discrimination more complex and/or limited. Plot-
ted together versus structural depth a KI gradient versus 
depth (z) per km is formulated as follows:

With increasing depth (z) the KI gradient for the cali-
bration interval 1.10 to 0.20 ∆°2θ is:

The corresponding VR gradient for the calibration 
interval 1.00 to 6.5 Rmax%) is:

For the Lower Austroalpine, a much higher VR gradi-
ents approaching 1.4 Rmax%/km (Ferreiro Mählmann, 
2001) was later re-interpreted with VR increased by 
strain effects (Ferreiro Mählmann et  al., 2012). Samples 
close to shear zones are here excluded. In New Caledo-
nia, it is not possible to determine a VR or KI gradient 
in the field in direction of a palaeo-surface (defining the 
direction of the geotherm), because topographic dif-
ferences are too low. However, a field gradient can be 
determined in the same order of magnitude, assuming to 
reflect a similar VR and KI gradient.

5.2 � Solid bitumen reflectance
Only vitrinite like solid bitumen (VlB) measurements are 
used for the reflectance correlation with vitrinite (both 
measured as %Rr − random reflectance, when the organic 
matter used shows isotropy and as %Rmax if anisotropic, 
Fig.  6). In most cases (study areas) the solid bitumen 

(1c)KI = 1.175e−0.335VR, (R2
= 0.779, n = 521).

(1d)KI = 1.134e−0.305VR, (R2
= 0.880, n = 462).

(2)z (km) = 0.09± 0.002 �◦2θ.

(3)z (km) = 0.66± 0.05 %Rmax.
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classification of this study is not organo-geochemically 
tested according to Taff (1909), Abraham (1918), Jacob 
(1967), and Landis & Castaño (1995). In no one of the 
studies of the authors compiled for the VR/KI correla-
tion an extraction test is documented and oil generation 
found. In Ferreiro Mählmann & Le Bayon (2016) con-
troled samples were reported, and the oil prone genetic 
information was assumed to be valid for all the VlB in 
this study derived from the optical surveillance. Mastal-
erz et. al. (2018) has pointed out that the upper maturity 
limit for solid bitumen with the isotropic characteristics 
was initially limited to reflectance values of VR 0.7% and 
that the boundary is imprecise and should be shifted to 
BR of 1.5% (VR = 1.5%R0, Lewan & Pawlewicz, 2017, and 
references therein), while in the study of Ferreiro Mähl-
mann & Le Bayon (2016) the first anisotropy is measur-
able in the range of VR %Rr of 1.0 to 1.7 (VlBR = 0.7 to 

1.55%Rr) depending on the geothermal gradient (i.e. 
“heating rate” sensu Mastalerz et  al., 2018). The range 
agrees with observations on reflectances from different 
liptinite macerals lower than VR (Petschick, 1989; Fer-
reiro Mählmann, 1994).

The term pyro-bitumen at higher maturity according to 
Mastalerz et. al. (2018) is not applicable in the study areas. 
None of the characteristic features (fine-grained mosaic, 
coarse-grained mosaic, coarse flow mosaic and domain 
anisotropy) were observed. The anisotropy of the VlB is 
a uniform plane change from minimum to maximum 
reflectance and mostly characterised by a lower bi-reflec-
tance than determined in the same sample for virtinite. 
The terminology used in this study is purely based on 
optical properties without supporting organo-chemical 
analysis (Ferreiro Mählmann & Le Bayon, 2016).

Fig. 6  Vitrinite reflectance and vitrinite-like solid-bitumen reflectance correlation plot showing all data used from the different areas to characterise 
the orogenic normal geothermal gradient
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Solid bitumen and VlBR data are recorded from sam-
ples of a VR = 0.45%Rr to 7.5%Rmax range (KI 1.45 to 0.13 
Δ°2θ). In the meta-anthracite stage (epizone) all kind of 
solid bitumen (except migra-bitumen of allochthonous 
generation) disappeared in more than 50% of the samples. 
In the optical graphite stage (high-grade epizone, lower 
greenschist facies) 8 samples had relics of solid bitumen 
(in 8 of more than 150 samples). The predominance of vit-
rinite or solid bitumen depends on the sedimentary facies. 
In the Austroalpine, the Raibler and Kössen Formation 
are occasionally very rich in vitrinite, respectively (with 
occasional fine coal beds). In the Helvetic domain, this is 
observed in the Wang, Amden, Palfris and Zementstein 
Formations and partly in the Quarten Formation. In most 
other formations (excluding pure carbonate and psam-
mite facies) solid bitumen is the dominating maceral. 
For shales the general postulate that with maturities of 
VR > 0.8%Ro (≈ 0.8%Rr) bitumens becomes the dominant 
OM (Cardott et  al., 2015; Mastalerz et  al., 2018) cannot 
be confirmed. In formations and depocenters close to ter-
restrial areas and e.g., an approaching orogenic front vit-
rinite becomes very frequent. In deep neritic formations 
(radiolarites, Apthychus limestone, Palombini Forma-
tion, distal Drusberg Formation, distal Palfris Formation, 
and in distal formations of schales and schists of the Early 
and Middle Jurassic) vitrinite may be absent, but also 
solid bitumen (VlB) may be scarce (while e.g., alginites 
dominate). In these rocks between 1.0%Rr and 4.0%Rmax 
solid bitumen is more abundant than vitrinite. At higher 
maturity the trend changes to vitrinite dominance (see 
Petschick, 1989; Ferreiro Mählmann, 1994; Erdelbrock, 
1994), as is reflected in the number of vitrinite measure-
ments (organic matter reflectance measurements: n ≈ 850, 
158 samples documented with VlBR measurements).

Differences between VR and BR/VlBR due to chemi-
cal different rock composition and sediment lithology 
(Wenger & Barker, 1987; Bertrand 1990, 1993; Bertrand & 
Malo, 2001) have been proposed as a possibility to explain 
contrasting results (Mastalerz et  al., 2018). Such differ-
ences cannot be confirmed by this study. When plotting 
data groups of marl/marly schist, clay stone/schist, clayey 
limestone/calcite phyllite, and silty claystones/silty schist 
separately, the variance is in the range of error, independ-
ent from sedimentary formation, study area and operator.

In contrast to Mastalerz et. al. (2018) we must cor-
rect the false statement that the VR/VlBR correlation 
equation used to calculate the equivalent VR by Ferreiro 
Mählmann & Le Bayon (2016) is “restricted to values 
between 0.2 and 2.5%Rr/Rmax”, and from “multiple sam-
ples from sedimentary basins in USA and Germany”. 
Such implementation would be misleading, because the 
equation formulated (Eq. 1a) was given by Ferreiro Mähl-
mann & Le Bayon (2016) for a much more general use for 

sedimentary and inverted basins (orogenic conditions) 
and for VR values between 0.4 and 6.9%Rr/Rmax.

In orogenic settings pressure is an important factor. At 
VR 6.0%Rmax (Fig. 7) pressures of 3.5 kbar (Helvetic nap-
pes), 4.0 (Upper Austroalpine) and 4.0 to 6.0 kbar (Lower 
Austroalpine) have been estimated (Handy et  al., 1996; 
Frey & Ferreiro Mählmann, 1999; Ferreiro Mählmann, 
2001). Thus, the equation of Ferreiro Mählmann & Frey 
(2012)

should be used for orogenic heat flow conditions at pres-
sures between 3.5 and 6.0 kbar only. The here presented 
correlation between VR and VlBR incorporates recent 
measurements from the study areas, by at the same time 
excluding samples from hypothermal and hyperthermal 
heated areas. The resulting equation is (Fig. 6):

In Sect. 5, we have shown that all included data sets have 
been generated in a post-nappe stacking setting, thus the 
VR and KI gradients are considered to represent post-nappe 
thrusting and folding maturation (except for late thrusting 
event such as e.g. the Glarus thrust). Consequently, VR are 
related to the thickness of the corresponding degree of tec-
tonic burial. At VR > 1.5 Rmax% both reflectance values (VR, 
VlBR) are equal within their range of error. Plotted together 
versus structural depth a VR/VlBR gradient is:

As shown in most correlations in this study, at least 
a second or even third order regression gives a better 
fit. The precision of Eq.  6 is lower than for Eq.  3 when 
using VR values only. Linear regressions should be seen 
as rough adaptation to geothermal gradients (Reinhardt, 
1991), only to accept if the geological database is rudi-
mentary. This is postulated if the gradient represents a 
geotherm (Bucher & Frey, 1994; Allen & Allen, 2005). 
Geotherms in the first 30  km of the crust have a sec-
ond order slope and perturbations in the deeper crust 
can lead to third order regressions depending on deep 
crustal structure, lithospheric thickness, and MOHO 
temperature cotrolled by mantle heat flow (e.g. Balling, 
1985; Stern et al., 1987; Rolandone et al., 2002). The slope 
increases with depth. Thus, the linear regressions (like 
Eqs. 2, 3 and 6) should not be overestimated.

(4)

BR%Rmax =− 0.519+ 1.341 (VR%Rmax)

− 0.0977 (VR%Rmax)
2

+ 0.0151 (VR%Rmax)
3
.

(5)
VR = −0.0535 VlBR

2
+ 1.3865 VlBR− 0.6802, (R2

= 0.991).

(6)z (km) = 0.7± 0.2 Rmax%.
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5.3 � b parameter and pressure constraints
Taking up the previously claimed criticism on the original 
plot of Sassi and Scolari (1974) (see Sect. 4), an alternative 
presentation of the b parameter data set is shown in Fig. 7. 
Kisch et. al. (2006) referred to more recent studies dem-
onstrating that reference cumulative lines for baric types 
in the original plot of Sassi & Scolari (1974) do no longer 
reflect the P/T conditions of the areas as presented by the 
authors. Modern revisions of the reference areas used by 
both authors have suggested contrasting P/T estimates.

In Fig. 7 b parameter iso-lines are plotted versus pres-
sure and related to the facies series of Guidotti & Sassi 
(1986) according to the terminology of Miyashiro (1961). 
Pressure was (i) determined by fluid inclusion studies 

from Mullis (1979), Rahn et. al. (1994), Ferreiro Mähl-
mann (1994, 2001), Potel & Trullenque (2012), and Mullis 
et. al. (2017), (ii) derived from mineral reaction iso-grades 
from the same cited literature and Frey (1987b), and (iii) 
calculated from petrogenetic grids and P/T path recon-
structions from the Alps (see review by Frey & Ferreiro 
Mählmann, 1999). Like the graphic presentation of Mer-
riman (1991) the plot includes a correlation with VR data 
and KI zone boundaries. Due to the small data set in each 
study area the illite b parameter Å-iso-lines are plotted as 
straight lines with respect to the KI-VR/kbar-depth graph 
(for the danger of oversimplification by linear relation-
ships, see Sect. 5.2).

Fig. 7  Illite b Å-values (b parameter) determined in the different study-areas plot in the intermediate pressure facies series (b = 9.000 to 9.040 Å) 
related to normal geothermal gradients (25 to 35 °C km−1). The plot shows the illite b facies series according to Sassi & Scolari (1974), revised 
by Guidotti & Sassi (1986), and using the terminology of Miyashiro (1961). The pressure relation on the y-axis corresponds to the graphs presented 
by Merriman (1991), and Merriman & Peacor (1999) and is reappraised by fluid inclusion data at low-grade (diagenesis) and petrogenetic grids 
at high-grade (metamorphism) in the different study areas (Mullis, 1979; Rahn, 1994; Ferreiro Mählmann, 1994, 2001; Rahn et al., 1995; Frey & 
Ferreiro Mählmann, 1999; Potel & Trullenque, 2012; Mullis et al., 2017). The vitrinite reflectance (VR)/vitrinite like solid bitumen reflectance (VlBR) 
vs. Kübler-Index (KI) correlation along the x-axis (instead of temperature) corresponds to Figs. 5 and 6. The correlation reflects the general mean 
determined from all geodynamic settings presented in the study of Ferreiro Mählmann & Le Bayon (2016)
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The different areas are represented with n = 25 sam-
ples for the Helvetic nappes, n = 21 for the Dauphinois, 
n = 28 for the Upper Austroalpine and n = 33 for the 
Lower Austroalpine. 28 analyses from New Caledonia are 
not shown, as these b parameters are correlated with the 
HP/LT mineral facies paragenesis and did not undergo 
re-equilibration (re-crystallisation) in contrast to KI and 
VR (Potel et al., 2006). None of the data groups (Fig. 7) is 
statistically based on the recommended number of 30 to 
50 samples (Merriman & Peacor, 1999), but fulfil the sec-
ond criteria of 1σ = 0.010 Å. Therefore, the graph (Fig. 7) 
should be used for semi-quantitative pressure estima-
tions only. Here, the b parameter method is used as an 
auxiliary result to better interpret differences between 
the integrated study areas.

80% of the b determinations in the Lower Austroal-
pine give vaues of 9.020 ± 0.01 Å (Kürmann, 1993 and 
new data). In the Upper Austroalpine 60% of the val-
ues plot between 9.005 and 9.015  Å. Determinations 
of b parameter from the epizone tend to higher val-
ues and in the high-grade diagenesis zone the vari-
ance increases (Henrichs, 1993, and new data). In the 
Helvetic nappes the b parameter plots mostly between 
9.005 and 9.010 Å. (Fig. 7). In the high-grade diagen-
esis zone, most values are below 9.008 Å. In the Dau-
phinois, 80% of the values range between 9.010 and 
9.020 Å, showing a shift to higher Å values of b with 
increasing grade of metamorphism, as indicated for 
all other incorporated study areas. The homogeneity 
of the values in the Dauphinois and the strong con-
sensus with the data range of the Lower Autroalpine is 
remarkable. The similarity regarding the b parameter 
and the KI led to the interpretation of a coinciding 
thermal history with long lasting peak metamorphic 
temperatures as in the Lower Austroalpine of Grisons 
(Potel & Trullenque, 2012). This was an impor-
tant reason to include this study to the presented 
compilation.

When correlating the b parameter with the VR/KI sub-
division of thermal gradients (Ferreiro Mählmann et al., 
2012 and Fig. 1) the low-pressure facies series (< 9.000 b 
Å) corresponds to hyperthermal gradients (> 35 °Ckm−1), 
the intermediate facies series (9.000 to 9.040 b Å) to 
normal thermal gradients (35 to 25  °Ckm−1), and the 
high-pressure facies series (> 9.040 b Å) to hypothermal 
gradients (< 25  °Ckm−1), see also Merriman & Peacor 
(1999). In Fig. 7, all data sets plot along b iso-lines of nor-
mal geothermal settings (intermediate facies series).

5.4 � Comparison with stability fields of macerals, clay 
minerals and facies critical minerals

During optical examination of polished resin mounted 
rock sections, thin sections as well as powder whole 

rock x-ray diffractograms and clay fraction x-ray dif-
fractograms including texturated samples, additional 
information on macerals, clay minerals and facies critical 
minerals was collected. The observations were ordered in 
relationship with the KI data of the same sample and are 
here discussed with increasing grade of diagenesis and 
metamorphism (Figs. 8 and 9). VR and VlBR values were 
used as internal control based on the correlation shown 
by Eq. 5 (Fig. 6).

5.4.1 � Optically distinguishable macerals
At the limit from low- to high-grade diagenesis it is 
thought that liptinite macerals can no longer be dis-
tinguished optically from huminite/vitrinite macerals 
by their lower reflectance, darker appearance, or ani-
sotropy (Alpern & Lemos de Sousa, 1970; Jacob & Hilt-
mann, 1985; Robert, 1988). In the review ICCP System 
1994 of Pickel et. al. (2017) a convergence of reflectance 
and gray color is reported for VR values of 1.3 to 1.4%Rr. 
and may be indicative for coal basins. Petschick (1989) 
showed for the studied orogenic inverted basins that 
dark liptinite in maceral reflection-histograms (Fig. 8) is 
observed up to VR = 2.1%Rmax. An increasing homogeni-
sation to the same grey shades as observed for vitrinite 
is also observed with increasing maturity/diagenesis first 
for cutinite, then for sporinite and at higher maturity 
for alginite (Ferreiro Mählmann & Le Bayon, 2016). In 
the Lower Austroalpine homogenisation in grey shades 
is observed at VR = 2.4 ± 0.3%Rmax (sporinite and lipto-
detrinite). Sporinite at higher rank was still distinguished 
by size and shape and is evidently very resistant to degra-
dation (Shaw, 1971). In the Upper Austroalpine cutinite 
was still optically distinguishable up to VR = 2.08%Rmax, 
sporinite and alginite/“proto-bitumen” (Bertrand, 1993) 
up to VR = 2.93%Rmax. Alginate at higher rank was still 
distinguished by fibrous microstructures and shape when 
anastomosing appearance parallel to bedding and cell 
structures where observed (Pickel et  al., 2017). In the 
Helvetic nappes the same trend was observed at slightly 
lower reflectance values. Cutinite was still optically dif-
ferent from vitrinite up to VR = 1.88%Rmax, sporinite 
at VR = 2.03%Rmax and alginite/“proto-bitumen” up to 
VR = 2.72%Rmax. Cutinite in coals is rarely abundant 
(Pickel et  al., 2017) and in the studied samples locally 
detected, thus the preservation probably more casual. 
Until now, systematic liptinite maceral studies have not 
been published in other orogenic settings. A large dataset 
is only available from the Upper and Lower Austroalpine 
(Petschick, 1989; Ferreiro Mählmann, 1994, 1996, 2001 
and Ferreiro Mählmann & Le Bayon, 2016).

According to the discussion (see Sects. 4 and 5.2) 
about the persistence of resinite, exsudatinite and 
bituminite discriminated from migrabitumen and solid 
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Fig. 8  Reflectance measurement histograms of liptinite, vitrinite and inertinite maceral groups along the maturation path from the sub-bituminous 
coal stage to anthracite/meta-anthracite (after Petschick, 1989, Fig. 9)



   17   Page 26 of 53	 R. Ferreiro Mählmann et al.

Fig. 9  The graph shows the stability ranges of clay minerals and facies indicative minerals correlating with the Kübler-Index (KI). The KI was chosen 
because all samples used (n = 1051) can be related to a KI-value. Sm smectite, ISm illite/smectite, R reichweite
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bitumen a special focus was set during data compila-
tion on reported detections of this liptinite macerals. It 
was attempted to adapt the results to the terminological 
use presented by ICCP System 1994 (Pickel et al., 2017). 
During the new reflectance measurements, the recom-
mendations were applied. In any case it is very difficult 
to distinguish these macerals fragmented and dispersed 
in sedimentary rocks in the study areas. In general, these 
macerals can only be identified when the relation to the 
source maceral is obvious (Pickel et  al., 2017). Probably 
an early deformation at low-grade diagenesis forming a 
slaty cleavage may enhance this problem. It is interest-
ing to note that at same deformation stage and diagenetic 
grade micrinite was often mentioned in the developing 
foliation. Micrinitization is an indicator for bituminite at 
VR > 1.3%Rr (Pickel et  al., 2017). VR/KI correlations are 
different in orogenic settings with respect to coal basins 
(Kübler et  al., 1979a; Środoń, 1979; Ferreiro Mählmann 
& Le Bayon, 2016). The persistence of a lower reflectivity 
of many liptinie macerals and different optical character-
istics at higher VR/KI grade are additional fundamental 
criteria to predict specific orogenic conditions (Petschick, 
1989). The determined KI, VR, and VlBR gradients in this 
study thus defines normal orogenic gradients.

5.4.2 � Stability fields of clay minerals
In low-grade diagenesis discrete smectite (17.0  Å, 
Dunoyer De Segonzac, 1970) is frequently observed and 
in the Helvetic nappes forms a major clay mineral phase 
(Wang, 1994; Erdelbrock, 1994). A strong decrease of 
smectite amounts between 1.6 and 1.4 Δ°2θ (0.65 to 0.85 
VR %Rr, Petschick, 1989) was observed in several nappes. 
In the diagenesis zone at 1.2 Δ°2θ in the Helvetic nappes 
and at 1.0/0.9 Δ°2θ in the Austroalpine nappes the 17 Å 
peak disappears completely (Fig.  9). At the same diage-
netic grade-level the Reichweite R1 of I/Sm replaced the 
Reichweite R0 and the illite polytype 1Md (turbostratic 
orientation) is replaced by 1M (block wise orientation). 
The illite/smectite (IS) interlayer succession and its order 
are determined by the Reichweite parameter (Jagodzin-
ski, 1949) from random (IS-R0) to short-range ordered 
(IS-R1), and then to long-range ordered (IS-R3) illite/
smectite mixed-layer (I/S-ml) interstratified crystallites 
(Reynolds & Hower, 1970; Pytte & Reynolds, 1989).

Minor amounts (< 5%) of smectite, however, could be 
found in three subsurface outcrops (Ferreiro Mählmann, 
1994) in absolute fresh samples (i.e. without solid bitu-
men oxidation). One sample group comes from the Wal-
gau underground aqueduct in the Northern Calcareous 
Alps (low-grade anchizone, ≈ 0.40 Δ°2θ) and the other 
two sample sets are from the Helvetic nappes, from the 
Au 1 well (high-grade diagenesis zone, ≈ 0.70 Δ°2θ) and 
from the potable water-well Brunnenbüchel (Schaan, 

Liechtenstein, ≈ 0.62 Δ°2θ). Chemical analyses of the 
CaO rich smectite-illite-quartz samples suggested that 
CaO is located within the smectite interlayers (Kaufhold 
& Dohrmann, 2008), forming Ca-smectite. Most clay 
specimens containing accessory smectite in the high-
grade diagenetic zone and low-grade anchizone have 
been sampled from clay-bearing limestones or marly 
mudstones (e.g. Quinten Limestone, Drusberg Formation 
(limestone, marl), Kössen Formation, Aptychus Lime-
stone). The KI values in these samples were frequently 
higher than in the clay-rich formations at the footwall or 
hanging wall (Säntis Alps, Northern Calcareous Alps). It 
is assumed that the smectite in the illite/smectite mixed-
layer contains interlayers of Ca-smectite and broadens 
the KI peak. It is concluded that Ca-smectite predomi-
nance in these samples may be predicted.

At the transition from low- to high-grade diagenesis 
chlorite-smectite disappears in the Helvetic nappes. In 
the Northern Calcareous Alps chlorite-smectite is still 
present in samples from the anchizone up to KI = 0.39 
Δ°2θ (VR ≈ 3.1%Rmax). Detected as expandable portions 
in chlorite. In New Caledonia it was still present in sam-
ples close to the epizone boundary. The lowest grade/
maturity in the Lower Austroalpine preserved is the high-
grade diagenetic zone/semi-anthracite to anthracite, at 
which grade chlorite-smectite minerals is no longer pre-
sent as individual crystallites.

Trioctahedral smectite behaves like chlorite-smectite 
in the low-grade diagenetic zone but is completely absent 
in the high-grade diagenetic zone. Smectite in the mixed-
layers illite–smectite is still present. The illite–smec-
tite Reichweite ordering is predominantly R1 and the 
illite polytype is 1M (Helvetic nappes). In illite/smectite 
mixed-layers the smectite content decreases drastically 
from 100% smectite (VR = 0.6/0.8%Rr, KI = 1.7 to 1.2 
Δ°2θ) to 50% smectite at the low- to high-grade diagen-
esis zone boundary (KI = 1.0 Δ°2θ, Środoń & Eberl, 1984). 
It is thought that the evolution from R0 to R1 parallels 
the polytype change from illite 1Md to 1M, together 
with the transformation from mudstones to shale (Fig. 9). 
With increasing grade of diagenesis, the illite–smectite 
Reichweite transforms to R3 and the illite–smectite type 
is ISII (according to Środoń, 1984). Smectite in mixed-
layer illite minerals decreases at the diagenesis to anchi-
zone boundary to amounts of 10 to 20%. At the same 
range of metamorphic grade the illite 1M polytype trans-
formation to illite 2M1 advances from 100% 1M in the 
high-grade diagenetic zone (KI < 0.50 Δ°2θ) to 75% (25% 
2M1) at the diagenesis/anchizone boundary and to 0% 
in the high-grade anchizone (100% 2M1) of the Helvetic 
nappes at KI = 0.33 Δ°2θ (VR ≈ 3.70%Rmax) and in the 
Lower Austroalpine at KI = 0.28 Δ°2θ. Few data from the 
Upper Austroalpine seam to substantiate small amounts 
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of illite 1M in the high-grade anchizone. In New Caledo-
nia the smectite content is around 62% at the diagenetic/
anchizone boundary and decreases to 0% (100% 2M1) at 
the low- to high-grade anchizone transition.

Kaolinite is not a common phase in the Austroalpine 
and dispersely found in few samples within the diagenetic 
zones (no Reichweite ordering measured). In the Helvetic 
nappes, kaolinite is a frequent clay mineral within the low- 
to intermediate high-grade diagenetic zone. It is still pre-
sent in some samples up to the upper limit of diagenesis 
(KI = 0.42 Δ°2θ, VR ≈ 3.0%Rmax). According to the method 
by Środoń (1984) the mixed-layer illite smectite type in 
these samples is IS. The Reichweite IS-R1 may be more 
common in the Austroalpine in the high-grade diagenetic 
zone than in the Helvetic nappes, where kaolinite smectite 
KS-R1 is abundantly detected. Kaolinite is also present in 
the lowest part of the low-grade anchizone in the North-
ern Calcareous Alps and in New Caledonia (KI = 0.33 
Δ°2θ). In these samples mostly illite/smectite mixed-layer 
ordering of 1:1 layer stacks (rectorite according to Bailey, 
1982), is stable during a wide VR/KI range approaching the 
upper limit of the diagenesis (Helvetic nappes, Lower Aus-
troalpine). Dickite could not be recognised. In the Helvetic 
nappes pyrophyllite appears instead (Frey, 1987b) as a 
reaction product at the high-grade diagenetic zone (Fig. 9). 
In the Austroalpine nappes kaolinite seems to have under-
gone illitisation according to the reaction published by 
Chermak & Rimstidt (1990), and Ehrenberg et. al. (1993) at 
higher grade of diagenesis (VR > 2.5%Rmax, KI ≈ 0.45 Δ°2θ). 
Thus, in both nappe stacks kaolinite can be present up to 
the diagenetic zone upper limit, but pyrophyllite is nearly 
completely missing in the Austroalpine (detected only in 8 
samples in the Upper Autroalpine, in the Lower Austroal-
pine kaolinite was found in one sample, but no pyrophyl-
lite was detected).

In a few samples in the Helvetic domain, in the Silvretta 
nappe and in New Caledonia corrensite was found as a 
minor phase within high-grade diagenetic samples and in 
the low-grade anchizone (New Caledonia). In metamor-
phosed Triassic rocks in the Austroalpine and in Helvetic 
rocks corrensite/chlorite and ISII (Środoń, 1984), smec-
tite in illite < 10% can be preserved up to the anchizone/
epizone boundary. Chlorite becomes more abundant 
with increasing grade of diagenesis. In the high-grade 
diagenetic zone and low-grade anchizone in most sam-
ples’ chlorite is the dominating clay mineral until illite in 
the high-grade anchizone increases to equal amounts or 
to the dominant clay mineral phase.

Glauconite is a typical mineral restricted to sev-
eral sediment formations in the Helvetic nappes (Wang 
et  al., 1996) and an index mineral for diagenesis (Frey 
et  al., 1973; Frey, 1987a). Stilpnomelane occurs at the 
lower anchizone boundary. In the Upper Austroalpine 

glauconite and stilpnomelane were not present. In the 
Lower Austroalpine stilpnomelane occurs as an acces-
sory mineral in radiolarites and red meta-pelites (Jakob, 
1923) of high-grade anchizonal to greenschist facies 
rocks outside the KI methodical limits (VR > 8.0%Rmax). 
Stilpnomelane was detected in this study in the Lower 
Austroalpine in rocks of the same formation but at 
lower grade without any traces of glauconite. Accord-
ingly, alternative reactions than the stilpnomelane forma-
tion from glauconite (Frey et al., 1973) were postulated: 
Stilpnomelane may be form from Fe-chlorite + hema-
tite + K-white mica (ferri-illite/muscovite) and quartz 
(see Li et  al., 2002). Fe-chlorite + hematite + ferri-illite/
muscovite and quartz are frequent in radiolarites and red 
meta-pelites (Ferreiro Mählmann, 1996). Based on these 
educts the reaction was evidenced by Fe-stilpnomelane 
occurrences within high-grade anchi- and epizonal rocks 
from New Caledonia (Potel et al., 2006, Potel, 2007). The 
paragenesis stilpnomelane + biotite was not found in the 
studied Helvetic and Upper Austroalpine rocks. In the 
Lower Austroalpine and Platta nappe, however, the first 
appearance of both minerals together coincides with 
KI < 0.16 Δ°2θ and a VR > 6.0%Rmax. Stilpnomelane is 
mostly parsettensite (Jakob, 1923), an Mn variety (Stal-
der et al., 1998; Roth & Meisser, 2011).

In the Upper Austroalpine paragonite occur rarely 
in the low-grade anchizone and more abundant in the 
high-grade anchizone to epizone within neritic Late 
Jurassic and Cretaceous formations. In some sam-
ples of the same formations of the Lower Austroalpine 
anchizone and epizone, paragonite may occur as the 
dominant clay mineral, together with Mg (Fe)- and Mg-
chlorite. In the ophiolitic Platta nappe it was detected 
in all epizonal samples. It was also detected in the high-
grade anchizone to epizone in New Caledonia with first 
occurrences in the upper high-grade diagenetic zone. 
In the Helvetic nappes paragonite is scarcely reported 
from the high-grade anchizone and epizone (Wang 
et al., 1996).

5.4.3 � Stability fields of facies indicative and critical minerals
Low temperature albite and microcline (authigenic tri-
clinic end-members as resolved from thin section, XRD 
and TEM analyses) first appear close to the diagenesis/
anchizone boundary in the low-grade anchizone, but 
more abundant in the high-grade anchizone and epizone. 
Albite within low-grade and lower high-grade diagenetic 
zone was interpreted as a detrital phase based on thin-
section observations (Ferreiro Mählmann, 1994). XRD 
studies by this author demonstrated a disappearance 
in the high-grade diagenetic zone, while authigenic re-
crystallisation was observed in the anchizone. In marine 
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rocks authigenic microcline may occur together with 
illite and paragonite, but not authigenic albite together 
with paragonite.

First epidote within clay-rich rocks appears in the low-
grade anchizone and clinozoisite rarely in the epizone in 
siliciclastic pelites of the Lower Austroalpine and Platta 
nappe close to the KI methodical limit.

5.4.4 � Temperature–pressure–time modelling and calibration
For different KI boundaries different VR modelling tem-
peratures were determined in the publications com-
piled for this study. A first numerical VR-model applied 
Petschick (1989) for the Northern Calcareous Alps. KI 
zone boundaries were determined with the TTI model 
of Lopatin (1971), and Waples (1980) and confirmed 
using the same TTI-modelling method with data from 
other Upper Austroalpine nappes by Ferreiro Mählmann 
(1994). The derived temperatures were as follows:

For the Northern Calcareous Alps temperatures were 
measured and calculated from fluid inclusion data, smec-
tite geothermometry, and VR-modelling (Ferreiro Mähl-
mann, 1994), while Krumm et. al. (1988), and Petschick 
(1989) determined slightly lower temperatures. Fluid 
inclusion data from the Helvetic nappes suggest tempera-
tures between 216 and 228 °C for the diagenesis/anchiz-
one boundary (Rahn et al., 1994). By applying the Bostick 
et. al. (1978) model approach, Rahn et. al. (1994) derived 
KI zone boundary temperatures for the Helvetic nappes 
as follows:

The VR geothermometric model of Bostick et. al. 
(1978) used by Rahn et. al. (1994) is difficult to compare 
with TTI and EASY%R0 (Sweeney & Burnham, 1990), as 
this model is peak temperature dependent only. The Bos-
tick et. al. (1978) model calculated VR gradients of 0.033 
to 0.09%/km, and these gradients are highly deviating 
from Eq. 3 (see also misfit shown in Mullis et al., 2017) 
and discussion in Ferreiro Mählmann et. al. (2012).

When using EASY%R0 modelling, temperatures slightly 
lower to the TTI modelling were calculated. The first 
use of the kinetic-based EASY%R0 model in the study 
areas (Ferreiro Mähmann, 2001) proposed the following 
temperatures:

230± 20 ◦C = diagenesis/anchizone

262± 10 ◦C = low-/high-grade anchizone

300± 5 ◦C = anchi-/epizone

205 ◦C = diagenesis/anchizone

257 ◦C = anchi-/epizone

The preferred models, frequently used in the Alpine 
orogenic system (Ferreiro Mählmann et  al., 2012; Wal-
iczek et  al., 2019, 2020) are those of Barker (1988), and 
Barker & Pawlewicz (1994). With the first order function 
for normal-thermal burial conditions (Eq.  (1) of Barker 
& Pawlewicz, 1994) the following temperatures are 
calculated:

Oxygen isotopic dating (Black, 1974) and fluid inclu-
sion measurements predict mean temperature values of 
230 ± 10  °C for the diagenesis/anchizone boundary and 
295 ± 10  °C for the anchizone/epizone boundary in New 
Caledonia (Potel et al., 2006). These values were used as ref-
erence for theire VR model calibration. The model of Dalla 
Torre et. al. (1997), the first one including the metamor-
phic factor pressure, resulted in the following temperature 
values:

All values are calculated for a time of diagenesis − anchimeta
morphism of 10 myr.

When reducing burial times or increasing pressure, 
the calculated temperatures increased. As preliminary 
result the following VR temperature estimations fit best 
with fluid inclusion temperature (FIT) data and mineral 
reaction-isograd calibrations. The FIT, mineral paragen-
esis, VR, maturity-modelling result was used to construct 
Figs. 7 and 9. They represent mean values for all incorpo-
rated study areas:

VR 1.02 =	� 100  °C FIT (Helvetic nappes of the 
Bregenzer Wald, Ferreiro Mählmann, 
1994).

230 ◦C = diagenesis/anchizone

280 ◦C = anchi-/epizone

135.5 ◦C, VR 1.00 R0% = low-/high grade diagenetic zone

225.5 ◦C, VR 3.05 R0% = diagenesis/anchizone boundary

262.0 ◦C, VR 4.81 R0% = anchi-/epizone boundary

110 ◦C at 0.5 kbarVR 1.00 =low-/high-grade

diagenetic zone

225 ◦C at 2.0 kbarVR 3.05 = Diagenesis/anchizone

boundary

265 ◦C at 2.7 kbarVR 3.80 = low-/high-grade

anchizone boundary

> 300 ◦C at 3.5 kbarVR 4.81 = anchi-/epizone boundary

(outside calibratedVR values)
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VR 3.05 =	� 230  °C FIT (Helvetic nappes of Switzer-
land, Mullis et al., 2017),

+ 1 kbar =	� 240  °C FIT and first detection of para-
gonite (265  °C from chlorite thermom-
etry, Lower Austroalpine, Ferreiro Mähl-
mann, 2001),

− 0.5 kbar =	� 210 °C FIT and first occurrence of stilp-
nomelane (Helvetic nappes, Breitschmid, 
1982).

VR 3.75 = ≥	� 248  °C and < 270  °C FIT (Austroalpine, 
Ferreiro Mählmann, 1994, 2001).

VR 4.81 = ≥	� 270  °C FIT, 270  °C (2.5 ± 0.5  kbar) from 
the reaction kaolinite + quartz = pyroph-
yllite (Frey, 1987b),

+ 1 kbar = ≥	� 280 °C (Helvetic nappes, Bucher & Frey, 
1994; Potel et al., 2006).

+ 2 kbar = ≥	� 300  °C with the paragenesis actinolite-
chlorite-epidot/prehnite-pumpellyite 
out, (South Penninic, Platta nappe at the 
southern border of the study area).

Comparing the models with FI data and mineral reac-
tion iso-grades the best fit is given by the P–T–t model 
of Dalla Torre et. al. (1997), close to it is the EASY%R0 
model (this model has much more variables can be used, 
but mostly parameters measured are missing). Barker 
(1988), and Barker & Pawlewicz (1993) overestimate 
temperature in the diagenetic zone but contrary under-
estimate it at incipient metamorphism (anchizone–epi-
zone). The Bostick et. al. (1978) model calculates to low 
temperatures and TTI with increasing thermal grade to 
high temperatures (see also discussion in Ferreiro Mähl-
mann, 2001). For the discussion the P–T–t model calibra-
tion data are used.

6 � Discussion
In most studies cited for this data compilation, linear 
regressions were published (including Eqs. 2, 3 and 6). 
A better statistical coverage could be achieved when 
using a second order regression (Ferreiro Mählmann, 
2001). For an even better fit in thick nappe-stack sec-
tions (thickened continental crust or deep wells) a 
cubic regression or applying a logarithmic scale was 
proposed (Reinhardt, 1991). With small sample num-
bers such mathematical treatment is of limited value, 
but a linear regression for local correlations more 
appropriate. Dealing with 1600 samples (Ferreiro 
Mählmann et  al., 2012) and 568 samples in this study 
it was evident that an exponential function (Eqs. 1b, 1c, 
and 1d) is well representing the general trend (Fig. 5). 
This is much better adapted to a binary relation if the 
correlated factors approache an asymptotic limiting 

behaviour (Fig.  5). If data cover a large range of dia-
genetic to metamorphic conditions the exponential 
function provides a significant increase in regression 
coefficient. Thus, the limits of orogenic diagenesis and 
metamorphism in Fig. 1 are shown by curved bounda-
ries. The orogenic VR/KI field (light grey area in Fig. 1) 
between < 0.6 Δ°2θ and 0.125 Δ°2θ is calibrated by 
more than 1200 samples.

6.1 � Kübler‑Index versus vitrinite reflectance
An emerging key question from Fig.  1 is, whether the 
relationships established will be universally applicable 
or, alternatively, be related to specific regional thermal 
conditions. To evaluate this issue, from all areas selected 
for the review (for references, see Ferreiro Mählmann 
et  al., 2012) published regression lines with a moderate 
VR/KI gradient were depicted (Fig. 1). They are assumed 
to represent normal orogenic thermal gradients. Addi-
tionally, the study areas from the Northern Calcareous 
Alps (Petschick, 1989, Ferreiro Mählmann, 1994) and 
the Glarus/Säntis Alps (Rahn, 1994; Wang, 1994; Erdel-
brock, 1994) were included. The corresponding VR/KI 
gradients plot in the centre of the field related to oro-
genic settings (Fig.  1). Mineralogical, geochemical, fluid 
inclusion data and OM indices calibration, together with 
illitisation modelling and maturity modelling allowed to 
estimate temperature gradients between 100  °C/1 kbar 
and 330 °C/3.5 kbar (± 20 °C and ± 0.5 kbar). Such results 
can be related to normal heat flow conditions between 
75 and 55  mWm2 and to a normal geothermal orogenic 
evolution (Fig. 10). It explains the missing of chloritoid, 
biotite + muscovite in meta-pelites and lawsonite in 
meta-sedimentary rocks of the ophiolitic Platta nappe 
in the P–T diagram (New Caledonia will be discussed 
separately).

A possible influence by the presence of detrital micas 
in syn-orogenic Jurassic to Cretaceous formations can be 
shown to have a minor influence (R2 = 0.717 (not visual-
ized) instead 0.779 (Eq. 1c) and causing a shift to higher 
VR of ∆ 0.02%, see Sect.  5.1.5). Preparation, standardi-
sation, and measurement errors including individual 
measuring differences are much more relevant (Le Bayon 
et  al., 2012a; Ferreiro Mählmann & Le Bayon, 2016, 
Fig.  5). In the following discussion, Eq.  1d (considering 
the methodical limits at lower and higher grade) will be 
adopted for grade determination in orogenic settings 
with a normal heat flow. For such purpose, all factors of 
influence on VR and KI except temperature, pressure and 
time are to be excluded (Fig. 4), based on clay mineralogi-
cal and coal petrographic experience. Consequently, ana-
lytical procedures are not routine techniques, but require 
a more profound knowledge on the potential pit falls and 
methodical flaws to gather high quality data sets.
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Fig. 10  Shows the subdivision of diagenesis, incipient metamorphism and geotherms in the pressure–temperature plot as proposed by Ferreiro 
Mählmann & Le Bayon (2016). In the original plot the lawsonite-in isograde was shown at higher grade (we like to thank Prof. Jan Środoń 
for a correcting remark at Euroclay 2019). The orange bold and dashed line represents the mean normal geotherm defined as a normal geothermal 
gradient. The thin orange and dashed lines show the upper and lower variances found in the study areas
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Fig. 11  Vitrinite reflectance (VR) vs. Kübler-Index (KI) correlation plots showing all data from the Austroalpine nappe units of the study areas. In 
this plot the regression is shown and the vales plotting in the 95% confidence area. It demonstrates the restricted use from the measurement limit 
of the XRD device in the epizone to the statistical significance limit close to the high-grade/low-grade diagenetic zone boundary
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Some of the here included study areas show data series 
close to the mean, but shifted to the left (Austroalpine, New 
Caledonia) or to the right (Helvetic nappes, Fig. 5). Start-
ing from the same KI value, the corresponding VR is higher 
for samples in the Helvetic realm (see also Fig. 1). For bet-
ter understanding the regional differences, Fig. 11 displays 
the Austroalpine data series in a second VR/KI correlation 
plot (n = 439). Due to the strong scatter of the VR/KI values 
from the Northern Calcareous Alps (part of the Austroal-
pine system) within the diagenetic zone, the correlation 
coefficient amounts to R2 = 0.732. Without the values from 
the Northern Calcareous Alps a much better relationship 
(KI = 0.012VR2 − 0.186VR + 0.85, n = 142) is obtained and 
the correlation more significant (R2 = 0.888). If plotting the 
values of the Lower Austroalpine only, no further change of 
the VR/KI equation is observed, but the regression coeffi-
cient is slightly higher (R2 = 0.904, n = 103).

The epizone (KI < 0.25 Δ°2θ) is well established only in 
the Lower Austroalpine (Figs. 5, 11). At a VR > 6.0%Rmax 
and KI < 0.20 Δ°2θ sub-greenschist facies conditions (Fer-
reiro Mählmann, 1996) were determined based on the 
paragenesis of prehnite + pumpellyite in ophiolites of the 
Platta nappe (Dietrich, 1969; Trommsdorf & Evans, 1974) 
and prehnite in Pietra Verde tuffs in Triassic formations 
(Austroalpine). These conditions are close to the transi-
tion to paragenesis of the actinolite + chlorite + epidot 
facies in the greenschist facies (Liu et al., 1987; Frey et al., 
1991; Potel et  al., 2002) and determined close outside 
of the study area of the Lower Austroalpine and Platta 
nappe (Dietrich et  al., 1974). Thus, data comparison 
between different study areas is first possible in the lower 
grade epizone at KI > 0.12 Δ°2θ and high-grade achizone 
(Fig.  11) and explains the calibration limit at KI ≈ 0.15 
∆°2θ (Eqs. 1c, 1d).

For the same VR (< 5.0%Rmax), the narrow data vari-
ance of KI in the Lower Austroalpine contrasts with a 
large scatter of KI values in the Upper Austroalpine of 
the Silvretta nappe s.l. and the SE Northern Calcareous 
Alps (Rätikon Mountains). The scatter in KI increases 
at same VR considerably in the NW Northern Calcar-
eous Alps and coincides with a prominent increase in 
illite/smectite mixed-layer content. The smectite con-
tent in illite/smectite at same VR values is much lower 
in the Silvretta nappe s.l. and the SE Northern Calcar-
eous Alps. The differences found between the single 
areas are even more prominent within the low-grade 
anchizone and illite peaks substantially widened by 
smectite interstratification within the high-grade dia-
genetic zone. The low-grade diagenetic zone is repre-
sented only by values from the Northern Calcareous 
Alps (Fig. 11). For this KI range, the VR/KI correlation 
becomes insignificant, and the calibration limit given at 
KI ≈ 1.05 ∆°2θ (Eqs. 1c, 1d).

6.1.1 � Controlling factors on the correlation between different 
indices to determine grade of diagenesis 
and metamorphism

When looking for the controlling factors of metamorphism 
(P–T–t–D–X–aH2O) whith respect to the differences in 
data discussed in Sect. 6.1, it should be kept in mind that 
P and T are calibrated for the same VR values (having the 
fastest kinetic thermal response). The influence of defor-
mation rate (D) can be neglected because highly tecton-
ised rocks are sorted out. Thus time (t) and the lithotype 
(X, geochemistry) must be considered. When comparing 
differences in rock chemistry, rock mineralogy, and sedi-
mentary lithofacies “petro-variance” (Henrichs & Richter, 
1993; Krumm, 1984) these petro-variances are found to be 
insignificant for the Lower Austroalpine, Silvretta nappe 
s.l. and Rätikon Mountains. The petro-variance and intra-
sample variation (Kürmann, 1993) from within the same 
formations are much more distinct in the Northern Cal-
careous Alps (Petschick, 1989; Ferreiro Mählmann, 1994), 
minor in the Helvetic Alps (Mullis et al., 2002), than in the 
Austroalpine nappes in the south (Ferreiro Mählmann, 
1995, 2001). The same trends are observed regarding the 
smectite content in illite smectite mixed-layer and Chl-Sm 
amounts showing high petro-variances and intra-sample 
differences, they are not especially restricted to a rock type 
(lithology) or formation (stratigraphy). Furthermore, it is 
known that the mineralogy of the clay fraction changes 
with heating time, thermal conditions (heat flow), and dif-
ferent fluid activities during reaction (Herbert et al., 2016). 
Heat flow (normal geothermal gradient) and water activ-
ity (aH2O), excluding hydrothermal systems, are assumed 
to have a similar effect. Thus, the factor time will be com-
pared as next.

In the Northern Calcareous Alps, a heating time of 5 
myr would not be sufficient to equilibrate chemical differ-
ences. It is assumed that illitisation process under normal 
thermal conditions is slower than the tectonic burial time. 
Tectonic processes are faster than thermal equilibrations 
of mineral reactions (Walther & Orville, 1982). Posterior 
to Cretaceous metamorphism the subsequent tectonic 
cycle may have sealed the thermal pattern induced by 
nappe stacking. Thus, KI values, IS-R0 to IS-R1 or IS-R3 
(1M to 2M1) ordering and smectite amounts formed at 
heating episodes < 5 myr may not reflect equilibrium con-
ditions as proposed by Hoffman & Hower (1979), Pollastro 
(1993) or Šucha et. al. (1993) or are also not predominantly 
temperature dependent (e.g. Środoń, 1979, 1996; Clauer 
et al., 1997). Kinetic models (e.g. Hillier et al., 1995; Elliot 
& Matisoff, 1996; Berger et  al., 1997) have demonstrated 
that temperatures determined by these authors represent 
a valid first approach, especially if little is known about 
the burial history. Because time is the remaining factor to 
explain the differences in the NW Northern Calcareous 
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Alps compared with the other Austroalpine units a first 
conclusion points on the importance of time as control-
ling factor. In the Northern Calcareous Alps disequilib-
rium is detected between the indices to determine grade of 
diagenesis and incipient metamorphism.

For a heating time of 5 to 10 myr (Silvretta nappe s.l., 
Rätikon Mountains) a significant homogenisation is 
observed with a slight increase in VR and a more promi-
nent smectite % decrease in illite/smectite and a better KI 
aggradation order at the same temperature if compared 
with the Northern Calcareous Alps. The same is observed 
for the Helvetic nappes when comparing Säntis Alps ver-
sus Glarus Alps. At the same rank of maturity, the variance 
of KI and smectite % is higher in the Säntis Alps (Tertiary 
orogenic foreland nappes) than in the Glarus Alps (inter-
nal orogenic nappes). Thus, duration of metamorphism is 
assumed to decrease from the S to the N in the Helvetic 
nappe stack, and this must be considered in future VR 
modelling. The same is to be postulated for the Northern 
Calcareous Alps (Cretaceous orogenic foreland nappes) 
compared to the internal Silvretta nappe s.l. Due to the 
propagation of the nappe tectonic displacement to the N 
or NW (Tollmann, 1978; Froitzheim et  al., 1994; Schmid 
et al., 2004; Pfiffner, 2009) this is a reasonable scenario.

At burial orogenic episodes of 10 to 20 myr (such as in 
the Lower Austroalpine) data homogenisation of the differ-
ent indices used to determine the grade of metamorphism 
is reaching equilibrium. One may assume that illite aggra-
dation continues to evolve for the same P–T-conditions 
(and thus equals VR) causing a flattening of the gradient 
in the VR/KI graph (Fig.  11), i.e., a KI decrease (sharper 
FWHM) at basically equal VR. Again smectite %, KI or VR 
modelling methods will have to consider curved gradients 
versus depth, and time for their numerical models. CM or 
OM indices equilibrium conditions where also indicated by 
modelling with a heating time > 10 myr, resulting in same 
thermal predictions (Ferreiro Mählmann, 2001). The same 
temperatures calculated using different models with differ-
ent organic matter and clay mineral indices demonstrate 
for thermal condition with a duration of more than 10 myr 
an equilibrium state (see also Le Bayon et  al., 2011; Mul-
lis et  al., 2017). Based on the selected calibration interval 
(KI = 1.10 to 0.20 ∆°2θ and Rmax = 0.8 to 6.5%) the proposed 
range for a thermometric application is between 80 ± 10 °C 
and 330 ± 20  °C (Fig.  10). Montmartin et. al. (2021) dem-
onstrated that the KI method is applicable up to epizonal 
temperatures around 275 °C. Their temperature restriction 
to 275  °C may be explained by their calibration with the 
Raman spectroscopic methods on carbonaceous material 
of Lahfid et. al. (2010), and Zhu et. al. (2016), see discus-
sion in Mullis et. al. (2017). A possible lower temperature 
limit can be expected at hyperthermal conditions (Fig. 10, 
faster aggradation at higher heat flow) as indicated for the 

Permian Basin of USA (Green et al., 2020) and the Mon-
tagne Noire (Montmartin et al., 2021).

For New Caledonia (northern island) VR/KI values plot 
within a narrow range along the regression line of sam-
ples from the Lower Austroalpine, the Silvretta nappe s.l. 
and the Rätikon Mountains. Due to a very close correla-
tion similarity and concordant CM results compared with 
VR an equivalent thermal history and heating time was 
suggested (Potel et al., 2006). Therefore, a heating episode 
after HP metamorphism of > 10 myr may be predicted, 
in line with the time between youngest sediment deposi-
tion and Late Eocene white mica cooling ages (Sect. 3.5). 
Independent of the metamorphic history, prior to peak 
thermal events of more than > 10 myr the VR/KI system 
equilibrates, and same thermal predictions are possible.

Finally, despite the similarities in correlation statistics 
between (i) the southern Helvetic nappes (Fig.  12) and 
the Rätikon Mountains as well as the Silvretta nappe s.l. 
(Fig.  11), and (ii) the northern Helvetic nappes with the 
Northern Calcareous Alps, one correlation difference in 
the VR/KI diagram (Fig. 5) is easily recognised. When plot-
ting the data separately (Fig.  12) the Helvetic values run 
parallel to the Upper Austroalpine data (Fig. 11), but with 
a tendency to higher VR. Ferreiro Mählmann et. al. (2012) 
concluded that a trend to higher VR would predict higher 
geothermal gradients, but a trend to lower VR higher P 
conditions and lower thermal gradients (Fig.  1). Indeed, 
the b parameter reflects the same (Fig. 7). The Lower Aus-
troalpine and New Caledonia areas were affected by low 
normal thermal gradients of 28 °C/km and 25 to 30 °C/km, 
respectively. The b parameter plots around the 9.020 and 
9.015 Å line in the transitional pressure series field tending 
to the high-pressure series (Fig. 7, Guidotti & Sassi, 1986). 
The same is indicated for the Dauphinois domain showing 
similar clay mineral and KI trends.

The VR/KI gradient of the Upper Austroalpine is 
located close to the normal thermal gradient field, when 
taking out the data from the Northern Calcareous Alps 
(Fig.  11). In the centre of the b parameter transitional 
pressure series the corresponding values plot along the 
9.010 Å line and therefore representing a normal thermal 
gradient of 28 to 32 °C/km The Helvetic nappes samples 
plot along the 9.008  Å line. It represents the study area 
with the data group closest to the low-pressure series 
(Fig.  7), for which higher temperature conditions are 
expected (Sassi & Scolari, 1974). In the field several ther-
mal anomalies were observed within the Helvetic nappes, 
e.g. along thrust boundaries (Árkai et  al., 1997; Abart & 
Ramseyer, 2002; Hürzeler & Abart, 2008). A higher geo-
thermal gradient was derived from many studies, includ-
ing hyperthermal conditions in the Helvetic nappes 
(Mullis et al., 2017, and references therein, but outside this 
study area). Indeed, differences in the VR/KI correlation 
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Fig. 12  Vitrinite reflectance (VR) vs. Kübler-Index (KI) correlation plot showing all data from the Helvetic nappe units of the study areas. In 
the Helvetic nappes a correlation can be proposed for the epizone/anchizone boundary at KI = 0.25 Δ°2θ and VR = 4.45%Rmax to the low-grade 
diagenetic zone at KI = 1.20 Δ°2θ and VR = 1.0%Rr/max
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correspond to differences in P–T-conditions and recipro-
cal heat flow during a relatively long duration (5 to 10 myr, 
see Sect. 5.1.3).

Pressure is not discussed separately here. Although 
pressure effects on VR (Huang, 1996; Dalla Torre et  al., 
1997; Ernst & Ferreiro Mählmann, 2004; Le Bayon et al., 
2011, 2012a, 2012b) and VlBR (Ferreiro Mählmann & Le 
Bayon, 2016) have been observed, they are small com-
pared to the relevant geothermal range of VR/KI gradi-
ents. During hydrocarbon generation (diagenetic KI) the 
differences should have a minimum influence if com-
pared to other factors (see also Burnham, 2019), but may 
become more relevant in the anchizone to epizone.

6.2 � Vitrinite reflectance and vitrinite‑like solid‑bitumen 
reflectance

The VR/VlBR correlation is based on 158 (Fig. 6) meas-
urements on resin-mounted and polished rock section 
and its second order regression line has a very high sig-
nificant regression coefficient (Eq.  5). Several studies 
have provided regression equations to calculate a VR 
equivalent from BR values (summarized in Suárez-Ruiz 
et  al., 2012; Petersen et  al., 2013; Schmidt et  al., 2019). 
Contrasting with correlation equations from literature 
(Jacob, 1967; 1989; Jacob & Hiltmann, 1985; Bertrand 
1990, 1993; Ferreiro Mählmann, 1994, 2001; Landis & 
Castaño, 1995; Bertrand & Malo, 2001; 2012; Schön-
herr et al., 2007; Ferreiro Mählmann & Le Bayon, 2016; 
Schmidt et al., 2019) most models tend to a higher grad-
ual increase in VlBR. We propose the following explana-
tions for the differences found:

A first reason for the better sensitivity may be due to 
minimizing organic matter identification errors dur-
ing microscopic analysis and avoiding insufficient par-
ticle numbers measured. These methodical aspects 
are thought to represent primary problems (ASTM 
D7708-14, 2014; Hartkopf-Fröder et  al., 2015). Barker 
and Pawlewicz (1993) determined a minimum number 
of 20 measurements per sample to accurately define the 
shape of the reflectance histogram. Figure  8 illustrates 
the evolution of OM histograms with increasing matu-
rity. The shape of the reflectance histogram at oil window 
maturity (0.5 to 1.30%Rr) should be based on a Gauss-
ian distribution (Fig.  8). The same is expected for VlBR 
measurements. Collecting 20 measurements the variance 
of the reflection value is mostly very high and the stand-
ard deviation > 10. Most samples would not have enough 
data to define a normalized distribution. The objective 
to determine a quantitative value is commonly acquired 
when approaching 50 measurements, much more than 
proposed previously (ASTM, 2015). At around 50 meas-
urements the recommendation to remove outliers 

(ASTM D7708-14, 2014) does not need to be applied. 
A single value does not significanly change the mean. 
A mean reflectance value and its standard deviation are 
computed and reported from the total number of meas-
urements. ASTM (2015) also recommends a projected 
diameter size of 5.0 μm. This is a minimum if the measur-
ing spot has a 2.5 μm diameter. According to the data pre-
sented in Tables 1, 2, 3 and 4, this was also recommended 
to the different analysts, but in sedimentary rocks is com-
monly difficult to fulfil. From the study areas, only 158 
samples meet this requirement, but the good regression 
statistics justify such strict modus operandi.

In a controverse discussion between Burnham (2019), 
and Hackley et. al. (2015) analyzing the same shale sam-
ples, the first author pointed out that different empirical 
VR/BR conversion schemes are probably the result of 
a mixture of VR and BR values. In a parallel discussion 
Ferreiro Mählmann and Le Bayon (2016) pointed out 
the optical similarities of resedimented solid bitumen 
and vitrinite. With the proposed statistic procedure and 
applying the second recommendation (see below), this 
problem, probably a much more frequent analytical error, 
should be minimized.

The second reason to explain the precision obtained is 
based on the solid bitumen selection under the micro-
scope. Schmidt et. al. (2019) recommends restricting 
measurements to textures of homogeneous isotropic 
solid bitumen, because other solid bitumen textures can 
affect the reflectance values (Landis & Castaño, 1995; 
Schönherr et  al., 2007; Sanei et  al., 2015). Such recom-
mendation is useful until a first pale bireflectance is 
observed, which develops within the low-grade diage-
netic zone depending on the geothermal gradient (Fer-
reiro Mählmann & Le Bayon, 2016). With increasing 
maturity (e.g. within the high-grade diagenetic zone) 
solid bitumen may still preserve isotropy but cause seri-
ous scattering values leading to a weaker correlation 
(see the solid bitumen classification of Ferreiro Mähl-
mann and Le Bayon (2016) showing optical changes with 
increasing grade of metamorphism). In sedimentary 
basins such a restriction allows diagnostic correlations 
(Mastalerz et al., 2018), but is not applicable to orogenic 
settings because strain with increasing diagenetic grade 
is a catalyst for anisotropy development in VlB (Fig.  4). 
Thus, with incipient development of anisotropy only 
low bireflecting solid bitumen (VlBR) was used for cor-
relations. From high-grade diagenetic to epizonal (sub-
greenschist facies) conditions, anisotropic solid bitumen 
with a bireflectance less intensive than for vitrinite was 
used (∆ R% for VlB is from 0.5 to 2.0).

The third reason to explain differences is due to the 
mobility of solid bitumen at reservoir temperatures 



Page 37 of 53     17 Determination of a normal orogenic palaeo-geothermal gradient

(Jacob, 1989) and distinctions between pre- and post-oil 
textural types (e.g., homogenous, granular, coked, see 
Sanei et  al., 2015). The here presented study focuses on 
pre-oil solid bitumen. The most frequently cited con-
version equations are from Jacob (1989), and Landis & 
Castaño (1995), however, both studies are from basins 
with high geothermal gradients. Jacob (1989) included 
post-oil solid bitumen reflectance measurements from 
fracture-filling vein-deposits (e.g., asphaltite and asphal-
tic pyrobitumen), causing complications for the correla-
tion (Schmidt et  al., 2019), because such solid bitumen 
was generated at different times and under varying con-
ditions. Schönherr et. al. (2007) combined data from the 
two studies to derive an “improved” calibration equation. 
Bertrand & Malo (2001) provided a correlation equa-
tion, but they noted that calculated correlations might 
only apply to the basin they were measured in. Ferreiro 
Mählmann & Le Bayon (2016) examined VR/VlBR corre-
lations from different geodynamic settings. In the present 
study only pre-oil vitrinite like solid bitumen was meas-
ured and geodynamic settings were restricted to orogenic 
normal thermal heat flow scenarios.

The fourth reason is given by excluding VR/VlBR cor-
relations below the value of 1.0%Rr. Jacob (1989) found 
bitumen to be of lower reflectance than coexisting vitrin-
ite below VR 1.0%R0 (see also Robert, 1988; Bertrand & 
Malo, 2001; Ferreiro Mählmann & Frey, 2012). In the pre-
sent study VlBR below the VR of 1.0%Rr was observed to 
be constantly lower, but the disperse bituminitic OM was 
difficult to discriminate from other isotropic bitumens 
and vitrinite, thus data excluded (Sect. 5.4.1). So far, no 
VR/VlBR data were published in cross-calibration with 
standardized inorganic methods (e.g. KI) to determine 
grade of diagenesis and using well-classified solid bitu-
men sub-macerals.

These four reasons shown may explain the differ-
ences to the most recently conversion published by 
Schmidt et. al. (2019). Nevertheless, their study supports 
our interpretation (Ferreiro Mählmann & Le Bayon, 
2016) that measurements on VlBR/BR from solid bitu-
men with homogeneous texture (isotropic at low matu-
rity, anisotropic at high maturity) can be performed to 
improve thermal history reconstructions. The equation 
of Schmidt et. al. (2019) is like Eq.  4, first published by 
Ferreiro Mählmann and Frey (2012), but for orogenic 
settings at normal thermal heat-flow conditions Eq.  5 
is recommended showing relative lower VlBR. The VR/
VlBR regression (Eq. 5) is very close to the slope of Ber-
trand (1993). Other correlation equations (e.g. Jacob & 
Hiltmann, 1985; Robert, 1988; Jacob, 1989; Bertrand, 
1990; Landis & Castaño, 1995; Bertrand & Malo, 2001) 
tend to predict a higher VlBR value, which seems logic 

when considering that hyperthermal settings are sought 
in hydrocarbon prospection.

An interlaboratory study (Hackley et al., 2015) was set 
up to stress the petrographic distinction of solid bitu-
men from vitrinite including the VlB used in the pre-
sent study. However, the reported reflectance values of 
both VR and VlBR-BR turned out to be identical among 
all participants. The result suggested that the analysed 
macerals could be vitrinite-like solid bitumen (VlB 
sensu Bertrand & Héroux, 1987; Ferreiro Mählmann 
& Le Bayon, 2016; Hackley & Lewan, 2018). According 
to Hackley et. al. (2015), and Schmidt et. al. (2019) the 
vitrinite-like maceral (and our VlB) follows the solid 
bitumen reflectance versus temperature trend, indicat-
ing that the vitrinite-like secondary maceral probably 
is a solid bitumen type. Burnham (2019) calculated 
vitrinite and kerogen reflectances with data of Jacob 
(1989), Landis & Castaño (1995), Ferreiro Mählmann & 
Le Bayon (2016), and Schmidt et. al. (2019). Those data 
agree with the kerogen type II model (Burnham, 2019). 
Complementing previous studies by Ferreiro Mähl-
mann (1994, 2001), Ferreiro Mählmann & Frey (2012), 
and Ferreiro Mählmann & Le Bayon (2016), the func-
tion (Eq. 5) reconfirms that a VlBR can be converted to 
an equivalent VR, but Eq. 5 provides a higher statistical 
rating and a VR/VlBR correlation, which is very sensi-
tive to maturity.

Ferreiro Mählmann (1994) published the first VR/
VlBR equation using exclusively orogenic diagenetic to 
metamorphic samples. 90% of the samples came from the 
Austroalpine. Later, Lower Austroalpine samples were 
added without causing a significant statistical difference 
(Ferreiro Mählmann, 1995; Ferreiro Mählmann & Frey, 
2012). Predominantly the samples were collected from 
nappe units showing an Alpine metamorphism at pres-
sures of 2.0 to 6.0 kbar at thermal gradients between 22 
and 30 °C/km. The regression line parallels that of Eq. 5, 
but with a slight shift to higher VR values. Thus, the 
equation of Ferreiro Mählmann & Frey (2012) may be 
valid for slight hypothermal orogenic gradients.

For further worldwide enlargement of the sample set to 
orogenic inverted and sedimentary basins the measure-
ments were extended including syn-sedimentary/early 
diagenetic to amphibolite facies settings. The equation 
established (Ferreiro Mählmann & Le Bayon, 2016) was 
proposed as a mean of different geothermal and geo-
dynamic settings and will be proposed to be used if the 
thermal history of a study area is little known.

It is not possible to clarify, attempting to compare 
the data from Bertrand (1993), why his equation is very 
close to that of Eq.  5. Because vitrinite is missing in 
pre-Devonian sequences the author points out that no 
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universal calibration between the BR of migrabitumen and 
calculated VR can be suggested. Nevertheless, the new 
Eq. 5 should strictly be used in the case the thermal his-
tory is well known and heat flow determined to happen 
at normal geothermal orogenic conditions between tem-
peratures of 100 to 350 °C. We present probably the best-
calibrated VR/VlBR conversion for very specific heat flow 
conditions.

Comparing the correlation data of this study with other 
conversion equations (among others: Jacob & Hilmann, 
1985; Robert, 1988; Jacob, 1989; Bertrand, 1990; Landis 
& Castaño, 1995; Bertrand & Malo, 2001) the different 
regression slopes are sedimentary basin type depend-
ent and from basins with different hyperthermal heat 
flow conditions. The equation of Schönherr et. al. (2007) 
results from the data addition from two different geo-
thermal settings studied by Landis and Castaño (1995), 
and Jacob (1989) and therefore probably better adapted 
for a general use in hyperthermal maturity studies when 
the thermal history of a basin is little known or the data 
base is small (e.g. Grobe et al., 2016; Waliczek et al., 2019, 
2020). An important absent factor is stress in sedimen-
tary basins (“pressure”, Suárez-Ruiz et al., 2012).

6.3 � Organic matter reflectance, clay mineral indices 
and paragenesis

In the low-grade diagenetic zone strong clay min-
eral composition heterogeneities are observed along 
a stratigraphic section in all studied areas (more than 
3000 samples). Lithostartigraphic differences are 
prominent and a geothermal gradient trend difficult 
to determine. A thermal event can only be detected, if 
clays and mudstones are studied only (Frey, 1969), e.g. 
if the study is restricted to a certain formation (Frey, 
1969, 1978, 1987a; Kisch, 1983; Krumm, 1984; Kra-
lik et al., 1987). With the increase of sample numbers, 
it became evident that clay minerals allow recognize 
sedimentary clay mineral facies, palaeoclimatic, palae-
ooceanographic, early diagenetic and/or depositional 
environmental conditions (Brown, 1961; Strakhov, 
1967; Grim, 1968; Krumm, 1969; Velde, 1977, 1985; 
Jones & Galán, 1988; Foscolos, 1990; Petschick et  al., 
1996; Coimbra et  al., 2021). These primary influences 
need to be separated from the effects due to burial con-
ditions (Krumm, 1977) and the detrital signals may also 
very prominently control the initial chemistry of chlo-
rite (Krumm, 1969; Frey, 1969), illite, paragonite, mixed 
layer (Kulbicki & Millot, 1959; Weaver, 1967), and 
smectite (including Mg/Na/Ca endmembers).

The problems to discriminate different influencing fac-
tors on clay mineral chemistry and aggradation during 
syn-sedimentary burial diagenesis and diagenetic grade 

of metamorphism were illustrated by Merriman (2005). 
The procedure proposed allows to classify different basin 
types with the help of the clay mineral content (Merri-
man, 2005; García Romero et al., 2007; Bozkaya & Yalçin, 
2010; Yalçin & Bozkaya, 2011), different series of clay 
mineral reactions (Schiffman & Staudigel, 1995; Merri-
man, 2002; Abad et al., 2003), and clay mineral habits and 
topologic assemblages (Bozkaya & Yalçin, 2000, 2004b; 
Bozkaya et  al., 2007). This is best visualized in sections 
studied with large sample numbers (Bozkaya et al., 2002, 
2007). Smectite gives a good indication for sedimentary 
facies (Merriman & Peacor, 1999).

Below a Kübler-Index (KI) of 1.0 Δ°2θ (boundary 
between low- and high-grade diagenesis, Fig. 5), KI val-
ues start to be more coherent with respect to tempera-
ture estimations and VR/VlBR (≈ 1.0%Rr). As shown, the 
variance decreases to more than half of the ∆KI (Fig. 11). 
Low-grade diagenesis between KI 1.6 to 1.2 Δ°2θ condi-
tions lead to a strong decrease of around 50% of the dis-
crete smectite amount. In the same KI range the amount 
of IS-R0 (1Md) decreases, but with no change in poly-
typism (Fig.  9), as has been shown within the Helvetic 
nappes (Wang, 1994; Wang et  al., 1996) and Austroal-
pine nappes by an intensity decrease of the shifted smec-
tite peak. Tri-smectite follows the same trend (Fig. 9). In 
the Helvetic domain discrete smectite disappears at 1.1 
Δ°2θ (VR = 1.0%Rr), but is still present in the Northern 
Calcareous Alps until 0.85 Δ°2θ (Petschick, 1989). A dis-
crete smectite stability limit at around 120  °C (Dunoyer 
De Segonzac, 1970; Brauckmann, 1984) is in accordance 
with the results of our study areas. At high-grade diagen-
tic to anchizone grade Ca-smectite disappears also ear-
lier (≈ 0.70 Δ°2θ) in the Helvetic than at ≈ 0.40 Δ°2θ in 
the Austroalpine units (Fig.  9). Ca-smectite is the most 
stable smecite type, as has been verified in an experimen-
tal bentonite study (Nguyen-Thanh et al., 2014). This cor-
roborates earlier studies of Velde (1977), and Čičel and 
Novak (1977) having published field evidence for a large 
Ca-smectite stability range within marly clays. Within 
the diagenetic zone of the Lower Austroalpine, the single 
smectite type is found occasionally (while most samples 
do not have smectite or smectite mixed-layer).

The most accurate method to determine microstruc-
tural—textural differences, the electron microbeam tech-
niques (Garcia Romero et al., 2021) were not applied for 
the field studies of the presented research. The thermal 
stability of smectites depend strongly on the distribution 
of octahedral cations (see discussion and references in 
Hoang-Minh et al., 2019, and Garcia Romero et al., 2021). 
This is important if Ca and much more evident if Mg in 
dolomitic rocks must be considered due to multiple cati-
ons position in the layer structure (Nguyen-Thanh et al., 
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2017, 2021). The different smectite XRD results are dis-
cussed with caution.

IS-R1 (1M) starts to increase with the decrease in 
amount of IS-R0, and discrete smectite transforms con-
tinuously itself to IS-R3 at the low- to high-grade diage-
netic zone boundary. Results from the Helvetic domain 
published by Rahn (1994), and Wang (1994) are in line 
with observations from the Northern Calcareous Alps 
(Fereiro Mählmann, 1994). However, when looking at 
changes in interference geometry of reflections and peak 
shifts, amounts of mixed layer smectite of more than 15% 
(according to the method of Środoń, 1984) can be shown 
to still be present up to the diagenesis/anchizone bound-
ary (Petschick, 1989) at fluid inclusion temperatures of 
230  °C (Ferreiro Mählmann, 1994). Equal temperatures 
have also been modelled. The best fit (Ferreiro Mähl-
mann, 2001) was obtained based on the smectite-illite 
model of Hillier et. al. (1995), the model calibration of 
which is based in a normal geothermal gradient basin 
study.

Using the “glycolation index” (Krumm, 1984) consider-
able smectite contents are still present in the low-grade 
anchizone and minor traces detected in the high-grade 
anchizone. In the Silvretta nappe and in the Lower 
Austroalpine intensity changes of the 10  Å-peak and 
FWHM allow to predict smectite interferences of lower 
than 5% (Moore & Reynolds, 1989), also the glycolation 
index shows still gradual changes (Wang, 1994; Ferreiro 
Mählmann, 2001). Most of the results in the Austroal-
pine domain are in disagrement with the generalised 
correlations from Velde (1977), Kisch (1987), Foscolos 
(1990), and Merriman & Peacor (1999) postulating an 
earlier consumption of the entire smectite during illite 
aggradation.

With the decrease of tri-smectite/chlorite-smectite, 
start to be diagnostic with increasing amounts of cor-
rensite and chlorite at KI = 1.55 − 1.35 Δ°2θ (Fig.  9). 
The low content of tri-smectite/chlorite-smectite in the 
diagenetic zone is the result of the thermal overprint in 
the different tectonic settings. In early to late diagen-
esis of marine sediments contents are much higher 
(Krumm, 1969; Velde, 1985), prominent in deep basins 
(Petschick et  al., 1996) and strongly reduced at low-
grade diagenesis (Grim, 1968). According to Kübler et. 
al. (1979b) chlorite-smectite plus corrensite are facies 
indicators for Mg-rich sediments deposited in an evapo-
ritic environment (Velde, 1985). In corresponding for-
mations within the Austroalpine corrensite is detected 
at low-grade diagenesis (Krumm et al., 1988; Petschick, 
1989). The main occurrences and highest amounts are 
observed in the high-grade diagenetic zone (see also Fer-
reiro Mählmann, 1994; Merriman & Peacor, 1999), but 

minor amounts of corrensite/chlorite are detected by 
XRD analyses in both tectonic units up to the high-grade 
anchizone.

In the Northern Calcareous Alps minor amounts of 
corrensite are sporadically found up to the low-grade 
anchizone (Petschick, 1989) and traces in a few samples 
within the high-grade anchizone. In the Rätikon area of 
the Northern Calcareous Alps a decrease in chlorite-
smectite content was observed in the low-grade diage-
netic zone, while it increases up to the anchizone and 
then disappears within a small range of anchizonal grade 
(Ferreiro Mählmann, 1994). The same, however less fre-
quently, is observed for corrensite in the Helvetic domain 
(Wang, 1994) when compared to the Northern Calcare-
ous Alps. This supports the observations by Kübler et. al. 
(1979b), and Merriman & Peacor (1999), based on which 
a reduction of chlorite-smectite and corrensite is postu-
lated during burial diagenesis. Thermal induced reactions 
of low ordered Mg clay-minerals result in a progres-
sive formation of corrensite and then chlorite. In both 
structural units the occurrence of corrensite is mostly 
restricted to Triassic rocks. Dependence from grade of 
diagenesis and an environmental/plaeoclimatic geo-
chemical reason is suggested.

In the Helvetic domain first IS-R3 was detected at 
KI = 1.0 − 0.95 Δ°2θ (Fig.  9). With increasing grade of 
diagenesis 1M illite–smectite (IS-R1) is progressively 
replaced by IS-R3 or 2M1 illite and completely trans-
formed approaching conditions of the anchizone. Con-
cerning a possible metastable clay mineral assemblage 
during high-grade diagenesis and low-grade anchizone 
including vermiculite/chlorite-smectite (differentiated in 
most studies compiled for this study), IS-R1 (1M, illite/
smectite mixed-layer type rectorite) and illite IS-R3, 
an ongoing debate is found in the literature and is here 
discussed based on the large data base presented. First, 
the reaction progress involving 1Md − 1M − 2M1 illite 
polytypes related with IS-R0–IS-R1–IS-R3 is discussed, 
which is a steady progressive replacement of low-ordered 
to higher ordered sheet silicate structures (Fig.  9). The 
1M, IS-R1-polytype does not represent an intermediate 
stage between 1Md and 2M1, but is a continuous layer-
by-layer replacement increasing the scheet silicate order 
and present at a specific diagenetic grade (e.g., Dong & 
Peacor, 1996; Bozkaya et al., 2012a). In the studied areas, 
replacement happens at KI = 1.0 to 0.33 Δ°2θ and VR 
1.0%Rr to 3.80%Rmax (Fig.  9) between ≈ 100 and 250  °C 
(Fig. 10) in agreement with observed IS-R relations coex-
isting at diagenetic grade in various proportions showing 
a lack of equilibrium (López-Munguira & Nieto, 2000). 
This is observed in our studies especially in the Northern 
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Calcareous Alps and sporadically in the northern Hel-
vetic domain.

The occurrence of chlorite-smectite in otherwise 
anchizonal settings should be considered as the result 
of a retrograde reaction rather than of an authigenic for-
mation (e.g. Hoffman & Hower 1979; Nieto et al., 1996; 
Abad et  al., 2003; Bozkaya et  al., 2012b). The coexisting 
chlorite-smectite (also vermiculite) is postulated to be 
incompatible with anchizone metamorphic conditions 
(e.g., Nieto et al., 1994, 2005; Bozkaya & Yalçin, 2004b). 
In the present study neither detrital biotite and chlorite-
mica stacks from transformed clastic mica (Piqué & 
Wybrecht, 1987; Bevins & Robinson, 1988; Bozkaya et al., 
2002) nor aberrant b parameter values (Merriman & Pea-
cor, 1999; Abad et al., 2003) were found in thin sections 
or by XRD analysis. Traces of coexisting types of smectite 
in the achizone need to be explained differently.

At least the reaction progress involving 
1Md − 1M − 2M1 illite polytypes in the Helvetic domain 
agrees with the generalised correlations by Velde 
(1977), Kisch (1987), Foscolos (1990), and Merriman 
& Peacor (1999). However, differences of the first and 
last appearance with increasing grade of diagenesis 
exist (Fig.  9) for the Austroalpine nappes (Petschick, 
1989; Ferreiro Mählmann, 1994). Based on the com-
pilation of this study, one reason may be put forward 
to explain the contrasting results: the early disappear-
ance of low-order clay mineral phases in the Helvetic 
domain compared to the Northern Calcareous Alps 
is explained with the slightly higher heat flow dur-
ing diagenesis (leading to an acceleration of the reac-
tion progress). Clay minerals with a fast reaction rate 
therefore reached a higher level of order than at normal 
geothermal gradient conditions as encountered for the 
Northern Calcareous Alps. Thus, transformations with 
a sluggish reaction process show an apparently larger 
stability range at lower heat flow determined. Evidently, 
a fast decrease in smectite content from IS to ISII is 
verified and the last minor amounts (Ca-smectite) 
decrease much slower compared to the increase in met-
amorphism (Środoń & Eberl, 1984) due to the decelera-
tion of smectite reactivity. Contrasting to that, in the 
Rätikon Mountains, the Silvretta nappe and the Lower 
Austroalpine these minerals have not been detected 
at the same grade of diagenesis. A normal geothermal 
history, but stable maximum conditions during a long 
period allowed to equilibrate aggradation to the next 
level of ordering. Then, with increasing time chemical 
and textural order will not increase. Same results are 
found in nappes with a heating period of > 5, 10 and 20 
myr.

The occurrence of kaolinite and glauconite in the 
samples with KI = 1.6 to 0.45 Δ°2θ confirms a diagenetic 

formation and points to their use as index minerals. 
The upper kaolinite and glauconite stability limit found 
in the Helvetic domain confirms the correlations pub-
lished by Kisch (1987), Merriman & Peacor (1999), and 
Merriman & Frey (1999). Kaolinite disappears by illiti-
sation and chloritisation before conditions of the anchi-
zone are reached (< 200  °C), unless the environment is 
Al-rich (Środoń et  al., 2006). However, kaolinite may 
persist in carbonate rocks, sedimentary rocks rich in 
organic matter, and volcaniclastic rocks until the upper 
diagenesis boundary < 230  °C (Kisch, 1987; Ferreiro 
Mählmann, 1994). Kaolinitisation of detrital plagio-
clase, orthoclase, and mica in a Ca-rich environment as 
enhanced by albitisation of plagioclase and illitisation 
(sericitisation) of K/Na-feldspars leads to significant 
potential for the kaolinite formation that is typical in 
low-grade diagenesis (Merriman & Peacor, 1999). Such 
kaolinite progressively disappears during high-grade 
diagenesis (Maison et al., 2019). In the sediment forma-
tions studied kaolinite amounts decrease considerably 
between 0.7 and 0.45 Δ°2θ (Fig.  9). Glauconite dis-
appears within a small range of KI values close to the 
diagenesis/anchizone boundary.

In the same range of KI values, between 0.7 and 0.45 
Δ°2θ, pyrophyllite is found in samples together with 
kaolinite. In smectite rich samples with a high amount 
of illite and chlorite the detected pyrophyllite tends to 
appear at lower KI and higher VR values. At high water 
activity the transformation can be shifted to 270  °C 
(Frey, 1987a). Thus, kaolinite transformation to pyroph-
yllite at higher grade can be indicative in many studies 
for hydrothermal pulses (Deer et  al., 1962; Will et  al., 
2016; Zhang & Zhang, 2020). Hydrothermally altered 
rocks were excluded in the study and therefore the first 
apearence in different areas and different rock formations 
is attributed to burial and orogenic conditions. Missing 
a sharp isograde, this can be explained with different 
water activities dependent from the amount of OH bear-
ing phases, may be specifically smectite. A different ini-
tial geochemical environment in the Austroalpine basins 
did not generate any Al- and/or Fe-rich sedimentary 
educts. Consequently, kaolinite and glauconite where 
not formed during sedimentation and could not crystal-
lise during diagenesis (Fig.  9). Thus, also the neoforma-
tion of pyrophyllite and stilpnomelane during increasing 
diagenetic grade and anchimetamorphism could not be 
afforded.

In the Helvetic nappes alredy in the high-grade diage-
netic zone stilpnomelane was observed by Breitschmid 
(1982) at 210  °C and 1.6  kbar. Also, glauconite is con-
sumed by sliding equilibria (Frey, 1987b) but as shown in 
the present compilation (Fig.  9) in a narrower tempera-
ture range (210 to 230 °C) than the kaolinite–pyrophyllite 
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reaction. In New Caledonia stilpnomelane formation is 
not linked to glauconite (Frey et al., 1973), but according 
to Li et. al. (2002) to a reaction from Fe-chlorite + hem-
atite + K-white mica (ferri-illite/muscovite) + quartz, 
as deduced from the Fe-stilpnomelane occurrences 
in the high-grade anchizone and epizone (Potel et  al., 
2006; Potel, 2007). The same reaction is assumed for the 
occurrences in the Lower Austroalpine, where first stilp-
nomelane was detected at the low- to high-grade anchiz-
one boundary and was found to be stable into greenschist 
facies. The stilpnomelane-out isograde was not mappable 
because it is located outside the studied areas in neigh-
bouring structural units (Niggli & Zwart, 1973; Frey, 
1987b; Frey & Ferreiro Mählmann, 1999). In the Lower 
Austroalpine and Platta nappe Fe-chlorite, hematite, 
ferri-illite/muscovite and quartz are abundantly found in 
radiolarites, ophiolitic rocks or pelites with oceanic crust 
detritus. In New Caledonia (ophiolitic setting) the same 
is observed and a stilpnomelane-in isograd assumed to 
be determined at the low-/high-grade anchizone bound-
ary at temperatures of 265 ± 10 °C. In this case a compar-
ison with the Helvetic domain is not considered due to 
unequal mineral reaction conditions.

The occurrence of paragonite is thought to be 
restricted to epizonal conditions above 300  °C (Frey, 
1987a; Kisch, 1987), but it is a frequent phase at low 
geotherms in the sub-blueschist and blueshist facies 
(Dietrich, 1956; Karpova, 1966, cited in Kisch, 1983; 
Black, 1975; Kramm, 1978; Potdevin & Caron, 1986). 
Paragonite was considered an important part in the clay 
mineral fraction of ophiolite sedimentary and magmatic 
rocks (Dietrich, 1966, 1969; Black, 1975; Frey, 1978). 
XRD peaks between illite (002) and paragonite (002) 
where initially interpreted as mixed-layered interstrati-
fications (Frey, 1978; Seidel, 1978; Merriman & Roberts, 
1985). After having shown chemical limitations based on 
the miscibility gap describrd by Eugster et. al. (1972) to 
a possible mixed-layer compositional structure (Guidotti, 
1984) it was indirectly evidenced by Livi et. al. (1997) that 
the recorded XRD peaks in-between illite and parago-
nite refer to domains of Na- and K-mica sheet structures. 
These XRD peaks moreover were interpreated as a meta-
stable disordered compositionally intermediate (DCI) 
phase (Jiang & Peacor, 1993). The”mixed paragonite/
muscovite” domain model was thought to be the most 
frequent type (Robinson & Merriman, 1999), and Livi 
et. al. (2008) gave good additional arguments. Without a 
TEM/HRTEM evidence, the nature of these phases can-
not be determined allone with XRD (Livi et al., 1997, see 
also Giorgetti et al., 2003; Árkai et al., 2004). Independ-
ent of this discussion, paragonite s.l. includes all forms 
discussed. Paragonite s.l. is observed in the highest-grade 
diagenetic zone in New Caledonia, in the low-grade 

anchizone in the lower structural nappes of the Aus-
troalpine and in the Piemont-Liguria Ocean nappe of the 
Platta nappe, and sporadically detected in the high-grade 
anchizone of the Helvetic nappes in formations of an 
open marine basin. The lowest grade occurrence is found 
in the diagnetic zone at temperatures around 200  °C, 
same tempratures are reviewed by Livi et. al. (2008). The 
availability of Na is considered to have a major influence 
on paragonite formation, however the paragenesis with 
blueschist facies minerals in New Caledonia and in the 
lower structural units of the Platta nappe also suggest 
the context of an early subduction event overprinted by 
a normal thermal orogenic event (Dietrich, 1969; Ferreiro 
Mählmann, 2001; Potel et al., 2006).

Due to the compilation result of this study, paragonite 
in the clay mineral fraction is considered a fingerprint 
pointing to a subduction history, e.g. found for deeply 
buried and accreted units of distal continental nappes 
(lower structural Austroalpine nappes) close to the conti-
nent-ocean transition and the ophiolite Platta nappe. The 
subsequent orogenic event caused a pressure decrease at 
same temperatures shifting the gradient to normal geo-
thermal conditions (Frey & Ferreiro Mählmann, 1999; 
Oberhänsli et al., 2004). OM and most clay minerals then 
adapted to a new structural and chemical equilibrium 
during this second event (D2, see Sect.  3.2). Adaption 
is more advanced in the Lower Autroalpine and Platta 
nappe due to the longer time span of metamorphism 
than during the shorter event in New Caledonia. In New 
Caledonia even the illite b parameter still reflects the for-
mer subduction history. Epidote is discussed in the same 
way in these units. Epidote in the ophiolite Platta nappe 
is not considered. In the Platta nappe it was formed in 
the assemblage with prehnite, chlorite, albite during an 
oceanic metamorphism and later with pumpellyite and 
actinolite (some clinozoisite) again during subduction 
and Alpine metamorphism (Ferreiro Mählmann, 1994, 
2001; Ferreiro Mählmann & Giger, 2012).

Low temperature albite and microcline were deter-
mined by XRD in 152 dolomitic-limestones, shales, and 
slates of the anchi- and epizone. In clayey and marly sand-
stones or silty marls and shales it is not possible to differ-
entiate between its authigenic or detrital formation. In 25 
thin sections and TEM analysis, sediment rock inclusions 
indicate an authigenic formation partly approaching idi-
omorphic habitus, but mostly an amoeboid to sub-idi-
omorphic habitus is typical. In some formations Peters 
(1963), and Kürmann (1993) have determined both min-
erals and suggested an authigenic origin. In the present 
compilation both were assigned to higher grade in the 
studied areas, microcline occurred in the highest grade of 
the diagenetic zone (Fig. 9) and albite in the high-grade 
anchizone. The results confirmed previous analyses of 
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Wenk & Keller (1969), and Trommsdorff (1983a, 1983b). 
In the diagenesis albite typically preserves a detrital core 
(Füchtbauer, 1950). By XRD high-albite is sometimes 
detected. The tendency to higher An-content in electron 
microprobe analyses on the same 25 samples is related to 
the small grain size, the volatile nature of Na2O during 
analysis and the carbonate bearing clay or marl matrix 
captured by the electron beam (mixed analysis). In the 
anchizone, rounded (i.e., detrital) orthoclase cores may 
show microcline overgrowth rims (Lippmann & Savas-
cin, 1969). As shown by Brauckmann (1984) and in line 
with the present study (Fig. 9), microcline occurs earlier 
than albite with increasing metamorphic grade.

In the epizone of the Austroalpine microcline domi-
nates, while in the South Penninic albite-oligoclase is 
the dominant phase (Wenk, 1958; 1962). In the epizonal 
southern Platta nappe the peristerite miscibility gap (An2 
to An10) was detected (thin sections), e.g. low albite and 
orthoclase in agreement with Wenk (1962). The gap is 
commonly determined by optical microscopy within 
greenschist facies rocks (Orville, 1974; Smith & Brown, 
1988), but in Na-rich pelites the gap may already occur 
at low-grade epizonal conditions (i.e., sub-greenschist 
prehnite-pumpellyite facies according to Trommsdorff 
and Evans 1974; Trommsdorff & Dietrich 1980, see also 
Dietrich 1956). The earlier occurrence of feldspars in 
the Lower Austroalpine than in the Northern Calcare-
ous Alps and in the Helvetic domain is again related 
to the longer duration of crystallisation at steady state 
conditions.

7 � Conclusion
Equations 1c, 2, 3, 5 and 6 are based on a large dataset con-
trolled by T, P, and t of orogenic heat flow and metamor-
phic conditions. These controlling factors should allow 
that different clay mineral and organic matter indices are 
used to determine the degree of orogenic diagenesis to 
incipient metamorphism at normal heat flow condition.

Based on a range of nappe stacks within orogenic 
mountain belt settings, it is proposed that correlation 
results can also be applied to other orogenic structural 
units within a similar geodynamic setting and history 
(Alpine Type Orogenes, Bucher & Frey, 1994) to make 
predictions on organic matter maturity, clay mineral 
reaction progress and formation, as well as estimations 
on temperature and pressure. Restricted to normal heat-
flow case studies (orogenic settings) the results may bet-
ter help to understand differences to sedimentary burial 
as also subduction related thermal maturity and clay 
mineral genesis.

Hyperthermal alteration or contact metamorphism 
can easily be differentiated by their VR vs. KI data 

if compared to the findings shown for normal ther-
mal geodynamic P–t evolutions, because VlBR reacts 
faster to very short temperature pulses than VR. As 
follows equilibrium between VlBR, VR and the KI and 
CM paragenesis needs some myr to be reached. A time 
span < 5 my is not sufficient, while equilibration may be 
attained in tectonic units with a diagenetic to metamor-
phic period of 5 to 10 myr duration. For durations > 10 
my VR will still increase very moderately, but also the 
sharpness ratio of the illite 10-Å peak is probably able to 
further aggradate. Thus, without any significant change 
in VR (i.e. steady state approached) the KI (HWHM) 
will decrease.

During low-grade diagenetic conditions, illitisation is 
progressing very fast (< 5 my) but decreases within high-
grade diagenetic conditions, and the last 10% of smectite 
transforms very sluggishly within the anchizone, espe-
cially Ca-smectite in calcite- or dolomite-rich rocks. In 
the low-grade diagenetic zone, smectite transformation 
is a very sensible index for the determination of the dia-
genetic grade, however the effects of syn-sedimentary 
facies, meteoric and low-temperature hydrothermal 
alterations need to be discriminated.

In the high-grade diagenetic zone to high-grade anchi-
zone VlBR is a diagnostic method. If vitrinite is missing 
VlB is an excellent alternative to determine maturity, if 
virtinite is present it may be used as an additional con-
trolling parameter. We agree with the statement by Burn-
ham (2019) that reflectance measurements from vitrinite 
should be preferred in rocks containing predominantly 
humic OM when calibrating paleothermal models. The 
variance and the standard deviation of the mean VR 
value have a higher significance than the scattering value 
of a corresponding VlBR.

The correlation of illite/muscovite b parameter with 
fluid inclusion, organic matter and clay mineral data 
allows to precisely determine the grade of diagenesis 
and incipient metamorphism from high-grade diagen-
esis to low-grade epizone. For the low-grade diagenetic 
zone, a much higher sample number is needed for the 
discrimination techniques used. The b parameter may 
still preserve information of a former HP event prior 
to orogenic collisional diagenesis and metamorphism. 
In New Caledonia the b parameter is linked to the 
meta-stable blueschist facies assemblage and was not 
re-equilibrated during the subsequent sub-greenschist 
facies metamorphism. Thus, the b parameter can help 
to determine an earlier lower temperature event if tem-
peratures were not considerable higher during a second 
thermal phase.

Differences in index correlations and first appearances 
of clay- and metamorphic minerals compared to standard 
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textbook literature and reviews can be explained by the 
focus on a majority of existing studies on very low-grade 
metamorphism being related to hydrocarbon prospec-
tion and geothermal sites of hyperthermal settings. The 
here included datasets from the Helvetic and Austroal-
pine domain (European Alps) focus on areas dominated 
by normal geothermal orogenic diagenesis to very low-
grade metamorphism.

Orogenic diagenesis after sedimentary burial cat-
egorically changes the relationships among organic 
matter indices known from sedimentary basins. The 
preservation of optical characteristics at higher maturity 
compared to sedimentary basins is probably related to 
the higher lithostatic pressure and conservation of hydro-
gen in the liptinite macerals and solid bitumen. Thus, the 
correlation between VR and VlBR shows lower VlB val-
ues than observed in sedimentary basins.

Considering VR maturity and temperature models, 
pure temperature dependent models are furthest away 
from the here presented calibration. Empirical time–
temperature models (TTI) are closer to the measured 
data, while numerical kinetic-based models show an 
even better fit to the calibration (EASY%Ro). For oro-
genic diagenesis the time–temperature–pressure model 
(Dalla Torre et  al., 1997) generated the best fit. As 
known from experimental studies the pressure retar-
dation effect on reflectance decreases with increasing 
maturity and longer maturation periods. In the P–T–t 
model this is not respected at incipient metamorphism, 
probably leading to discrepant results to FI and reaction 
iso-grades. Future model developments must integrate a 
better pressure factor.
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