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The Carnic Alps (eastern Southern Alps) provide a classical area to study polyphase very-low- to low-grade metamor-
phism within the Variscan belt of Europe. Temperature indicators collected during the past three decades map the gener-
al metamorphic structure of a mountain chain affected by three major tectonic events (Variscan and Alpine thrusting, Oli-
gocene transpression). Thermometric data obtained by Raman Spectroscopy of carbonaceous material (RSCM) described
in this study extend the already published database, provide a map of metamorphic isotherms, and are interpreted in
the view of current tectonic concepts. The RSCM temperatures of this study describe a gradient between ca. 460 °C in
the tectonically deepest segments, bordered by the Periadriatic Fault System, and temperatures of ca. 200 °C in Perm-
ian-Triassic boundary strata of the Gartnerkofel-1 core. Mapped isotherms indicate three domains with different thermal
histories, characterized by Variscan imbrication of an accretionary wedge, Permo-Mesozoic burial, and Oligocene contact

metamorphism.

1. Introduction

The Carnic Alps (Fig. 1) exposes an extraordinary re-
cord of the sedimentary and paleontological heritage
of the Variscan (Pennsylvanian) orogeny (Schénlaub and
Heinisch, 1993; Schonlaub and Histon, 2000; Corradini
and Suttner, 2015) at the southern margin of the Euro-
pean Variscides (e.g., Mariotto and Venturini, 2019; Neu-
bauer et al., 2022). Following the post-orogenic molasse
phase, the Variscan chain of the Carnic Alps drowned
(Schoénlaub and Forke, 2007), und became later also a
segment of the Mesozoic to Cenozoic Alpine chain (Mari-
otto and Venturini, 2019), dissected subsequently during
Miocene-Pliocene strike-slip tectonics along the Periadri-
atic Fault System (Fodor et al., 1998; Frisch et al., 1998,
2000; Mancktelow et al., 2001; Bartel et al., 2014; Heberer
et al., 2017; Klotz et al., 2019). Due to excellent exposures
and an extraordinarily rich fossil content, the Carnic Alps
represents a key area to understand Paleozoic life and
provides a natural laboratory to study orogenic process-
es. Geoscience data were collected since 1824 (Schon-
laub and Forke, 2023), providing now a complete geolog-
ical map coverage (Schonlaub, 1985b, 1987, 1989, 1997,

2007; Hubich et al., 2000; Venturini et al., 2001; Pondrelli
et al.,, 2020), a comprehensive stratigraphical database
(Schoénlaub and Forke, 2007; Corradini and Suttner, 2015;
Pondrelli et al., 2020), modern tectonic models (Laufer et
al., 1997, 2001; Hubich et al., 2000; Schonlaub and Forke,
2007; Mariotto and Venturini, 2019 cum. lit.; Curzi et al.,
2024), as well as metamorphic (Sassi et al., 1995; Laufer
et al., 1997; Rantitsch, 1997; Hubich et al., 2000; Sassi et
al., 2004; Brime et al., 2008), and thermochronological
(Dallmeyer and Neubauer, 1994; Laufer, 1996; Laufer et
al., 1997; Meli, 2004; Mader et al., 2007) data.

The Variscan and Alpine orogenic cycles left a very-low
grade to low grade metamorphic imprint of similar grade
(Rantitsch, 1997; Rainer et al., 2009), which challenges the
reconstruction of the thermo-tectonic history. Important
information derives from mapped metamorphic indica-
tors including Kibler Index (KI, i.e. “illite crystallinity”)
data (Arkai et al., 1991; Schramm, 1991; Schénlaub et al.,
1992; Arkai et al., 1995; Sassi et al., 1995; Laufer et al., 1997;
Rantitsch, 1997; Hubich et al., 2000; Nussbaum, 2000;
Brime et al., 2008), fluid inclusion data (Rantitsch, 1997),
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graptolite and vitrinite reflectance data (Rantitsch, 1992;
Sassi et al., 1995; Rantitsch, 1995b, 1997; Rantitsch et al.,
2000; Rainer and Rantitsch, 2002; Rantitsch, 2007), and
Conodont Alteration indices (CAl, Pondrelli, 2002; Brime
et al., 2008). Kl brackets the field of very-low grade meta-
morphism (defining the “anchizone” between the zone
of diagenesis and the low-grade metamorphic “epizone”)
in pelitic rocks (e.g., Arkai et al., 2004; Ferreiro Mdhlmann
et al., 2012; Warr and Ferreiro Mahlmann, 2015), but is
influenced by strain and the heat flow history of the in-
vestigated sample (Ferreiro Mahlmann et al., 2012). CAl
data are valuable to assess the metamorphic grade of
Paleozoic to Triassic carbonate rocks (Epstein et al., 1977,
Rejebian et al., 1987), but they are not very sensitive to
rising metamorphic temperatures in some instances (Mc-
Millan and Golding, 2019). Vitrinite reflectance data (e.g.,
Pusz et al., 2014) lose their thermometrical sensitivity
above ca. 250°C (Rantitsch et al., 2020 a). Thus, despite a
good data coverage, there is certain demand to improve
the present view of metamorphism in the Carnic Alps by
the use of Raman spectroscopy of carbonaceous material
(RSCM), estimating metamorphic temperatures without
reference to kinetic parameters and assumed boundary
conditions, as needed e.g., to convert vitrinite reflectance
data to burial temperatures.

RSCM (reviewed by Henry et al., 2019) provides a
well-established method to investigate a polymetamor-
phic unit to confidently estimate peak metamorphic
temperatures (e.g., Rantitsch et al., 2020a; Rantitsch,
2023). The RSCM calibration used in this study (Linsdorf
et al,, 2017) spans the temperature range that overprint-
ed the pre-Variscan basement and post-Variscan cover
units of the Carnic Alps. Therefore, the goal of this study
is to use RSCM data to map metamorphic peak tempera-
ture isogrades. Based on a review of the current state of
knowledge, it is attempted to give a better view on the
metamorphic structure of the Carnic Alps.

2. Geological setting

The northeastern edge of the Southalpine unit (Car-
nic Domain of Neubauer et al., 2022) was uplifted along
the Periadriatic Fault System during Miocene to Pliocene
times (Vrabec and Fodor, 2006; Heberer et al., 2017; Klotz
etal,, 2019). As aresult, Variscan (Ordovician to Pennsylva-
nian) basement units, overlain by Pennsylvanian to Trias-
sic cover sequences, were exhumed in the Carnic Alps, in
the Jesenice Rise, and in the South-Karawanken Rise (Fig.
1). During pre-Mesozoic times, they belonged together
with adjacent Austroalpine units (Noric Domain of Neu-
bauer et al., 2022) to a continental block (Paleo-Adria of
Neubauer et al., 2022) between northern Gondwana and
Baltica (Ebner et al., 2008; Haas et al., 2020; Neubauer et
al., 2022), which collided with external Variscan units due
to the closure of an oceanic domain during the Pennsyl-
vanian Variscan orogeny (Neubauer et al., 2022, cum. lit.).
Later, the Carnic Alps were also involved in the Cretaceous
to Cenozoic Alpine orogeny (e.g., Schmid et al., 2004).
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The Carnic Alps are separated by the Pustertal-Gail-
tal-Fault, a segment of the Periadriatic Fault System, from
the northerly adjacent Austroalpine unit (Figs. 1, 2). Along
the fault trace, ductily deformed Southalpine schists and
limestones (Eder Nappe of Schonlaub, 1985b, 1987, 1989;
Eder and Mauthner Klamm Units of Laufer et al., 1997; Fig.
2), related to burial under low-grade metamorphic condi-
tions and Oligocene shearing, were exhumed transpres-
sionally during Mid-Miocene times (Laufer et al., 1997).

Lithostratigraphically, the presence of Visean to Bash-
kirian flysch sediments below a Late Bashkirian to Mos-
covian angular discordance, groups the mapped forma-
tions into a pre-Variscan (Middle Ordovician to Visean),
a syn-Variscan (Visean to Bashkirian), and a post-Vari-
scan (Kasimovian to Triassic) sequence (Schénlaub and
Heinisch, 1993; Schonlaub and Forke, 2007; Corradini and
Suttner, 2015). Ordovician metasediments, carbonates
and acidic volcanics of a back-arc (Siegesmund et al.,
2023) or rift (Neubauer et al., 2022) basin at the northern
Gondwana margin were overlain in the Silurian by sed-
iments of a shallow- to deep-marine realm (Schoénlaub
and Histon, 2000; Pondrelli et al., 2020). Subsequently,
thick Devonian to Lower Mississippian platform carbon-
ates and sediments of adjacent pelagic basins (Schonlaub
and Histon, 2000; Pondrelli et al., 2020) were deposited at
the pre-Variscan stage. A Variscan active margin (Schoén-
laub and Histon, 2000; Laufer et al., 2001) is indicated
by Upper Visean to Late Bashkirian flysch sediments
(Hochwipfel Formation, e.g., Krainer, 1992). The post-Vari-
scan stage started with Kasimovian to Gzhelian molasse
sediments of a mixed terrestrial to shallow marine regime
(Auernig Formation, e.g., Krainer, 1992), which evolved to
Sakmarian to Artinskian platform carbonates (Schénlaub
and Forke, 2007). After a phase of strong block faulting
in the Late Cisuralian, westward transgression of the
Tethyan ocean resulted in the deposition of Early Trias-
sic fast-growing carbonate platforms, which evolved to a
well-developed rimmed platform in the Norian to Rhae-
tian (Schonlaub and Forke, 2007).

According to Laufer et al. (1993), Kullmann and Loesch-
ke (1994), Hubich et al. (2000) and Laufer et al. (2001), the
backbone of the Carnic Alps constitutes a south-vergent
Late Devonian to Pennsylvanian accretionary wedge,
composed of syn-orogenic flysch sediments (Hochwip-
fel Formation), imbricated with huge olistoliths, outcrop-
ping in the Hochwipfel Nappe (Hubich et al., 2000; Lau-
fer et al., 2001; Fig. 2). Structural subunits were formerly
interpreted as nappes (Schénlaub, 1985a) and mapped
along the central and eastern chain (Schénlaub, 1985b,
1987, 1989, 1997). Thus, nappe-sections can be correlated
over wide distances.

The Hochwipfel Nappe was overridden by the Cel-
lon-Kellerwand Nappe (Schénlaub, 1985a; Laufer et al.,
2001; Fig. 2), which exposes along several complete sec-
tions Late Ordovician clastic sediments and carbonates,
Silurian deep-water sediments and Devonian to Missis-
sippian platform carbonates in a widely segmented fa-
cies structure (Schonlaub and Forke, 2007; Corradini and
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Suttner, 2015; Pondrelli et al., 2020). Mississippian flysch
sediments cover this sequence (Schénlaub, 1985b, 1987,
1989, 1997, 2007; Hubich et al., 2000; Venturini et al., 2001;
Pondrelli et al., 2020). In the model of Laufer et al. (2001),
the overthrusting Cellon-Kellerwand Nappe sourced
syn-tectonically the olistoliths of the tectonically lower
accretionary wedge towards the south. However, Mar-
iotto and Venturini (2019, cum. lit.), favored a model of
syn-sedimentary tectonics attributed to a Devonian to
Mississippian wrench corridor and SSW-directed folding
and imbrication during the Pennsylvanian.

The tectonically highest Fleons Nappe (Fig. 2) covers
the entire western Carnic Alps (Hubich et al., 2000; Laufer
et al., 2001; Mariotto and Venturini, 2019). It comprises
Upper Ordovician metasediments and metavolcanics, Si-
lurian deep-water sediments, Devonian limestones and
presumably Mississippian flysch sediments (Laufer et al.,
2001), thrusted along the Val Bordaglia fault above the
Cellon-Kellerwand Nappe (Hubich et al., 2000; Laufer et
al., 2001; Mariotto and Venturini, 2019). Post-Variscan stra-
ta overlie the nappe stack unconformably and give evi-
dence of the Variscan age of nappe stacking (Hubich et

al., 2000; Laufer et al., 2001, Venturini et al., 2001; Schon-
laub and Forke, 2007; Mariotto and Venturini, 2019).

Alpine (Eocene to Pliocene) tectonics shaped a
south-vergent thrust-and-fold wedge, uplifted along
a Miocene ramp-flat structure (Castellarin and Cantel-
li, 2000; Mariotto and Venturini, 2019). Activity of the
related Valsugana Thrust is dated back to the Late Cre-
taceous (Curzi et al., 2024). Therefore, top to the south
deformation may have started earlier. Pre-existing (Vari-
scan) structures were largely overprinted, however, large
Variscan folds in the Cellon-Kellerwand Nappe remained
preserved (Mariotto and Venturini, 2019).

The thermal imprint of the eastern and central Carnic
Alps (east of the Val Bordaglia Fault) reached greenschist
facies conditions in the Eder and Mautner Klamm Units
and diagenetic conditions in Permian-Triassic boundary
strata of the post-Variscan overburden (Schramm, 1991;
Schonlaub et al., 1992; Laufer, 1996; Rantitsch, 1997;
Laufer et al., 1997; Rainer and Rantitsch, 2002). The en-
tire Hochwipfel Nappe in-between underwent very-low
grade metamorphism, described by a continuous bot-
tom-to-top decrease of the metamorphic rankand WNW-
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Figure 2: Simplified geological map of the Carnic Alps (redrawn from Schonlaub, 1985b, 1987, 1989, 1997, 2007; Hubich et al., 2000; Venturini et al.,
2001; Pondrelli et al., 2020). Note that the Variscan thrust between the Hochwipfel Nappe and the Cellon-Kellerwand Nappe (shaded, Laufer et al.,
2001) is widely dissected by post-Variscan faults. The frames indicate two sampled sections (Mauthen Section in the West, Nassfeld Section in the

East). Permian-Triassic boundary sediments from the Gartnerkofel-1 (GK-1) core were investigated near to the Gartnerkofel peak.

ESE orogen-parallel oriented isogrades (Rantitsch, 1997).
No metamorphic hiatus occurs at the Variscan unconfor-
mity (Rantitsch, 1997). Here, “°Ar/*Ar data of post-Vari-
scan detrital white mica evidence a very weak Variscan
tectonothermal effect on deeply buried and rapidly ex-
humed source rocks, which were also not significantly
overprinted (at temperatures below 250-300 °C) during
later times (Dallmeyer and Neubauer, 1994; Mader et al.,
2007). Clay mineralogical evidence points to a high heat-
flow during deposition of the post-Variscan molasse sed-
iments (Rantitsch, 1997). The low extent of the Alpine
overprint is constrained by kinetic modelling of vitrinite
reflectance data, indicating that Carboniferous to Meso-
zoic sedimentary burial explains the organic maturity of
Carboniferous strata of the Carnic Alps (Rantitsch, 1997),
other segments of the Southern Alps (Rantitsch and
Rainer, 2003), Dinarides (Rainer et al., 2009, 2016), and
formerly adjacent Austroalpine units (Rantitsch, 1995a;
Rantitsch et al., 2020).

The Fleons Nappe of the western Carnic Alps was
metamorphosed under greenschist facies conditions
(Arkai et al., 1991; Sassi et al., 1995; Hubich et al., 2000;
Laufer et al., 2001; Sassi et al., 1995, 2004) by a penetra-
tive Variscan (Laufer, 1996; Laufer et al., 2001; Meli, 2004)
imprint, increasing continuously towards the west (Meli
et al., 2004 cum. lit.).
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3.Samples

As the northern slope of the Carnic Alps exposes com-
plete sections through the nappe-stack, metapelites
were sampled here from two cross-sections and also
from some isolated localities in-between (Fig. 2, Tab. 1).
CAl data of Brime et al. (2008) are used to trace the met-
amorphic imprint in metapelite-free carbonate units. Ac-
cording to the given nappe architecture (see above), the
sections are correlated in respect to their nappe-stack
positions by using the structural names of Schonlaub
(1985a) as names of individual units of the Hochwipfel
Nappe (Mauthneralm Unit, Feldkogel Unit, Rauchkofel
Imbricate Unit, Bischofalm Unit from bottom to top,
Fig. 3).

The Mauthen Section (Figs. 2, 3 a) cuts the entire
nappe-stack of the Carnic Alps (Schonlaub, 19853, b). An
imbricated segment of the Mauthner Klamm Unit (Laufer
et al., 1997) with epizonal Kl values (Laufer, 1996; Ran-
titsch, 1997; Brime et al., 2008), a CAl of 52 - 6 (Brime et
al., 2008), and graphitic carbonaceous matter (Rantitsch,
1997) is sampled at the bottom. Tectonically above, the
structural base units of the Hochwipfel Nappe were sam-
pledin an anticline and within the overlying Cellon-Kelle-
rwand Nappe with CAl values between 5% and 7' (Brime
et al., 2008). The carbonates of the Feldkogel Unit show
CAl values of 5 - 5% (Brime et al., 2008). Tectonically up-
ward, the CAl values decrease to 4 — 4% and Kl values in-
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Figure 3: RSCM maximum temperatures (°C) in the Carnic Alps (legend in Fig. 2). The Hochwipfel Nappe units (Schonlaub, 1985a) are
labeled in the map.
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dicate the anchizone (Brime et al., 2008). In this segment,
graptolite shales of the Oberbuchach Section (Jaeger
and Schonlaub, 1980) were sampled in the overlying
Rauchkofel Imbricate Unit, yielding graptolite reflectance
values between 5.0 and 8.6 %Rmax and anchizonal Kl
values, decreasing to the top (Rantitsch, 1997). At the top
of the Hochwipfel Nappe, the Bischofalm Unit and the
post-Variscan Auernig Formation were sampled. Vitrin-
ite reflectance values vary between 2.8 and 5.0 %Rmax
(Rantitsch, 1997). Kl data indicate the lower part of the
Anchizone (Rantitsch, 1997). The topmost Cellon-Keller-
wand Nappe was sampled in the Cellon Section of the
Plocken area (Corradini et al., 2015) and in conformably
overlying (Pondrelli et al., 2020) flysch sediments.

The eastern Nassfeld Section (Figs. 2, 3b) exposes
the epizonal (Laufer, 1996; Laufer et al., 1997; Rantitsch,
1997) Eder Unit at the base. Carbonate rocks contain
conodonts with CAl 5% — 6 (Brime et al., 2008). Interca-
lated metapelites contain graphitic carbonaceous mat-
ter (Rantitsch, 1997). The overlying Mauthneralm Unit of
the Hochwipfel Nappe was sampled on both sides of the
dextral Schwarzwipfel strike-slip fault (Fig. 3b), related
to the transpressional Miocene exhumation of the Eder
Unit (Laufer et al., 1997; Forke et al., 2008). Further sam-
ples come from the overlying post-Variscan Auernig For-
mation, exposed in the autochtonous Stranig-Auernig
Unit and tectonically above in the Gartnerkofel Nappe
(Schonlaub and Forke, 2007). Vitrinite reflectance rang-
es between 2.0 and 3.0 %Rmax (Rantitsch, 1997), and
Kl values indicates anchizonal conditions (Laufer, 1996;
Rantitsch, 1997). Upper Permian to Lower Triassic pelitic
beds of the Gartnerkofel-1 core (Fig. 2; Holser et al., 1989;
Holser and Schonlaub, 1991) were investigated as well.
In the sampled interval, vitrinite reflectance varies be-
tween 1.4 and 2.2 %Ro (Rainer and Rantitsch, 2002) and
Kl values indicate diagenetic conditions (Schramm, 1991).
In the Stranig-Auernig Unit, the sedimentary contact be-
tween Hochwipfel and Auernig Formations (Schénlaub,
2007) was sampled in both formations. Vitrinite reflec-
tance data of the upper part of the section are described
in Rantitsch (2007). Carbonates of the Cellon-Kellerwand
Nappe contain conodonts with a CAl of 3-4 (Brime et al.,
2008).

4. Methods

Raman spectroscopy of carbonaceous material (RSCM)
investigates the interaction of laser light with carbo-
naceous material (CM) in inelastic scattering giving a
spectrum, which assesses the state of structural order
(see Lunsdorf, 2016 for a review). The CM order is relat-
ed irreversibly to peak metamorphic temperatures (see
Henry et al.,, 2019 for a review). CM from the metasedi-
ments of this study was concentrated by an acid (HCI
and HF) treatment of crushed sample material. A Horiba
Labram HR Evolution instrument, equipped with a 100
mW Nd:Yag (532 nm) laser, a confocal microscope (100x
objective with a 0.80 numerical aperture and a confocal
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hole aperture of 100 um), a 1800 g/mm grating, and a
Peltier cooled CCD detector was used to collect Raman
spectra. Filters to minimize the output laser power to <
TmW were used to avoid any sample damage. The wave-
numbers were calibrated with the Rayleigh scattering
(0 cm™), and a silicon wafer (520.7 cm™). 20 spectra per
sample over the 700-2000 cm™ spectral region were col-
lected, evaluated by the IFORS software of Liinsdorf and
Linsdorf (2016), which excludes subjectivity in curve-fit-
ting (LUnsdorf et al., 2014), and characterized by median
spectral parameters of Liinsdorf et al. (2017). In particular,
the D-STA parameter (total area, scaled by the maximum
intensity in the D-band region) reliably describes the evo-
lution of dispersed organic matter during coalification
and graphitization (Linsdorf, 2016; Liinsdorf and Lins-
dorf 2016; Liinsdorf et al., 2017). Metamorphic peak tem-
peratures were calculated from a calibration function es-
tablished by spectral data collected on standard samples
(Linsdorf et al., 2017), as described above. It is important
to note that the given uncertainty of the temperature es-
timates of 25-30 °C (Tab. 1) is controlled primary by the
uncertainty of the (petrologically determined) uncer-
tainty of the used calibration sample set (Liinsdorf et al.,
2017). The calculated spectral parameters show a higher
within-sample precision of <10 % of the medians, yield-
ing an outcrop precision of the median temperatures of
ca.+10°C (Tab. 1).

5. Results

In the Mauthen Section, metapelites from a separated
slice of the Mauthner Klamm Unit (Fig. 3a, Tab. 1) yield a
peak temperature of 469 °C. Ductily sheared limestones
of the lowest structural unit of the Hochwipfel Nappe
are imbricated in flysch sediments of the Hochwipfel
Formation. A flysch sample near the contact indicates
a metamorphic temperature of 425 °C. Tectonically up-
ward, 381 °C is estimated. Two samples at a higher tec-
tonic position show consistent temperatures of 331 °C,
demonstrating an upright metamorphic trend without
break in-between. Further to the east, the deepest flysch
sediments are metamorphosed to ca. 300 °C. In a higher
structural level, a graptolite schist sample from the Ober-
buchach Section (Jaeger and Schénlaub, 1980; Rantitsch,
1992, 1995b) yields 269 °C. At the top of the Hochwipfel
Nappe, the metamorphic temperature at the Variscan
unconformity in the Stranig area is estimated with ca.
260-270 °C (Fig. 3a). Flysch samples at the top show 270
to 244 °C. In the Cellon Section of the Cellon-Kellerwand
Nappe (Fig. 3a), RSCM temperature decrease continu-
ously from 267 °C in the Upper Ordovician Uqua Forma-
tion to 227 °C in the Lochkovian Rauchkofel Formation
(Tab. 1). Stratigraphically overlying flysch samples show
248 and 260 °C.

At the base of the Nassfeld Section (Fig. 3b, Tab. 1),
the Eder Unit was metamorphosed at 400 °C. Paleotem-
peratures decrease to the top and reach 313 °C in the
overlying Hochwipfel Nappe. At the western side of the
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Sample

Formation

GR23-16
GR23-15
GR23-14
GR23-13
GR1906
GR23-17
GR1806
GR17-06
GR16-06
GR1406
GR1206
GR13-06
GR10-06
GR0906
NF10-21/5
NF11-20/1
NF6
GR15-06
NF9A-10/9
NF9B-17/3
NF8-22
NF5

NF3

NF2
NF1-24/23
NF4

GR23-18
GR23-19
GR23-20
Sti4
Ob1l

Stl

St7

St8

GR22-17
GR22-13
GR22-16
GR22-15
GR22-14
GR23-12
GR22-11
GR22-10
GR23-11
GR23-10
c3

C1

C2

c4

Nassfeld Section

Schist

Schist

Schist
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Auernig Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm

Central samples

Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
No6lbling Fm
Hochwipfel Fm
Auernig Fm
Auernig Fm

Mauthen Section

Meerbach Fm
Hochwipfel Fm
Hochwipfel Fm
Uggwa-Fm
Uggwa-Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Hochwipfel Fm
Rauchkofel Fm
Cardiola Fm
Kok Fm
Uggwa-Fm

Eder Unit

Eder Unit

Eder Unit
Mauthneralm Unit
Mauthneralm Unit
Mauthneralm Unit
Stranig-Auernig Unit
Gartnerkofel Nappe
Gartnerkofel Nappe
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit
Stranig-Auernig Unit

Mauthneralm Unit
Mauthneralm Unit
Rauchkofel Imbricate
Rauchkofel Imbricate
Stranig-Auernig Unit
Stranig-Auernig Unit

Bischofalm Unit
Bischofalm Unit
Bischofalm Unit
Cellon-Kellerwand Nappe
Cellon-Kellerwand Nappe

Cellon-Kellerwand Nappe

UTM33-E UTM33-N Z Temp [°C]  +/-
374914 5162093 670 401 28
374536 5161394 1189 363 28
375076 5160851 1318 368 28
374813 5159779 1507 313 27
368954 5162117 795 294 27
368835 5162042 762 292 27
368267 5161786 917 %61 27
368558 5161135 1100 29 28
367922 5160098 1223 21 28
367860 5158145 1494 234 28
368653 5157788 1740 20 27
367861 5157925 1530 27 27
369574 5158099 1838 231 28
369586 5157948 1900 232 29
369739 5156963 1630 216 28
370010 5156757 1530 27 28
368114 5157341 1530 218 28
368151 5158644 1395 26 28

25 27
368952 5157095 1580 o
368353 5157102 1600 26 27
368051 5157137 1400 255 27
367869 5156963 1350 23 27
369643 5156408 1320 29 28
369636 5156315 1300 236 31
368092 5157002 1350 235 27
348911 5168486 705 320 27
351389 5167790 686 302 27
350403 5165274 678 290 27
358133 5163952 1272 283 27
355222 5165467 1120 260 27
355282 5162959 1758 %4 27

%61 27
356089 5162045 1733 o o
346063 5169093 729 469 28
345872 5168753 756 425 28
344874 5168284 977 381 28
344400 5169182 1077 331 27
344574 5169097 1062 331 27
342720 5164813 1283 270 27
345792 5163362 1433 w4 27
344465 5163644 1401 245 31
342380 5162999 1350 28 27
343454 5162212 1140 260 27

27 28
342389 5163780 1499 232 28

260 27

267 27

Table 1: Samples (coordinates in the UTM33 system) and RSCM temperature estimates (°C, median of 20 spot measurements), labeled according to
Schonlaub (1985b, 1987, 1989).
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Sample depth Formation Temp [°C] +/- D-STA sd
91.5 Werfen Fm Campill Mb 220 24 223.4 13.9
92.0 Werfen Fm Campill Mb 232 24 210.2 19.6
127.4 Werfen Fm 191 24 236.5 9.6
134.5 Werfen Fm 175 24 242.5 6.2
151.4 Werfen Fm 194 24 235.3 10.0
152.8 Werfen Fm 186 24 238.3 8.7
154.0 Werfen Fm 185 26 238.5 11.7
164.6 Werfen Fm 217 24 225.3 13.5
182.0 Werfen Fm 203 24 231.5 7.2
183.6 Werfen Fm 189 28 237.4 17.4
185.8 Werfen Fm 216 24 225.5 8.0
189.2 Werfen Fm 202 24 232.1 6.0
193.0 Werfen Fm 231 24 217.6 9.1
211.8 Werfen Fm 175 24 242.3 6.1
216.2 Werfen Fm 204 24 231.2 5.2
220.4 Werfen Fm Tesero Horizon 212 24 227.4 8.9
221.5 Werfen Fm Tesero Horizon 203 24 231.7 7.7
229.4 Werfen Fm Tesero Horizon 170 24 244.1 5.4
232.0 Bellerophon Fm 198 24 233.7 8.4
233.4 Bellerophon Fm 238 25 213.3 11.0
255.7 Bellerophon Fm 215 24 226.3 15.0

Sample name

KL14_5A 162 30 236.5 7.7

KL14_21 228 30 2247 7.1

KL14_16 236 30 228.2 9.1

KL16_31 236 30 211.8 7.6

Table 2: D-STA (total area, scaled by the D-band maximum intensity values (sd= standard deviation) and
RSCM temperature estimates (°C) in the Gartnerkofel-1 core (median of 20 spot measurements) in com-
parison to four calibration samples (KL samples) of Liinsdorf et al. (2017).

Conodont Vitrinite- and 2
RSCM . . s .
Alteration Graptolite [ Kiibler Index
Temperature . @©
Index (CAl) reflection &
°C 4 5 6 %Ro %Rmax
200 1.5-2.2 Diagenesis
250 2-5 Lower Anchizone
300 >5 Higher Anchizone
350
400 Epizone
450

Table 3: Conodont Alteration Index data (Brime et al., 2008), graptolite- and vitrinite-reflectance values
(Rantitsch, 1992; Sassi et al., 1995; Rantitsch, 1995b, 1997; Rantitsch et al., 2000; Rainer and Rantitsch, 2002;
Rantitsch, 2007), and Kl data (Arkai et al., 1991; Schramm, 1991; Schénlaub et al., 1992; Arkai et al., 1995;
Sassietal., 1995; Laufer et al., 1997; Rantitsch, 1997; Hubich et al., 2000; Nussbaum, 2000; Brime et al., 2008)
correlated to RSCM temperatures of the Carnic Alps.
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Figure 4: D-STA parameter (total area, scaled by the D-band maximum intensity; rising values indicate lower temperatures) of Liinsdorf et al. (2017) es-
timated on carbonaceous material of the Gartnerkofel-1 core (median and standard deviation) indicate a slight trend (yellow bar) to higher burial tem-
peratures towards the bottom (stratigraphic data from Bockelmann, 1991). The RSCM temperatures are constrained by four standard samples (Tab.
2) of Liinsdorf et al. (2017) with well-established burial temperatures (red squares). Data far from the trendline are explained by a dominant detrital
population within the sample. Pelites at the Permian-Triassic boundary (Tesero Horizon) were subjected to a burial temperature of ca. 200 °C (+ 30 °C).

Schwarzwipfel Fault, samples from the bottom yield ca.
290 °C. In the Auernig Formation of the Stranig-Auernig
Unit above, the temperature decreases to 261 °C. Lower
temperatures between 229 °C and 247 °C are estimated
from the Gartnerkofel Nappe, covering also the tempera-
ture range of the southern segment of the Stranig-Au-
ernig Unit. No temperature hiatus occurs at the northern
as well as the southern section segment between the
syn-Variscan Hochwipfel Formation and the post-Vari-
scan Auernig Formation.

CM ordering, as reflected by the D-STA parameter of
Linsdorf et al. (2017) indicate ca. 200 °C (+ 30 °C) in the
Permian-Triassic boundary sediments (Tesero Horizon)

of the Gartnerkofel-1 core (Tab. 2, Fig. 4). The profile il-
lustrates the within-sample scatter of the temperature
indicator and the presence of detrital CM populations, in
particular in samples from the base of the Campill Mem-
ber of the Werfen Formation, corresponding to a signif-
icant proportion on terrigenous minerals in this section
(Bockelmann, 1991). A slight offset of the D-STA values
at the base of the Werfen Formation in the core interval
between 193 and 212 m (Fig. 4) might be explained by a
change in the microstructure of the plant debris, follow-
ing the end Permian mass extinction (Benton and Newell,
2014).
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Figure 5: RSCM temperature (°C) isogrades in the Carnic Alps (legend in Fig. 2). The 200 °C isotherm traces the formation boundary between the Wer-
fen and Bellerophon Formations (not shown) as seen in the Gartnerkofel-1 core (Tab. 2, Fig. 4). The Meerbach Formation in the west of the study area
is interpreted as a fault-bounded transpressionally exhumed block along the Pustertal-Gailtal Fault (PGF), structurally below the deepest segment of
the Hochwipfel Nappe. The isotherm offset at the dextral Schwarzwipfel Fault (SWF) indicates a lateral displacement of more than 8 km. A black star

indicates the presence of Periadriatic magmatics (Schonlaub, 1989).

6. Discussion

The obtained thermometric data constrain the tecto-
no-stratigraphical upward trend of decreasing metamor-
phic temperatures (Fig. 5). Isotherms are constructed by
using the RSCM data (Tabs. 1, 2) and correlated CAl val-
ues, graptolite and vitrinite reflectance values, as well as
Kibler Index data (Tab. 3). Remarkably, the correlation
between CAl and RSCM temperatures resembles the cor-
relation established for Triassic conodonts (Rantitsch et
al., 2020b).

The highest RSCM temperature of 469 °C (+ 28 °C)
identifies a small fault-bounded slice of mylonitic schists
(Meerbach Formation of Schénlaub, 198543, b) at the bot-
tom of the Mauthen Section as the tectonically deepest
unit of the Carnic Alps. The schists are mapped in a nar-
row zone along the Pustertal-Gailtal Fault (Schénlaub,
1985b, 1997), interpreted as a transpressionally exhumed
block (Luggau Unit) by Laufer et al. (1997, 2001). A low-
er temperature range (425-320 °C) characterizes the
adjacent part of the Mauthner Klamm Unit of Laufer et al.
(2001 outcropping in a NE-SW-trending anticline (Schon-
laub, 19854, b). The data of this study demonstrate at the
northwestern anticline limb an undisturbed metamor-
phic gradient of ca. 100 °C (331-425 °C, see Fig. 3a), cross-
ing the footwall thrust of the Cellon-Kellerwand Nappe,
in a vertical section of ca. 300 m thickness (Schonlaub,
1985b). The observation of undisturbed metamorphic
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isogrades towards the hangingwall contradicts the mod-
el of a block, transpressionally exhumed below a lower
metamorphic nappe-stack (Laufer et al., 1997,2001). Thus,
this segment is interpreted here as the deepest part of
the Hochwipfel Nappe. The adjacent mylonitic schists in
the north forms its former footwall, displaced laterally by
dextral shearing along the Pustertal-Gailtal Fault (Laufer
et al., 1997, 2001).

Separated by the dextral Schwarzwipfel Fault (Forke
et al., 2008) from the Hochwipfel Nappe, the Eder Unit
crops out at the eastern end of the study area (Schon-
laub, 1989; Fig. 2). It was identified as a transpressionally
exhumed unit and correlated to the Mauthner Klamm
Unit by Laufer et al. (1997, 2001). The isotherm offset at
the Schwarzwipfel Fault indicates a lateral component of
the bulk displacement of more than 8 km. The internal
metamorphic pattern (Fig. 5) and the missing metamor-
phic break towards the overlying Hochwipfel Nappe (Fig.
3b) resembles the observations in the Mauthen Section
(see above). Thus, they are parts of the same structural
level at the bottom of the Hochwipfel Nappe, displaced
in the east (Nassfeld Section) by Oligocene dextral shear-
ing along the Schwarzwipfel Fault (Laufer et al., 1997,
2001). Structural and geochronological data from the
Eder Unit indicate subhorizontal dextral shearing during
this time, followed by Miocene exhumation (Laufer et al.,
1997, 2001). In the view of the presented metamorphic



data, this implies ductile shearing at the northern edge
of the Hochwipfel Nappe during the Oligocene and a
subsequent exhumation of the entire Carnic Alps during
the Miocene, not only preserved in some isolated blocks
adjacent to the Periadriatic Fault System.

In map view it is notable to see a very dense local iso-
therm pattern at the base of the Mauthen Section (Fig. 5).
As the rocks within this zone have been highly strained
(Laufer et al.,, 1997), an increase of CM lattice ordering
due to frictional shearing (Barzoi, 2015; Cao and Neubau-
er, 2019; Kedar et al., 2020) must be considered, as crys-
tal-plasticity temperatures of ductily deformed minerals
(Laufer et al.,, 1997) are here in the range of the RSCM
temperatures. However, the temperature pattern in the
Mauthen Section (Figs. 3a, 5) indicates that strain-in-
duced lattice-ordering was of minor importance. The
stratigraphic upward increase of the paleotemperatures
suggests a local heat pulse at the base of the section, af-
fecting the area outlined by the 400 °C isotherm (Fig. 5).
In the Mauthen Section, the isotherms crosscut an anti-
cline of uncertain age. However, an Oligocene age of this
structure is suggested by reference to the paleostress
data of Bartel et al. (2014). Consequently, in accordance
to age data of Laufer et al. (1997), metamorphism after
folding might be indicated. Subsequently, progressive
exhumation since the Miocene may have exposed the
core of the anticline to the surface. Oligocene magmatic
rocks occur adjacent to the Eder Unit of the Nassfeld Sec-
tion (Schonlaub and Exner, 1984; Schénlaub, 1989; Fig. 5)
and west of the Mauthen Section (Exner, 1976; Sprenger,
1996; Schonlaub, 1997). Thus, they may have provided
the heat-source for a local contact metamorphic over-
print, locally also causing anomalously high CAl values in
conodonts from the Mauthen Section (Brime et al., 2008).
Klotz et al. (2019) described a similar effect by a reset of
zircon fission track ages close to a large Oligocene intru-
sion along the Peridriatic Fault System reaching up to a
distance of ca. 300 m.

Metamorphic temperatures in the Hochwipfel Nappe
decrease continuously to ca. 250 °C. The metamorphic
isotherms follow the Variscan imbrication pattern. As ob-
served in three locations, post-Variscan sediments overly
the Hochwipfel Nappe without a metamorphic break.
Boundary temperatures decrease from 260 °C in the west
and north to ca. 230 °C in the southeast. This gradient is
also present in a west-to-east decrease of CAl values in
Devonian carbonates south of the Nassfeld area (Brime et
al., 2008). According to a numerical thermal model (Ran-
titsch, 1997), this is explained by a variation of the Per-
mo-Mesozoic burial depths. Thus, the Hochwipfel Nappe
exposes a temperature gradient between ca. 250 and 320
°C outside the overprinted area (see above; Fig. 3) which
is correlated to an approximated maximum thickness of
the Hochwipfel Formation of ca. 1 km (Corradini and Sut-
tner, 2015). Jirman et al. (2018) provided a thermal model
of an age-equivalent flysch basin (Jesenik Basin of the
Moravian-Silesian Belt), paleogeographically situated in a
more internal position of the Variscan chain. The thermal
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maturity (i.e., vitrinite reflectance) of this basin resem-
bles the maturity range of the Hochwipfel flysch. In the
Jesenik Basin, a thickness of up to 7.3 km of overburden
on top of the exposed flysch sequence explains a burial
temperature of 310-395 °Cin a depth interval of ca. 3 km.
In comparison, the sediments of the Hochwipfel Nappe
must have been obviously heated at a heat flow signifi-
cantly exceeding the “normal” heat flow (63 mW/m?) esti-
mated for the Moravian-Silesian Belt (Jirman et al., 2018).
This is supported by clay mineralogical data (Sassi et al.,
1995; Rantitsch, 1997) and thermal modeling (Rantitsch,
1997) and was attributed to an increased post-Variscan
heat-flow during post-Variscan times (Rantitsch, 1997;
Rantitsch et al., 2020a).

The Cellon Section of the Cellon-Kellerwand Nappe at
the top of the Mauthen Section exposes in a fragmented
Variscan anticline an upward decreasing thermal gradi-
ent in Ordovician-Silurian strata. Pennsylvanian flysch
sediments at the top (exposed in the south and in a syn-
cline north of the mountain crest) show 244-270 °C. In
map view it is obvious that isotherms cross-cut the fold
pattern, but decrease with increasing altitude (Tab. 1,
Fig. 5), indicating Permo-Mesozoic burial heating, con-
strained also by RSCM temperatures estimated for Perm-
ian-Triassic boundary sediments in the Gartnerkofel-1
core (Fig. 4). They indicate a temperature difference of
ca. 50 °C within a stratigraphical interval of ca. 1.5 km
thickness (Schonlaub and Forke, 2007). This gradient is
significantly lower than the gradient estimated for the
Hochwipfel Nappe, thus indicating a lower heat-flow
during post-Permian burial.

7. Conclusions

RSCM temperatures refine the view on the metamor-
phic structure of the central and eastern Carnic Alps. Al-
though there is no metamorphic break at the Variscan
unconformity, RSCM temperatures discriminate Variscan
and Alpine metamorphic processes of a similar grade. The
pattern of metamorphic isotherms identifies three do-
mains of different tectono-metamorphic histories: (1) In
the central Carnic Alps (south of Mauthen), a fault-bound-
ed and dextral-transpressionally placed block, adjacent
to the Periadriatic Fault System, is characterized by the
highest temperature estimate (469 °C). Without a break,
a dense pattern of upward decreasing RSCM isotherms is
observed in the Mauthner Klamm area. The Eder Unit of
the eastern Carnic Alps shows the same metamorphicim-
print. Because of a missing metamorphic break towards
the hangingwall, both units are interpreted as deepest
segments of the Hochwipfel Nappe. (2) The upper part
of the Hochwipfel Nappe is characterized by structurally
controlled isotherms, indicating a high thermal gradient
(ca. 70 °C/km) of presumably Variscan age. (3) Isotherms
of the Cellon-Kellerwand Nappe at the top cross-cut Va-
riscan folds, thus indicating post-Variscan heating under
a lower thermal gradient (ca. 30 °C/km) as observed in
Pennsylvanian to Lower Triassic sediments.
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The reconstructed metamorphic history comprises Va-
riscan burial of an accretionary wedge (preserved in the
Hochwipfel Nappe), burial below Permo-Mesozoic cover
sequences (preserved in the Cellon-Kellerwand Nappe
and in the post-Variscan cover units), and presumable
Oligocene contact metamorphism of the tectonically
deepest units of the Hochwipfel Nappe (preserved in the
Mauthner Klamm area and in the Eder Unit).
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