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The granulite- and eclogite-facies rocks experienced con-
trasting pressure–temperature paths but occur in close 
spatial proximity, being separated by the Rheic Suture. As 
high-pressure and high-temperature metamorphisms are of 
similar age, we interpret the Odenwald–Spessart basement 
as a paired metamorphic belt and propose that the adjacent 
high-pressure and high-temperature rocks were metamor-
phosed in the same subduction zone system. Juxtaposition 
of these rocks occurred during the final stages of the Vari-
scan orogeny along the Rheic Suture.

Keywords Odenwald–Spessart basement · Mid-German 
Crystalline Zone · Terrane boundary · In situ monazite age 
dating · 40Ar/39Ar age data · Paired metamorphic belt

Introduction

The Mid-German Crystalline Zone is a several hundred 
kilometres long, NE–SW striking belt of medium- to 
high-grade Variscan basement outcrops, which separate 
unmetamorphosed and low-grade rocks of the Rheno-
hercynian Northern Phyllite Zones in the northwest from 
low- to medium-grade rocks of the Saxothuringian Zone in 
the southeast (Fig. 1). The Mid-German Crystalline Zone 
is thought to have formed during the late Variscan closure 
of the Rheic Ocean that had previously separated Gond-
wana from Laurussia (i.e. Laurentia, Avalonia and Baltica). 
Rocks representing the Avalonian microplate, that already 
split from Gondwana in the Upper Cambrian to Lower 
Ordovician (e.g. Linnemann et al. 2007), occur to the north 
of the Mid-German Crystalline Zone, whereas the former 
Gondwana margin lies to its south. Thus, the associated 
Variscan plate boundary or suture (Rheic Suture) should 
be located within the Mid-German Crystalline Zone (e.g. 

Abstract New in situ electron microprobe monazite and 
white mica 40Ar/39Ar step heating ages support the propo-
sition that the Odenwald–Spessart basement, Mid-German 
Crystalline Zone, consists of at least two distinct crus-
tal terranes that experienced different geological histories 
prior to their juxtaposition. The monazite ages constrain 
tectonothermal events at 430 ± 43 Ma, 349 ± 14 Ma, 
331 ± 16 Ma and 317 ± 12 Ma/316 ± 4 Ma, and the 
40Ar/39Ar analyses provide white mica ages of 322 ± 3 Ma 
and 324 ± 3 Ma. Granulite-facies metamorphism occurred 
in the western Odenwald at c. 430 and 349 Ma, and amphi-
bolite-facies metamorphism affected the eastern Odenwald 
and the central Spessart basements between c. 324 and 
316 Ma. We interpret these data to indicate that the Otz-
berg–Michelbach Fault Zone, which separates the eastern 
Odenwald–Spessart basement from the Western Oden-
wald basement, is part of the Rheic Suture, which marks 
the position of a major Variscan plate boundary separating 
Gondwana- and Avalonia-derived crustal terranes. The age 
of the Carboniferous granulite-facies event in the western 
Odenwald overlaps with the minimum age of eclogite-
facies metamorphism in the adjacent eastern Odenwald. 
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Oncken 1997; Zeh and Gerdes 2010; Will et al. 2015). For 
a more complete summary of the geological setting of the 
Mid-German Crystalline Zone see Zeh and Will (2010).

The Odenwald–Spessart basement forms the larg-
est part of the exposed Mid-German Crystalline Zone in 
Germany (Fig. 2). Based on new lithogeochemical and 
Sr–Nd–Pb isotope data, Will et al. (2015) concluded that 
the Odenwald–Spessart basement consists of two dis-
tinct crustal terranes that are tectonically separated by 
the Otzberg–Michelbach Fault Zone. The petrogenesis 
of the pre-metamorphic oceanic mafic protoliths com-
prising ocean ridge, intraplate and arc-derived metaba-
saltic rocks and the metamorphic conditions of the base-
ment are reasonably well known (Will 1998; Will and 
Schmädicke 2001, 2003; Marx 2008; Will et al. 2015). 
However, direct geochronological constraints on the age 

of metamorphism are sparse (see below). To fill this gap, 
we present new geochronological data for low- to high-
grade schist and gneiss from the Odenwald–Spessart 
basement. The main method was in situ U–Th–Pb elec-
tron microprobe dating of monazite, but a few ages were 
determined by white mica 40Ar/39Ar step heating experi-
ments. The former method was used because it provides a 
direct link between monazite growth and the age of meta-
morphism on the condition that monazite growth can be 
linked to a particular mineral assemblage (e.g. metamor-
phic peak or retrograde mineral assemblages). The age of 
(peak) metamorphism may differ across the area, which, 
however, is to be expected if the basement is made up 
of two crustal terranes that experienced different geo-
logical histories prior to their juxtaposition in the Upper 
Carboniferous.
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Fig. 1  Location of the Mid-German Crystalline Zone (MGCZ) in 
Central Europe (modified after Will et al. 2015). RH, Rhenohercynian 
Zone; SAX, Saxothuringian Zone; MOLD, Moldanubian Zone; only 
the exposed areas are shown on the map. Additional abbreviations 

in inset: IS, Iapetus Suture; TS, Tornquist Suture; RS, Rheic Suture; 
VDF, Variscan deformation front; ADF, Alpine deformation front; 
MF, Michelbach Fault; OSZ, Otzberg Shear Zone; WTF, West Thur-
ingian Fault; O, Odenwald; S, Spessart; R, Rhön
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Regional background

Odenwald basement

The Odenwald consists of two fundamentally different 
basement units that are separated by the NNE–SSW trend-
ing Otzberg Shear Zone (Fig. 2), a steeply westerly dipping 
semi-brittle to ductile fault and shear zone with a transten-
sional sinistral strike-slip sense of shear (Krohe 1992; Will 
2001). The basement of the western Odenwald (units I to 
III sensu Krohe 1992) is dominated by large quantities of 
calc-alkaline magmatic rocks that occupy some 90 vol% of 
the entire outcrop area (Altherr et al. 1999; Okrusch et al. 
2000). Compositionally, these rocks range from granite 
to gabbro that were emplaced at 362 ± 9 Ma in the north 
(Kirsch et al. 1988) and some 30 myr later further south 
(Siebel et al. 2012). Subordinate amphibolite-facies meta-
basic rocks and high-temperature, low-pressure granulite 
and migmatitic gneiss also occur in the western Odenwald 
(e.g. von Raumer 1973). Zircon fusion ages of 342–332 Ma, 
which overlap with hornblende 40Ar/39Ar cooling ages of 
amphibolite (Schubert et al. 2001), were interpreted as the 
time of high-temperature metamorphism and partial melt-
ing in the southern Odenwald (units II and III) by Todt et al. 
(1995). The core of the eastern Odenwald (unit IV) consists 
mainly of S-type granitic to granodioritic orthogneisses of 
supposed volcanic arc origin (Altenberger and Besch 1993). 
The orthogneiss protoliths intruded at c. 410–405 Ma (Reis-
chmann et al. 2001) and are interpreted to form a NNE–
SSW trending antiform with fold axes that plunge c. 10° 
NNE (Chatterjee 1960). In addition, slivers of variably 
deformed amphibolite, metagabbro and ultramafic rock as 
well as garnet–amphibolite are present in the eastern Oden-
wald (Knauer et al. 1974; Nickel 1975). Garnet–amphibolite 
within the succession has been recognised as retrogressed 
eclogite that initially formed during high-pressure, subduc-
tion-related metamorphism (Will and Schmädicke 2001) of 
depleted mid-ocean ridge basalt (Will et al. 2015). A metap-
sammitic garnet-bearing biotite schist unit, also referred to 
as ‘schist envelope’, crops out at several locations around 
the Odenwald orthogneiss core and is closely associated 
with the Otzberg Shear Zone. Todt et al. (1995) proposed 
that granitic magmas intruded the schist unit before or close 
to the end of the thermal peak of metamorphism in the east-
ern Odenwald, which, according to these authors, occurred 
at 375 ± 5 Ma. However, this interpretation is questionable 
because of the c. 30-myr-old granitoid intrusion ages deter-
mined by Reischmann et al. (2001) and the Lower Carbon-
iferous amphibolite-facies metamorphism of the schist unit 
(this study, see below). Thus, it is conceivable that the zir-
con fusion ages of Todt et al. (1995) are mixing ages.

The eclogite-facies metabasic rocks in the eastern Oden-
wald are characterised by clockwise pressure–temperature 

(P–T) paths, with peak conditions of some 700 ± 50 °C at 
minimum pressures of 16–17 kbar (Will and Schmädicke 
2001). In contrast, the granulite-facies paragneiss in the 
western Odenwald followed a hairpin-like, counterclock-
wise P–T path at maximum pressures of 4 kbar and mini-
mum temperatures of c. 680 °C (Will and Schmädicke 
2003). These authors interpreted the high-pressure eclog-
ites and the adjacent, low-pressure/high-temperature gran-
ulites as a paired metamorphic belt above a west-directed 
subduction zone (in present-day coordinates). A minimum 
age of 357 ± 6 Ma was determined for the eclogite-facies 
event (Scherer et al. 2002). The age of the granulite-facies 
metamorphism is currently unknown.

Spessart basement

The Spessart basement (Fig. 2) is interpreted as a c. 
25-km-wide, NE trending asymmetric antiform (Weber 
1995). The central part of the Spessart basement is made 
up of medium-grade garnet-staurolite schist and parag-
neiss with rare kyanite and/or sillimanite (Mömbris For-
mation), mica schist and phyllonite that locally contain 
pseudomorphs after garnet (Geiselbach Formation), and a 
well-foliated calc-alkaline granitic to granodioritic orthog-
neiss unit with a Upper Silurian to Lower Devonian intru-
sion age of 418–410 ± 18 Ma (Dombrowski et al. 1995). 
In addition, garnet- and rarely also garnet-staurolite-bear-
ing biotite-muscovite schist (Schweinheim Formation) 
is exposed in the south of the Spessart basement. The 
Alzenau Formation in the northernmost and the Elterhof 
Formation in the southernmost parts of the Spessart base-
ment are composed of variably deformed granitic gneiss, 
quartzite, marble, calc-silicate rock, garnet-bearing biotite 
gneiss and minor amphibolite. In addition, the Elterhof 
Formation was intruded by weakly deformed quartzdior-
ite and granodiorite at c. 330 Ma (Anthes and Reischmann 
2001; Siebel et al. 2012). The Spessart basement experi-
enced amphibolite-facies metamorphism with peak tem-
peratures of c. 600–670 °C at 8–10 kbar during the Car-
boniferous (Will 1998; Marx 2008; Zeh and Will 2010). 
The age of peak metamorphism is unknown but some K–
Ar, Ar–Ar and Rb–Sr age data of metamorphic minerals 
in felsic and mafic lithologies provide evidence that the 
basement cooled from temperatures in excess of c. 500 °C 
to below 300 °C between 328 and 311 Ma (Lippolt 1986; 
Nasir et al. 1991; von Seckendorff et al. 2004). Upper 
Carboniferous deformational and thermal events are not 
only recognised in the Odenwald–Spessart basement but 
are well known from many locations in the central Euro-
pean Variscides, where deformation, amphibolite-facies 
metamorphism, granitoid intrusions and anatexis occurred 
between c. 330 and 315 Ma (e.g. summary in Kroner and 
Romer 2013).
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Variscan terrane boundaries in the Odenwald–Spessart 
basement

Several authors suggested that the basement rocks in the 
Mid-German Crystalline Zone can be assigned to differ-
ent tectonostratigraphic units (e.g. Oncken 1997; Altherr 
et al. 1999; Krohe 1992, 1996; Will 2001; Zeh and Gerdes 
2010; Zeh and Will 2010). This view was recently sub-
stantiated by a geochemical and Sr–Nd–Pb isotope study 
of Odenwald–Spessart basement rocks (Will et al. 2015). 
These authors showed that the geochemical and isotope 
data of tholeiitic metabasic rocks from the northernmost 
part of the Spessart basement (Alzenau Formation) and 
the western Odenwald are almost identical, suggesting that 
their corresponding basements belong to the same tecton-
ostratigraphic unit. Will et al. (2015) argued further that the 
protoliths of the Alzenau Formation and western Odenwald 
metabasic rocks might have formed in a back-arc setting. 
The poorly exposed Michelbach Fault (Fig. 2) separates the 
northernmost part of the Spessart basement from the central 
and southern Spessart basement. The protoliths of metaba-
sic rocks south of the Michelbach Fault formed in either an 
intraplate oceanic island or a continental arc setting (Will 
et al. 2015). As a consequence, the Michelbach Fault and 
the Otzberg Shear Zone (see above) must be segments of 
the same zone of crustal weakness that separates the Oden-
wald and Spessart basements into two distinct crustal ter-
ranes. As a corollary, the previously held proposition that 
the Alzenau and the Elterhof Formations of the Spessart 
basement are relics of a once coherent lithological unit (e.g. 
Behr and Heinrichs 1987; Weber 1995) must be abandoned 
in the light of the new data presented by Will et al. (2015).

Thus, the combined Otzberg–Michelbach Fault Zone is 
interpreted to correspond to the position of a major Variscan 
terrane boundary between Gondwana- and Baltica/Avalo-
nia-derived terranes in the Odenwald–Spessart basement 
(Will et al. 2015). In addition, the Spessart (except for the 
Alzenau Formation) and the eastern Odenwald basements 
represent a tectonic window of lower plate Baltica/Avalo-
nia-derived rocks within the upper plate Gondwana-related 

terranes, with the Otzberg–Michelbach Fault Zone defining 
the western outcrop limit of the Spessart–eastern Odenwald 
tectonic window.

Results

39Ar/40Ar step heating of white mica

White mica fractions from two garnet-bearing quartz-mica 
schist samples from the Geiselbach Formation in the cen-
tral Spessart basement (abandoned quarry NE of the town-
ship of Hemsbach; Fig. 2) were dated with the 40Ar/39Ar 
technique. A summary of the samples analysed, the calcu-
lated ages and comments on the interpretation of the data is 
given in Table 1. All errors are given at the 1σ level. Step-
wise heating of sample Sp08-5 produced a plateau between 
steps 8 and 17 (78.4 % 39Ar released), with a calculated pla-
teau age of 325.2 ± 0.6 Ma (Fig. 3a). The inverse isochron 
age for these steps is 323.6 ± 3.4 Ma (Fig. 3b) and is iden-
tical to the weighted plateau age. Sample Sp08-4 yielded 
a plateau between steps 12 and 18 (47.9 % 39Ar released) 
with a weighted plateau age of 321.2 ± 1.2 Ma (Fig. 3c). 
An inverse isochron for these steps forced through the 
atmospheric 36Ar/40Ar ratio of 295.5 yields an age of 
323.5 ± 1.7 Ma (Fig. 3d). Thus, the step heating experi-
ments yielded undistinguishable results, with the preferred 
minimum ages for white mica crystallisation in samples 
Sp08-5 and Sp08-4 being 324 ± 3 Ma and 322 ± 3 Ma (L. 
Ratschbacher and J. Pfänder, pers. comm. 2016; see also 
caption to Table 1). The analytical procedures are summa-
rised in "Appendix 1" and the complete step heating data 
are given in the Electronic Supplement Table S1.

Electron microprobe dating of monazite

Monazite that may crystallise either from peraluminous 
melts or due to metamorphic reactions appears as one of 
the most useful minerals to unravel the timing of tectono-
metamorphic events (do Couto et al. 2016). Depending 

Table 1  40Ar/39Ar ages of mica schists from the Geiselbach formation of the Spessart basement

All errors are 1σ. MSWD is the mean square weighted deviation. Inverse isochron age (IIA) and weighted mean age (WMA) are based on frac-
tion of 39Ar and steps listed. Preferred age interpretation: Sp 08-4 white mica: two isochrons with mixing between atmosphere and a radiogenic 
component of ~323 Ma and atmosphere and a radiogenic component of ≤137 Ma, preferred estimate of old component 322 ± 3 Ma; Sp 08-5 
white mica: two isochrons with mixing between atmosphere and a radiogenic component of ~324 Ma and atmosphere and a radiogenic compo-
nent of <264 Ma, preferred estimate of old component 324 ± 3 Ma. The determined ages correspond to the time at which the mineral cooled 
through the closure temperatures of c. 350 (e.g. Hodges 2003). However, given the fact that the quartz-mica schist samples were metamorphosed 
at lower amphibolite-facies conditions the determined age will be close to the time of peak metamorphism

Sample Exp.Nr. Mineral weight (mg) WMA [Ma] MSWD Steps %39Ar IIA MSWD (40Ar/36Ar)i Steps

Sp 08-4 2434 white mica 2.05 321.2 ± 1.2 1.17 12–18 47.9 – – – –

Sp 08-5 2437 white mica 2.26 325.2 ± 0.6 0.53 8–17 78.4 323.6 ± 3.4 0.57 977 ± 590 8–17
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on bulk composition, monazite crystallises in Ca-poor 
and Al-rich metapelitic rocks under upper greenschist- to 
granulite-facies conditions and has a bulk closure tem-
perature of c. 990 °C (Cherniak et al. 2002). Because of 
the extremely low diffusion rates of Pb in monazite, even 
at high temperatures (e.g. Cocherie and Albarède 2001) 
and the high closure temperature, the age determined of a 
metamorphic monazite is interpreted to indicate the time 
of crystallisation rather than cooling. The fact that mona-
zite grains can be dated in situ by the electron microprobe 
(Montel et al. 1996) allows the determination of possible 
superimposed magmatic and/or metamorphic events if the 
original textural contacts of the measured monazite grains 
are preserved. As a consequence, monazite in situ dating 
provides an excellent technique for estimating the growth 
of metamorphic minerals and mineral assemblages in poly-
metamorphic terranes. Ages of monazite grains from 11 
paragneiss and two orthogneiss samples of the Odenwald–
Spessart basement (Table 2) were determined following the 

approaches outlined by Montel et al. (1996) and Suzuki 
et al. (1994), respectively. The results obtained by the two 
different methods coincide exceptionally well in all sam-
ples analysed (Fig. 4 and Electronic Supplement Table S2). 
Analytical details are summarised in "Appendix 2". 

Textural characteristics of monazite grains

Monazite grains were identified by backscattered electron 
imaging (BSE) prior to electron microprobe analysis (EMP). 
With a few exceptions, the longest dimension of most mona-
zite grains in the metasedimentary rocks of the eastern Oden-
wald–Spessart basement varies between 35 and 110 µm and 
is similar to those in the high-grade paragneiss of the western 
Odenwald basement (35–90 µm). The monazite grains in the 
orthogneiss host rock of the eastern Odenwald eclogite range 
from 35 to 140 µm in the metagranite sample EH 6 and from 
70 to 360 µm in the metagranodiorite KK 7. Except for one 
grain in sample EH 6, no oscillatory zoning being indicative 
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of magmatic growth was observed in any of the several 100s 
of monazite grains investigated by BSE imaging. Instead, the 
mineral is typically characterised by homogeneous shades of 
grey without distinct zonation patterns and associated larger 
variations in ThO2 contents (Electronic Supplement Table 
S2). In general, no correlation between grain size and meta-
morphic grade is obvious (Table 2).

Age of monazite growth in the eastern Odenwald–Spessart 
tectonic window (lower plate)

The textural positions of monazite grains used for in situ 
dating are exemplarily shown in Fig. 5. The amphibolite-
facies garnet-staurolite paragneiss samples Sp 6b, Sp 103, 
and Sp 1063 from the Mömbris Formation in the central 

Spessart basement yielded Upper Namurian- to Lower 
Westphalian-weighted average ages of 317 ± 20 Ma, 
316 ± 17 Ma and 319 ± 35 Ma, respectively (Table 2; 
Figs. 4a–c, 5a, b). Regressing all data (n = 44) gives an age 
of 317 ± 12 Ma for monazite growth (Table 2). Identical 
ages of 317 ± 11 Ma, 316 ± 7 Ma and 316 ± 5 Ma were 
obtained for three upper greenschist- to amphibolite-facies 
metapsammitic samples (Wi 2-2, Wi 4a-1 and Wi 4a-2) of 
the eastern Odenwald basement (Table 2; Figs. 4e–g, 5c). 
The regression of all data points (n = 78) yields a well-
constrained age of 316 ± 4 Ma for monazite growth in 
these rocks (Table 2). Distinctly older, Upper Visean ages 
of 331 ± 28 Ma (Sample EH 6) and 329 ± 19 Ma (Sam-
ple KK 7; Fig. 5d) were determined for monazite grains 
from the eastern Odenwald orthogneiss (Fig. 4i, j). All data 
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Fig. 4  ThO∗

2
 versus PbO isochron plots for monazite analyses 

obtained by in situ EMP monazite dating. The ages correspond to the 
slope of the regression lines (Suzuki et al. 1994); the weighted aver-

age ages and their 2σ standard deviations are given in Table 2 and the 
Electronic Supplement Table S2
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points (n = 31) provide a monazite age of 331 ± 16 Ma for 
the orthogneiss samples (Table 2).

Age of monazite growth in the western Odenwald (upper 
plate)

The same samples that were used by Will and Schmädicke 
(2003) to constrain the counterclockwise P–T path of the 

western Odenwald granulites were re-used to determine the 
age of monazite growth in these rocks. Samples LD 3, LD 
7, KG 316 and OD 76 from near the township of Laudenau 
(Fig. 2) provided Upper Tournaisian ages of 345 ± 30 Ma, 
347 ± 30 Ma, 351 ± 21 Ma and 356 ± 56 Ma, respec-
tively (Table 2; Figs. 4l–o, 5e–g). Regressing all Laude-
nau granulite data (n = 62) yields an age of 349 ± 14 Ma 
(Table 2). The high-grade garnet-rich paragneiss GH 4 
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Fig. 5  Backscattered electron images showing the textural position 
of monazite grains used for in situ electron microprobe dating: a sam-
ple Sp 6b, b sample Sp 1036, c sample Wi 4a-2, d sample KK7, e 
sample LD7, f sample KG316, g sample OD76, h sample GH4. Sam-
ples Sp 6b and Sp 1036 are amphibolite-facies metapelitic schists 
from the central Spessart basement, and sample Wi 4a-2 is an upper 
greenschist- to amphibolite-facies metapsammitic rock from the east-
ern Odenwald basement. Sample KK7 is a metagranodiorite from the 

eastern Odenwald basement, and the remaining samples are granulite-
facies paragneiss samples from the western Odenwald basement. The 
weighted average monazite crystallisation ages and their 2σ standard 
deviations are shown. The measured monazite grains are indicated in 
bold, italicised lettering. Mineral abbreviations are defined in caption 
to Table 2; additional abbreviations are: mzt, monazite; ilm, ilmenite; 
py, pyrite; ap, apatite
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from Gadernheim (Fig. 2) differs from the garnet-poor 
Laudenau granulite because it lacks spinel but contains 
quartz (Will and Schmädicke 2003) and provided a less 
well-constrained (n = 6), but nevertheless significantly 
older, pre-Variscan Silurian age of 430 ± 43 Ma (Table 2; 
Fig. 5h). Variscan monazite ages were not obtained from 
this sample.

Interpretation

Crystallisation order of monazite and garnet

The mineral chemistry of monazite provides additional 
constraints on the conditions of its crystallisation. Signifi-
cant variations in rare earth elements and Y2O3 in monazite 
with varying metamorphic grade and age are known (e.g. 
Spear and Pyle 2002). For example, experimental stud-
ies by Heinrich et al. (1997) showed that Y2O3 contents in 
monazite coexisting with xenotime increase with tempera-
ture. Another factor, which influences the content of Y2O3 
in monazite is the presence or absence of Y2O3-fraction-
ating minerals such as garnet. As demonstrated by several 
authors (e.g. Pyle et al. 2001; Spear and Pyle 2002; Schulz 
and von Raumer 2011), monazite in garnet-free samples 
is usually enriched in Y2O3 compared to garnet-bearing 
samples. Figure 6 shows the content of Y2O3 in monazite 
plotted versus apparent age. As obvious from this diagram, 
there is no positive correlation between Y2O3 concentration 
and metamorphic grade. However, monazite grains in the 
high-grade granulitic paragneiss of the western Odenwald 
have significantly lower Y2O3 concentrations than mona-
zite grains in the lower-grade garnet-staurolite and garnet-
biotite schists of the eastern Odenwald–Spessart basement. 
In addition, a correlation between the modal amount of 

garnet and the monazite Y2O3 concentration is plausible. 
Monazite grains in all Spessart samples and the eastern 
Odenwald sample Wi 2-2 have intermediate to elevated 
Y2O3 contents of 1.5–2.2 wt%, with the modal amount of 
garnet ranging from 2 to 4 vol%. Samples Wi 4a-1 and Wi 
4a-2 contain less garnet (0.5–1 vol%), and even though the 
Y2O3 values overlap partly with those of samples Sp 6b, 
Sp 103, Sp 1063 and Wi 2-2, they are generally higher and 
reach up to 3.1 wt% (Fig. 6, Electronic Supplement Table 
S2). The orthogneiss samples of the eastern Odenwald 
(EH6 and KK7) have the highest monazite Y2O3 contents 
(2.4–3.3 wt%) of all samples; these rocks are either garnet-
free (Sample KK 7) or contain only a trace amount of gar-
net (Sample EH 6). The granulite-facies metapelitic rocks 
of the western Odenwald are either garnet-free (Sample 
KG 316) or contain variable amounts of garnet. The sam-
ples that provided Variscan monazite ages show a remark-
able correlation between Y2O3 concentration in monazite 
and the modal amount of garnet in the granulites. Sam-
ple OD 76 contains c. 15–20 vol% garnet, with generally 
very low monazite Y2O3 values of less than 0.3 wt% (with 
one exception). Y2O3 content in samples LD 3 and LD 7 
(5 and 3 vol% garnet, respectively) is generally higher 
up to 0.9 wt%, and the garnet-free sample KG 316 has 
the highest Y2O3 value of all western Odenwald granulite 
samples (Fig. 6). The pre-Variscan granulite GH 4 with c. 
25–30 vol% garnet provided only a few but very Y2O3-poor 
monazite grains, with Y2O3 values of less than 0.09 wt%.

The crystallisation order of garnet and monazite has a 
profound influence on the Y2O3 concentration in mona-
zite because Y2O3 is strongly fractionated into garnet 
(e.g. Pyle et al. 2001). Thus, monazite grains that crys-
tallised prior to garnet are typically enriched in Y2O3 
compared to monazite that grew after or during garnet 
growth. This fact provides additional support for the 

Fig. 6  Variation of monazite 
Y2O3 concentrations with 
Th–U–Pb apparent model age. 
Note the extremely low Y2O3 
contents in the pre-Variscan 
monazite grains of the granulite 
from Gadernheim in the western 
Odenwald (Sample GH4)
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pre- or Eo-Variscan monazite age of the western Oden-
wald high-grade paragneiss GH 4 from Gadernheim. This 
sample is very much garnet-rich (see above) and contains 
Silurian-age monazite grains with very low Y2O3 concen-
trations of less than 0.09 wt% (Electronic Supplement 
Table S2). A possible magmatic or detrital origin of the 
monazite grains is ruled out because of their lack of mag-
matic zoning, chemistry and the similar apparent ages of 
the individual grains (Electronic Supplement Table S2). 
Hence, crystallisation of the 430 ± 43-Ma-old monazite 
grains must overlap with, or even post-date the high-
temperature garnet growth in sample GH4. Thus, garnet 
growth and the granulite-facies metamorphism recorded 
by this sample cannot be younger than Silurian. The same 
logic can be applied to the interpretation of other samples 
with low- and intermediate-Y2O3 monazite grains. In the 
garnet-bearing samples LD 3, LD 7 and OD 76, the low 
monazite Y2O3 concentrations indicate that the Upper 
Tournaisian monazite growth age of 349 ± 14 Ma pro-
vides a minimum age for granulite-facies metamorphism 
as it post-dates garnet growth at the thermal peak, even 
if only slightly. The garnet-staurolite and garnet-biotite 
schists of the eastern Odenwald–Spessart basement have 
similar modal amounts of garnet and intermediate to ele-
vated Y2O3 concentrations in monazite. The determined 
ages of 317 ± 12 Ma and 316 ± 4 Ma are therefore inter-
preted to date monazite growth slightly before or at the 
amphibolite-facies metamorphic peak. Our new geochro-
nological data, together with available petrological and 

geochronological data, are summarised in Figs. 7 and 8 
and are used for the interpretation of the geologic history 
of the Odenwald–Spessart basement.

Fig. 7  Time-space diagram for 
the Odenwald–Spessart base-
ment. System ages according 
to Cohen et al. (2013; updated 
2015). The interpretation of 
the geochronological data is 
given in italics. A cooling age 
corresponds to the time at 
which a mineral cooled through 
a specific temperature (closure 
temperature) that is in the order 
of c. 350 and 500–550 °C for 
white mica and hornblende, 
respectively (Hodges 2003). 
Source of geochronological 
data: 1 Siebel et al. (2012), 2 
Dombrowski et al. (1995), 3 
Nasir et al. (1991) and Lippolt 
(1986), 4 Reischmann et al. 
(2001), 5 Scherer et al. (2002), 
6 Kirsch et al. (1988), 7 Schu-
bert et al. (2001), 8 Todt et al. 
(1995)
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Eastern Odenwald–Spessart basement

The orthogneiss precursor rocks of the eastern Odenwald–
Spessart basement are interpreted to be of volcanic arc ori-
gin (Altenberger and Besch 1993; Dombrowski et al. 1995) 
and intruded at c. 418–410 ± 18 Ma in the central Spessart 
(Dombrowski et al. 1995) and between 410 and 405 Ma in 
the eastern Odenwald (Reischmann et al. 2001). Several 
authors (e.g. Linnemann et al. 2007; Zeh and Will 2010; 
Eckelmann et al. 2014) proposed that the intrusions took 
place in a Upper Silurian to Lower Devonian magmatic arc 
setting at the northern margin of the Rheic Ocean. The east-
ern Odenwald orthogneiss contains relics of high-pressure 
eclogite that provided a minimum age of metamorphism of 
357 ± 6 Ma (Scherer et al. 2002). Thus, arc accretion must 
have occurred prior to 357 Ma and subduction of the (pre-
sumed) Rheic Ocean must already have been underway at 
that time. The remarkable similarity of our new 40Ar/39Ar 
and EMP monazite ages (Fig. 7) that are indistinguishable 
to results presented by Nasir et al. (1991) and Dombrowski 
et al. (1995) is taken as evidence that the Barrow-type met-
amorphism in the eastern Odenwald–Spessart tectonic win-
dow, reaching peak conditions of c. 630–650 °C at ~8 kbar 
in the Spessart basement (Fig. 8), took place between c. 
324 and 318 Ma. This also corresponds to the time of meta-
morphic monazite growth in the eastern Odenwald base-
ment schist unit at c. 316 Ma (Fig. 7). As a corollary, the 
Variscan collision and deformation associated with crus-
tal thickening and closure of the Rheic Ocean must have 
been underway at that time. In addition, the eastern Oden-
wald orthogneiss unit yielded a weighted monazite age of 
331 ± 16 Ma, which, within uncertainty, overlaps with the 
monazite ages of the eastern Odenwald–Spessart basement 
schists.

Western Odenwald basement

Our new monazite data for the granulite sample GH4 from 
Gadernheim provide evidence for a pre- or Eo-Variscan 
high-temperature event at c. 430 ± 43 Ma (Figs. 4, 7). 
Detailed petrological investigations of this rock showed 
that the granulite underwent a counterclockwise P–T path 
with maximum pressures not exceeding 4–5 kbar at tem-
peratures well above 650 °C (Will and Schmädicke 2003; 
Fig. 8). These peak metamorphic conditions are very 
favourable for monazite crystallisation (Spear 2010) and 
are also typical for a magmatic arc setting. Associated 
arc rocks of that age are not yet known from the western 
Odenwald basement but are present in the eastern Oden-
wald–Spessart basement (see above) and are also described 
from localities to the west of the exposed Odenwald base-
ment area. Calc-alkaline granitoid rocks recovered from the 
Borehole Saar 1 (Fig. 1) provided a Pb–Pb zircon age of 

444 ± 22 Ma, which was interpreted as the time of intru-
sion (Sommermann 1993). In addition, 433 ± 3-Ma-old 
zircon grains were dated in a calc-alkaline granitic gneiss 
from the Palatinate (Reischmann and Anthes 1996) and a 
quartz phyllite from the Taunus area yielded a white mica 
40Ar/39Ar crystallisation age of 437 ± 5 Ma (pers. comm. 
L. Ratschbacher and J. Pfänder, unpubl. data). The timing 
of the c. 430 ± 43-Ma metamorphic event of the Gadern-
heim granulite is not very precise but overlaps with the 
Silurian intrusion ages of the calc-alkaline magmatic rocks 
referred to above. Despite its present-day occurrence, the 
Gadernheim granulite is most likely allochthonous to the 
western Odenwald as Silurian to Lower Devonian calc-
alkaline rocks are not known from this area. In addition, the 
Gadernheim granulite is petrologically distinct from other 
western Odenwald high-grade rocks as it is quartz-bearing 
and very garnet-rich (Will and Schmädicke 2003).

Samples from the Laudenau area, only a few kilome-
tres to the east of Gadernheim (Fig. 2), provide indisput-
able evidence for a second high-temperature event in the 
western Odenwald. Will and Schmädicke (2003) showed 
that the Laudenau granulite, like the Gadernheim samples, 
experienced a counterclockwise, hairpin-like P–T path 
with peak pressures of 4–5 kbar and temperatures well in 
excess of 640 °C (Fig. 8), being typical of a magmatic arc 
setting. The same granulite-facies samples investigated by 
Will and Schmädicke (2003) were re-used for monazite age 
dating and provided a Lower Carboniferous minimum age 
of 349 ± 14 Ma for monazite growth and high-grade meta-
morphism. A Lower Carboniferous arc setting appears also 
to be compatible with the presence of mantle-derived calc-
alkaline gabbroic rocks that intruded the western Oden-
wald at c. 360 Ma (Kirsch et al. 1988; Schubert et al. 2001) 
and ubiquitous calc-alkaline dioritic to granitic bodies that 
intruded the area between c. 340 and 330 Ma (Kreuzer and 
Harre 1975; Siebel et al. 2012).

Pressure–temperature–time history of metamorphism 
in the Odenwald–Spessart basement

The new geochronological data presented in this study and 
the available petrological constraints are summarised in 
Fig. 8. The counterclockwise P–T paths document the tec-
tonothermal history of the pre-Variscan (path 1, stippled) 
and Variscan (path 3) high-grade granulites in the west-
ern Odenwald, with metamorphic peak conditions being 
reached at c. 430 and 350 Ma, respectively. Path 2 shows 
the clockwise trajectory of the eastern Odenwald eclog-
ite; the metamorphic peak occurred prior to 357 Ma. The 
metapelitic rocks from the eastern Odenwald–Spessart 
basement were metamorphosed up to amphibolite-facies 
conditions at c. 320 Ma. The P–T path of these rocks is rep-
resented by trajectory 4.
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Discussion and regional geological implications

Will et al. (2015) proposed that the Otzberg–Michelbach 
Fault Zone (Fig. 1) marks the boundary between Gond-
wana- and Baltica/Avalonia-derived terranes in the Oden-
wald–Spessart basement. This idea strengthens earlier ideas 
(e.g. Krohe 1992, 1996; Oncken 1997; Will 2001) and is in 
analogy to, and consistent with, findings presented by Zeh 
and Gerdes (2010) who argued that the Ruhla basement 
(Fig. 1), some 150 km NE of the Odenwald–Spessart base-
ment, consists of two crustal terranes with distinct Gond-
wana and Avalonia heritage. Accepting the terrane con-
cept as valid implies that the eastern Odenwald–Spessart 
basement forms a tectonic window of lower plate Baltica/
Avalonia-derived rocks within the upper plate Gondwana-
related terrane that constitutes the western Odenwald and 
the northernmost part of the Spessart basement (Alzenau 
Formation). In this context, the Otzberg–Michelbach 
Fault Zone defines the western outcrop limit of the Spes-
sart–eastern Odenwald tectonic window (Will et al. 2015). 
Allochthonous slivers of lower plate rocks such as the pre-
Variscan, 430 ± 43-Ma-old Silurian Gadernheim granulite 
are locally exposed within upper plate, Gondwana-derived 
metasedimentary rocks.

The Baltica and Avalonia connection: a pre‑Variscan 
magmatic arc

The protoliths of the metasedimentary rock, orthogneiss 
and most amphibolite in the central Spessart basement 
formed in a continental volcanic arc setting (Dombrowski 
et al. 1995; Will et al. 2015), possibly at the active Ava-
lonian margin of the Rheic Ocean (e.g. Linnemann et al. 
2007; Zeh and Will 2010; Eckelmann et al. 2014). Intru-
sion of the calc-alkaline orthogneiss precursor rocks into 
the sedimentary sequence took place in the Upper Silurian 
to Lower Devonian (Dombrowski et al. 1995; Reischmann 
et al. 2001). Thus, a pre-Upper Silurian deposition age 
is indicated for the metasedimentary precursor rocks of 
the Spessart–eastern Odenwald tectonic window and, by 
implication, for the Gadernheim granulite (see above), and 
the protoliths of these basement rocks are interpreted to 
have formed in a volcanic arc setting at the northern mar-
gin of the Rheic Ocean prior to the Lower Devonian. Zeh 
and Will (2010) proposed that this pre-Variscan arc mag-
matism formed in response to NW-directed subduction of 
the Rheic Ocean underneath the Avalonian margin, with 
recycling of older crustal material having been an impor-
tant process during the Upper Silurian to Lower Devonian 
arc magmatism (Will et al. 2015).

Several authors (e.g. von Raumer and Stampfli 2008; 
Zeh and Gerdes 2010; Stampfli et al. 2013) suggested that 
the subduction direction of the Rheic Ocean changed from 

NW to SE in the Devonian. This may have been caused by 
the formation of a short-lived Rhenohercynian back-arc 
basin (e.g. Oncken et al. 2000; Eckelmann et al., 2014), 
which split the Avalonian margin into a northern and a 
southern segment. If true, this change in subduction polar-
ity resulted in tectonic quiescence at the formerly active 
pre-Variscan arc at the Avalonian margin of the Rheic 
Ocean. Instead, tectonic activity would have shifted south 
and a Variscan arc emerged at the Gondwana margin of the 
Rheic Ocean (Gerdes and Zeh 2006; Zeh and Will 2010) or 
within the Rheic Ocean (Eckelmann et al. 2014).

The Gondwana connection: a Variscan magmatic arc

The protoliths of the metasedimentary rocks of inferred 
Gondwana origin in the western Odenwald and other areas 
of the Mid-German Crystalline Zone (Fig. 9) were depos-
ited at the northwestern margin of Gondwana after the 
Upper Cambrian/Lower Ordovician (e.g. Gerdes and Zeh 
2006; Linnemann et al. 2007). Evidence of Silurian to 
Devonian igneous activity has not yet been recognised in 
the Gondwana-derived basement areas of the Mid-German 
Crystalline Zone (Zeh and Will 2010).

As a result of the proposed change of the subduc-
tion direction of the Rheic Ocean, a Variscan magmatic 
arc developed at the northern margin of Gondwana. At 
362 ± 9 Ma (Kirsch et al. 1988), mantle-derived gabbroic 
rocks exposed in unit I of the western Odenwald basement 
were emplaced into this setting and coeval amphibolite-
facies metamorphism occurred at 360 ± 2 to 354 ± 3 Ma 
(Schubert et al. 2001). Our new monazite data constrain the 
arc-related metamorphic event in the western Odenwald to 
349 ± 14 Ma, which overlaps with, or slightly predates, 
intrusions of calc-alkaline dioritic to granitic bodies at c. 
340–330 Ma (e.g. Kreuzer and Harre 1975; Siebel et al. 
2012) and also coincides with the timing of other granulite-
facies events in many areas of the central European Varis-
cides (e.g. Kroner and Romer 2013). In addition, amphibo-
lite-facies metabasic rocks of inferred back-arc origin (e.g. 
Poller et al. 2001; Will et al. 2015) provided (cooling) ages 
of c. 332–328 Ma (Schubert et al. 2001).

J. von Raumer (pers. comm. 2016) suggested that the 
349 ± 14-Ma-old granulite-facies metamorphism in the 
western Odenwald could be related to contact metamor-
phism. This, of course, is possible but many intrusive rocks 
in the western Odenwald are arc-related rocks that are 
interpreted to have formed in a supra-subduction setting 
(e.g. Altherr et al. 1999; Poller et al. 2001; Will et al. 2015). 
As granulite-facies conditions are typical for a subduction 
zone setting, we interpret the high-temperature episode at 
c. 350 Ma as a subduction-related event, which could have 
been accompanied by (regional) contact metamorphism as 
already speculated upon by Will and Schmädicke (2001). 
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Nevertheless, of prime importance for unravelling the geo-
logic history of the area is the existence of a subduction 
zone and the associated convergence between Gondwana 
and Baltica/Avalonia in the Lower Carboniferous.

Assembly of the Mid‑German Crystalline Zone

Collision between Baltica/Avalonia and the peri-Gondwana 
arc was accompanied by initial N- to NW-directed thrust-
ing, which is consistent with the Carboniferous SE-directed 
subduction of the Rheic Ocean. This changed to transpres-
sive, sinistral shearing and strike-slip tectonics (e.g. Krohe 
1992, 1996; Oncken 1997; Will 2001; Stephan et al. 2016) 
and caused, or was associated with, Barrow-type amphib-
olite-facies metamorphism in the eastern Odenwald–Spes-
sart basement (Will 1998; Marx 2008) and parts of the 
Ruhla basement further to the northeast (Zeh 1996). These 
medium-pressure conditions are typical for collisional tec-
tonics and associated crustal thickening during plate con-
vergence. Our new monazite data constrain this event to 
317 ± 12 Ma in the Spessart basement and to 316 ± 4 Ma 
in the eastern Odenwald basement. The 40Ar/39Ar ages of 
322 ± 3 and 324 ± 3 Ma for white mica crystallisation in 
central Spessart mica schist are in agreement with the mon-
azite data and further strengthen the recent proposition of 

a common geological evolution of the eastern Odenwald–
Spessart basement (Will et al. 2015). Additionally, the sim-
ilarity of the monazite growth and the white mica 40Ar/39Ar 
cooling ages are consistent with the notion of rapid exhu-
mation of the metamorphic pile. The cause of exhumation 
is currently unknown but might be related to the existence 
of an extrusion wedge during lithospheric convergence.

Diachronous, oblique juxtaposition of the Gondwana- 
and Baltica/Avalonia-derived terranes must have occurred 
in the Upper Carboniferous along the Otzberg–Michelbach 
Fault Zone (Will 2001). Based on our new age data, this 
should have occurred shortly after the peak of the Barrow-
type metamorphism in the eastern Odenwald–Spessart 
basement between c. 324 and 318 Ma (see above). The 
inferred position of the resulting Rheic Suture, the location 
of the Spessart–eastern Odenwald tectonic window and the 
spatial distribution of the two main tectonic units are shown 
in Fig. 9. Both the Mid-German Crystalline Zone and the 
Rheic Suture are likely to continue into the Léon Domain 
in the northern part of the French Massif Armoricain and 
further south into the Iberian Massif, where geochrono-
logical, geochemical and petrological data of lithologies 
very similar to those exposed in the Odenwald and Spes-
sart basement indicate a similar geological evolution (e.g. 
Ballèvre et al. 2009; Faure et al. 2010; Schulz 2013; von 

Fig. 9  Inferred location of 
the Rheic Suture within the 
Mid-German Crystalline 
Zone (shaded in grey only 
the exposed areas are shown 
on the map), modified after 
Will et al. (2015). The eastern 
Odenwald and the Spessart 
(except for its northernmost 
part) are interpreted as Baltica/
Avalonia-derived units exposed 
in a tectonic window beneath 
the suture. The Baltica/Ava-
lonia-derived crustal terrane 
comprises Silurian to Devonian 
magmatic arc and medium- to 
high-pressure metamorphic 
rocks, whereas the Gondwana-
derived terrane includes 
Variscan magmatic arc and 
high-grade metamorphic rocks. 
Juxtaposition of the Baltica/
Avalonia- and Gondwana-
derived crustal terrane occurred 
between 324 and 318 Ma. For 
abbreviations see caption to 
Fig. 1
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Raumer et al. 2015; Villaseca et al. 2015). To the east, the 
c. 385–380-Ma-old Ślęża ophiolite in the central Sudetes is 
interpreted to trace the Rheic Suture in Lower Silesia, SW 
Poland (Kryza and Pin 2010; Nance et al. 2012).

Conclusion

From available petrological, geochronological and our new 
monazite and 40Ar/39Ar data (Fig. 7), the following conclusions 
are drawn:

1. Th–U–Pb in situ monazite age dating of metasedi-
mentary rocks and orthogneiss samples from the 
Odenwald–Spessart basement provides evidence for 
distinct thermal events at c. 430, 349, 331 Ma and 
317–316 Ma (Figs. 4, 7; Tables 1, 2). Granulite from 
Gadernheim in the western Odenwald experienced a 
counterclockwise P–T path and reached peak tem-
peratures at c. 430 ± 43 Ma. These rocks do not 
contain evidence for previous or subsequent thermal 
events. At 349 ± 14 Ma, a further high-temperature 
event is recorded in the western Odenwald base-
ment, which caused granulite-facies metamorphism 
of metapelitic rocks now exposed near Laudenau. 
Indications of older or younger thermal event are not 
preserved in these samples. Like the c. 80-myr-old 
samples from Gadernheim, the Laudenau granulite 
underwent a counterclockwise metamorphic evolu-
tion. Amphibolite-facies metamorphism occurred 
coevally in the eastern Odenwald schist unit at 
316 ± 4 Ma and in the central Spessart basement 
schists at 317 ± 12 Ma. These ages overlap and 
are consistent with white mica 40Ar/39Ar ages of 
322 ± 3 Ma and 324 ± 3 Ma for mica schist from 
the central Spessart basement, possibly indicating 
rapid exhumation and cooling.

2. The Odenwald–Spessart basement and the Mid-German 
Crystalline Zone consist of at least two distinct crustal 
terranes of different origins that experienced contrasting 
geological histories prior to their juxtaposition in Upper 
Variscan times. Based on the available geological record, 
the Spessart and eastern Odenwald basement rocks and, 
in addition, those of the NW segment of the Ruhla base-
ment (Zeh and Gerdes 2010) are inferred to be derived 
from a Baltica/Avalonia source and/or formed at the active 
Avalonian margin of the Rheic Ocean. The Silurian high-
temperature granulite near Gadernheim appears to be 
allochthonous to the western Odenwald and is most likely 
a displaced splinter of the eastern Odenwald–Spessart 
basement. In contrast, the Carboniferous high-temperature 
granulite in the western Odenwald originated at the north-
ern Gondwana margin.

3. Our new age data strengthen the proposition by Will et al. 
(2015) that the combined Otzberg–Michelbach Fault 
Zone constitutes the boundary between two distinct crus-
tal terranes of different geological heritage in the Oden-
wald–Spessart basement. Thus, it is considered as a major 
Variscan terrane boundary between Gondwana- and Ava-
lonia-derived terranes in the Odenwald–Spessart basement 
and, by implication, in the entire Mid-German Crystalline 
Zone.

4. Based on the contrasting pressure–temperature paths of the 
eastern and western Odenwald basement domains (Fig. 8), 
Will and Schmädicke (2003) interpreted the Odenwald 
as a paired metamorphic belt. The Carboniferous high-
temperature metamorphism in the western Odenwald 
was constrained at 349 ± 14 Ma, which overlaps with 
the minimum estimate for high-pressure metamorphism 
in the eastern Odenwald at 357 ± 6 Ma (Scherer et al. 
2002). Admittedly, the high-pressure event could be older 
but without more precise information on the timing of the 
eclogite-facies metamorphism, and given the overlapping 
ages of granulite- and eclogite-facies metamorphism, we 
follow the original interpretation of Will and Schmädicke 
(2003) and consider the Odenwald as a paired metamor-
phic belt. Moreover, it should be kept in mind that the time 
of peak metamorphism may differ across the area because 
granulite- and eclogite-facies conditions were reached 
at different depths at different times. Thus, we argue that 
the high-pressure and high-temperature rocks were meta-
morphosed in the same subduction zone system during the 
Lower Carboniferous and were subsequently juxtaposed 
along the Rheic Suture during the final assembly of the 
central European Variscan orogen.
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Appendix 1: 40Ar/39Ar dating

We performed 40Ar/39Ar dating at the Argonlab of the TU 
Bergakademie Freiberg, Germany (Pfänder et al. 2014). The 
micas were handpicked and ultrasonically cleaned in acetone 
and deionised water. After drying, they were wrapped into 
Al foil and loaded in 5 × 5 mm wells on 33-mm Al discs 
stacked together for irradiation. Cadmium-shielded neutron 
irradiation of samples and fluence monitors was done for 7 h 
in the RODEO facility of the HFR research reactor in Petten, 
The Netherlands. The irradiated micas were unwrapped, 
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and 2.5–3.0 mg aliquots were loaded in 3 × 1 mm (diame-
ter × depth) wells on an oxygen-free copper disc and trans-
ferred to the sample chamber. We performed step heating 
using a floating 10.6 µm CO2 laser system with a defocused 
beam at 3 mm diameter, followed by gas purification apply-
ing two AP10 N getter pumps, one at room temperature and 
one at 400 °C. Heating time was 5 min; cleaning time was 
10 min per step. Ar isotope compositions of individual tem-
perature steps were measured in static mode using an ARGUS 
noble gas mass spectrometer equipped with five faraday cups 
and 1012 Ohm resistors on mass positions 36–39 and a 1011 
Ohm resistor on mass position 40. Typical blank levels were 
2.5 × 10−16 mol40Ar and 8.1 × 10−18 mol36Ar. Measurement 
time was 7.5 min per step acquiring 45 scans at 10-s integra-
tion time each. Mass bias was corrected assuming linear mass-
dependent fractionation and using an atmospheric 40Ar/36Ar 
ratio of 295.5. Raw data reduction employed an in-house 
developed Matlab® toolbox; inverse isochron and plateau ages 
were calculated using Isoplot 3.7 (Ludwig 2008). Ages were 
calculated against Fish Canyon Tuff sanidine (FCT) as flux 
monitor (28.305 ± 0.036 Ma; Renne et al. 2010). Corrections 
for interfering Ar isotopes were done using the ratios as given 
in Electronic Supplement Table S1 and applying 5 % uncer-
tainty. Repeatedly measured HDB1 biotite, irradiated in sev-
eral batches along with FCT and unknowns, yielded an aver-
age age of 24.68 Ma at an external reproducibility better 0.9 % 
(1σ, n = 5). Complete step heating data and intensity intercept 
values are presented in the Electronic Supplement Table S1.

Appendix 2: Th–U–Pb electron microprobe (EMP) 
monazite dating

The electron microprobe (EMP) Th–U–Pb dating is based 
on the observation that common Pb concentration in mona-
zite (LREE, Th)PO4 is negligible with respect to radiogenic 
Pb contents that result from the decay of Th and U (e.g. 
Suzuki et al. 1994; Montel et al. 1996). As Th concentra-
tions in magmatic and metamorphic monazite are generally 
high, a sufficient amount of radiogenic Pb that is measure-
able by the EMP analysis accumulates in monazite within 
>100 myr (Schulz and Schüssler 2013). Thus, EMP analy-
ses of bulk Th, U and Pb concentrations in monazite can 
be used for the calculation of a chemical model age and 
the associated error (e.g. Montel et al. 1996; Cocherie and 
Albarède 2001; Suzuki and Kato 2008; Spear et al. 2009).

Analyses of ThO2, UO2, PbO, light rare earth elements 
(LREE), Y2O5, CaO, SiO2 and P2O5 concentrations in mon-
azite grains (Electronic Supplement Table S2) were used 
to calculate monazite chemical ages following two differ-
ent approaches. First, following the approach outlined by 
Montel et al. (1996), an age was calculated for each indi-
vidual analysis, with the 1σ standard deviation resulting 

from counting statistics being in the order of c. 20–40 myr 
for the Palaeozoic samples (Electronic Supplement Table 
S2). Using these apparent age data, weighted average ages 
and related errors for monazite populations in the samples 
were then calculated using Isoplot 3.7 (Ludwig 2008) and 
are interpreted as the age of monazite growth or recrys-
tallisation during metamorphism (Table 2 and Electronic 
Supplement Table S2). Second, ages were also determined 
using the ThO∗

2
-PbO isochron method (the chemical isoch-

ron method ‘CHIME’ of Suzuki et al. 1994), where ThO∗

2
 

is the sum of the measured ThO2 plus ThO2 equivalent to 
the measured UO2. The age is proportional to the slope of 
a regression line that is forced through zero in ThO∗

2
 versus 

PbO space. The model ages obtained by the two different 
methods coincide exceptionally well in all samples ana-
lysed (Electronic Supplement Table S2, Fig. 4).

Th, U and Pb concentrations in monazite grains were 
determined for the calculation of monazite model ages, and 
Ca, Si, P, LREE and Y contents were measured for correc-
tions and determination of the monazite mineral chemis-
try. All in situ thin section analyses were carried out with 
a JEOL JXA 8200 at the GeoZentrum Nordbayern, Uni-
versity of Erlangen-Nürnberg, Germany. The Mα1 lines 
of Th and Pb and the Mβ1 lines of U on a PETH crystal 
were selected for monazite analysis. Analytical errors 
of 2σ at 20 kV acceleration voltage, 100-nA beam cur-
rent, 5-µm-beam diameter and counting times of 320 s 
(Pb Mα1), 80 s (U Mβ1) and 40 s (Th Mα1) on peak have 
been used for age calculations. The error on Pb concentra-
tions typically ranges from 0.016 to 0.024 wt%. Synthetic 
orthophosphates from the Smithsonian Institution were 
used as standards for the REE analysis (Jarosewich and 
Boatner 1991). The Lα1 lines were chosen for the analysis 
of La, Y and Ce and the Lβ1 lines for Pr, Sm, Nd and Gd. 
The Si, P and Ca concentrations were analysed on the Kα1 
lines. Calibration of PbO was carried out on a vanadinite 
standard. The U was calibrated on a glass standard with 
5 wt% UO2. Following the procedure outlined by Schulz 
and Schüssler (2013), monazite from a pegmatite in Mada-
gascar (Madmon) was used for the calibration of ThO2 and 
as a reference for the EMP analyses. The analytical results 
of the standard measurements are given in Electronic Sup-
plement Table S3. As summarised by Schulz and Schüssler 
(2013), the age of the Madmon reference standard is well 
known and was determined by different techniques provid-
ing ages of 496 ± 9 Ma (concordant SHRIMP U–Pb age), 
497 ± 2 Ma (TIMS Pb–Pb evaporation age) and 502 ± 
6 Ma and 503 ± 6 Ma, respectively (EMP chemical model 
ages). The minor Y interference on the Pb Mα1 line was 
corrected by linear extrapolation after measuring several 
Pb-free yttrium glass standards with 5 and 12 wt% Y2O3 
(Montel et al. 1996). The interference of Th Mγ on U Mβ 
was also empirically corrected, and a Gd interference on 
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U Mβ requires correction if Gd2O3 in monazite is larger 
than 5 wt%. These parameters and measurement conditions 
were chosen to counter the analytical problems and limits 
of the method as discussed by various authors (e.g. Wil-
liams et al. 2006; Jercinovic et al. 2008; Suzuki and Kato 
2008; Spear et al. 2009).
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