
LITHOS 472-473 (2024) 107565

Available online 7 March 2024
0024-4937/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Bimodal volcanism in the Hegau region (SW Germany): Differentiation of 
primitive melilititic to nephelinitic rocks produces evolved 
nosean phonolites 

Thomas Binder a,*, Michael A.W. Marks a, Brian-Eric Friedrichsen a, Benjamin F. Walter b, 
Thomas Wenzel a, Gregor Markl a 

a Department of Geosciences, Eberhard Karls Universität Tübingen, Schnarrenbergstraße 94–96, 72076 Tübingen, Germany 
b Chair of Geochemistry & Economic Geology and Laboratory of Environmental and Raw Materials Analyses (LERA), Karlsruhe Institute of Technology, Adenauerring 
20b, 76131 Karlsruhe, Germany   

A R T I C L E  I N F O   

Keywords: 
Bimodal volcanism 
Central European Volcanic Province 
Magmatic differentiation 
Melilite-bearing olivine nephelinite 
Mineral chemistry 
Nosean phonolite 

A B S T R A C T   

Peculiar bimodal volcanism in the Hegau region (SW Germany) comprises two contrasting SiO2-undersaturated 
rock suites. 

(I) Primitive olivine melilitites and melilite-bearing olivine nephelinites (12–9 Ma) are charac
terized by high MgO, CaO, Fe2O3, TiO2, Ni, V, F, moderate alkalis, Al2O3, P2O5, Ba, Nb, Zr, and 
low SiO2, Rb, Pb, and U concentrations. The rocks are composed of forsteritic olivine, diopsidic 
clinopyroxene, melilite, perovskite, Cr-bearing oxyspinel, F- and Ba-rich mica, and fluorapatite. 
In rare cases, they contain coeval coarse-grained ijolite patches generated by rapid in-situ 
fractionation in small melt pockets.  

(II) Evolved nosean phonolites (14–11 Ma) comprise high alkalis, Al2O3, SiO2, Rb, Nb, Zr, U, Pb, S, 
and low MgO, CaO, Fe2O3, TiO2, P2O5, Ba, Ni, and V concentrations, and contain abundant Ba- 
bearing alkali feldspar and nosean-haüyne-sodalitess macrocrysts, aegirine-augitic clinopyrox
ene, as well as accessory apatite, titanite, zircon, and pyrochlore. 

The melilititic–nephelinitic rocks formed by low degrees of partial melting of a carbonated amphibole ±
phlogopite-bearing garnet wehrlite in the uppermost asthenosphere or in the thermal boundary layer and occur 
also in neighbouring regions. However, their coexistence with evolved nosean phonolites is a unique and so far, 
unexplained feature in the southern Central European Volcanic Province. 

Thermodynamic modelling implies that removal of 11–19% oxyspinel, 4–10% olivine, 42–57% clinopyroxene, 
<3% mica, <9% feldspathoids, <8% feldspar from melilititic–nephelinitic parental melts at upper crustal con
ditions (~200 MPa) results in significant amounts of phonolitic residues that are compositionally similar to the 
exposed nosean phonolites. Strongly negative P and Ti anomalies and a trough of MREE in primitive mantle- 
normalized trace element patterns of phonolites indicate additional fractionation of titanite and apatite, 
consistent with the mineralogy of coarse-grained (nepheline) syenitic cumulates, which are present as enclaves in 
both rock suites. The modelling results suggest crystallization of the (nepheline) syenite cumulates between 1050 
and 800 ◦C and ascent and eruption of the phonolite residues at no less than ~900 ◦C with complete solidifi
cation of the observed assemblage at >750 ◦C. Significant crustal assimilation during fractionation appears 
unnecessary to explain the mineralogical, mineral chemical, and geochemical characteristics of the phonolites. 
Prolonged upper crustal differentiation of the magmas in one case (nosean phonolites) and fast ascent of 
primitive melts in the other (olivine melilitites and melilite-bearing olivine nephelinites) can be explained by 
stress field changes from an extensional to a more compressive regime, the magma ascent becoming thereby 
increasingly structurally controlled and supported by brittle deformation.  
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The slightly positive Pb anomaly compared to the strongly negative 
one in the primitive rocks (Fig. 8b), low Ce/Pb and strongly varying Nb/ 
U ratios (Supplementary data, Fig. A4) could indicate assimilation of 
continental crust, as this would lower these ratios in mantle-derived 
magmas (e.g., Jung et al., 2012). In the CEVP and elsewhere, the for
mation of phonolites has been attributed mainly to fractional crystalli
zation with subordinate to negligible crustal assimilation (Berger et al., 
2009; Bourdon et al., 1994; Ulrych et al., 2003; Vaněčková et al., 1993; 
Wörner and Schmincke, 1984) or to significant and various amounts of 
crustal assimilation of e.g., mica schists, granites, paragneisses, meta
pelites, and mafic granulites (Jung et al., 2013; Kolb et al., 2012; Panina 
et al., 2000; Schleicher et al., 1990; Schmitt et al., 2017). However, 

verification and quantification of assimilation in the case of the Hegau 
phonolites would require isotopic data. 

5.3. A thermodynamic modelling approach 

To test the hypothesis that phonolites originate from fractional 
crystallization of olivine melilitites and melilite-bearing olivine nephe
linites, the MELTS software package was used. Temperatures of up to 
1350 ◦C for partial melting of the source lithology of the primitive 
melilitites–nephelinites of the Hegau region have been inferred by 
Binder et al. (in press) and are consistent with those for similar rocks 
from the CEVP (e.g., Jung et al., 2012; Mayer et al., 2013). However, 

Fig. 13. Results of fractional crystallization modelling of melilititic–nephelinitic Hegau magmas at 200, 500 and 1000 MPa using MELTS (Ghiorso and Sack, 1995). 
The whole-rock compositions of the primitive rocks served as input data. For all major oxides, including (a) SiO2, (b) TiO2, (c) Al2O3, (d) Fe2O3

tot, (e) MgO, (f) CaO, (g) 
Na2O, and (h) K2O (each in wt%), phonolitic compositions can be realized by magmatic differentiation without significant crustal assimilation at temperatures of 
750–1150 ◦C. The light red rectangles show the range of the whole-rock composition of the Hegau phonolites. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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actual modelling was performed and depicted with higher starting 
temperatures to identify and avoid potential artifacts (discussed below). 
Residual melt fractions of >95 mass% and thus no significant changes in 
melt composition are predicted for most model curves until plausible 
liquidus temperatures for melilitites–nephelinites are reached (Figs. 13 
& 14). Therefore, the used model parameters and most whole-rock an
alyses of the melilitites–nephelinites are considered suitable for testing 
fractional crystallization towards phonolites. A corresponding compo
sition should be achieved at realistic temperatures and with a quantifi
able residual melt fraction to propose fractional crystallization of 
melilititic–nephelinitic magmas in a closed system without requiring 
significant assimilation. All the phonolites have porphyritic textures, 

which indicates continuous crystallization during cooling. Additionally, 
magma convection and replenishment events can result in cumulate 
remobilization and remelting and/or entrainment of cumulate crystals, 
resetting the melt towards less evolved compositions and rendering a 
wide temperature interval conceivable (e.g., Sliwinski et al., 2015; 
Wörner and Wright, 1984). Thus, different element contents would not 
necessarily reach the concentrations observed in the nosean phonolites 
at the same temperature. 

For crustal pressures between 200 and 1000 MPa, the range of 
whole-rock compositions of the phonolites can be reproduced (except 
for Mn and P) at temperatures of 750–1150 ◦C (Figs. 13 & 14; Supple
mentary data, Fig. A1), with upper crustal pressures (i.e., 200 MPa) 

Fig. 14. Results of fractional crystallization modelling of melilititic–nephelinitic Hegau magmas at 200, 500 and 1000 MPa using MELTS (Ghiorso and Sack, 1995). 
The whole-rock compositions of the primitive rocks served as input data. (a) MnO, (b) P2O5, and (c) Cr2O3 (each in wt%). (d) Melt residues of ~12–35 mass% of the 
initial magma are responsible for most calculated phonolite compositions, regardless of formation pressure. (e) TAS diagram showing compositions of the volcanic 
Hegau rocks. 12 new analyses (black-rimmed triangles) were supplemented by literature data stated in Fig. 5. The trajectories show the melt evolution of melili
titic–nephelinitic magmas predicted by MELTS modelling with whole-rock compositions of the primitive rocks as input data. For compositions from which no graphs 
emanate (pale blue squares), fractionation modelling was not successful. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

T. Binder et al.                                                                                                                                                                                                                                  



LITHOS 472-473 (2024) 107565

19

tending to achieve the best-fit compositions. Geothermometric results 
for fractional crystallization towards phonolitic composition elsewhere 
reveal a similarly wide temperature range. Monchiquite- and tephrite- 
derived KVC phonolites started crystallizing at ~880–960 ◦C 
(Braunger et al., 2018) or at ~1040–1060 ◦C (Panina et al., 2000), while 
for the nephelinite-derived Katzenbuckel phonolite ~780–880 ◦C were 
estimated (Mann et al., 2006). The basanite-derived Laacher See mafic 
phonolite (East Eifel) reveals melt temperatures of ~860–1060 ◦C and 
the more evolved felsic one 720–860 ◦C (Berndt et al., 2001; Bourdon 
et al., 1994; Ginibre et al., 2004; Schmitt et al., 2010; Wörner and 
Wright, 1984). However, for sanidine and plagioclase (~950–1125 ◦C) 
and haüyne and apatite phenocrysts (1120–1180 ◦C) in the Upper 
Laacher See Tephra even higher crystallization temperatures were 
postulated (Sharygin et al., 2005). Alkaline rocks from Tenerife under
went a two-stage evolution from basanites via phonotephrites to pho
nolites with main crystallization intervals at ~1150–1110 ◦C and ~ 
925–875 ◦C (Sliwinski et al., 2015). 

No thermodynamic data for the Mn clinopyroxene end-member 
johannsenite and for fluorapatite are implemented in the MELTS data
base, which explains observed misfits concerning MnO and P2O5 
(Figs. 14a & b). Further, the modelled Cr content drops by fractionation 
of oxyspinel well before the assumed melting temperatures for the 
primitive rocks are reached (Fig. 14c). This may be due to the lack of a 
Cr-bearing pyroxene in the MELTS database and/or excessively high Cr 
contents in the rocks because of Cr-rich oxyspinel and Cr-diopside 
xenocrysts (see Binder et al., in press). For a few whole-rock composi
tions of the primitive rocks with particularly low or high alkali contents, 
the modelling attempt resulted in an abortion of the computation, so 
that no differentiation path could be determined (pale blue squares in 
Fig. 14e). This may indicate that those whole-rock compositions do not 
represent primary melt compositions due to high xenocryst and ante
cryst loads, hydrothermal alteration, or low-temperature weathering. 

Overall, modelling implies that, depending on the assumed initial 
composition and depth of the magma chamber, ~12–35 mass% of the 
initial melilititic–nephelinitic melt remains as residue when phonolitic 
compositions are reached (Fig. 14d). This agrees with estimates for 
phonolite evolution from Laacher See, for which 30 mass% derivative 
melt of a basanitic magma were calculated (Wörner and Schmincke, 
1984). During melt evolution, SiO2 and Na2O + K2O enrichment is 
predicted, resulting in differentiation trajectories via basanites/teph
rites ±(trachy)basalts, phonotephrites and tephriphonolites ±alkali- 
rich foidites to phonolites (blue curves in Fig. 14e). In particular, the 
lower alkali melilititic–nephelinitic magmas undergo a melt evolution 
resulting in the observed SiO2 and alkali contents of the nosean pho
nolites at ~850–1000 ◦C (Fig. 14e). 

Early fractionation of olivine (4–10%) and oxyspinel (11–19%) is 
predicted for most initial compositions (Figs. 15a & b). However, up to 3 
mass% oxyspinel crystallization postulated at >1350 ◦C is likely caused 
by entrainment of mantle xenocrysts, leading to such modelling arti
facts. These are only small quantities, so the effect should be negligible 
for the overall modelling, especially since this very early alleged frac
tionation partially corrects excessive Cr and Mg contents in whole-rock 
compositions towards actual melt compositions. Subsequently, exten
sive clinopyroxene fractionation (42–57%) is predicted (Fig. 15c), 
consistent with clinopyroxene in the mesocratic (nepheline) syenite 
enclaves (Table 2; Figs. 4f & g). Considering variable amounts of mac
rocrysts, but also microcrysts of clinopyroxene in the phonolites (<10% 
in total; Table 2; Figs. 3a-d), it can be assumed that its crystallization 
occurred over a long time and temperature interval and that fraction
ation and separation was not yet completed at the time of ascent of the 
phonolitic melt. This suggests temperatures of >900 ◦C at the time of 
melt extraction as clinopyroxene formation stops at lower temperatures 
(Fig. 15c). 

Mica fractionation (<3%) is forecast from 1050 to 800 ◦C (Fig. 15d), 
supported by the mineralogy of (nepheline) syenites and phonolites 
(Table 2; Figs. 4e & f). The onset of feldspathoid crystallization 

(~3–9%), with two exceptions, occurs below 1000 ◦C, that of feldspar 
(mostly ~2–8%) below ~950 ◦C, continuing in each case until complete 
solidification of the proposed melts (Figs. 15e & f). Since the (nepheline) 
syenites also contain both phases as major minerals, formation of these 
rocks must have continued until cooling to at least 900 ◦C, more likely 
800 ◦C. This correlates well with the crystallization of the phonolites as 
volcanic counterparts, and feldspar geothermometry, yielding temper
atures below 800 ◦C (Fig. 10a). 

It must be considered that the thermodynamic database of MELTS 
does not contain sodalite-group minerals, so nepheline is possibly 
overestimated and depending on the Na/K ratio and aSiO2, additional 
feldspathoids (leucite, kalsilite) are erroneously predicted. However, the 
total amount of feldspathoids formed is plausible, since their average 
stoichiometry is similar with respect to the Al-Si-alkali ratio, and they 
form under comparable physicochemical conditions. The onset of garnet 
crystallization, which occurs in neither the nosean phonolites nor the 
(nepheline) syenites, is predicted at 750–700 ◦C (Fig. 15g), most likely 
representing sub-solidus temperatures for the rocks (e.g., Braunger 
et al., 2018; Mann et al., 2006). However, MELTS only includes the 
pyralspite solid solution series and the grossular end-member, but not 
andradite, so interpretations regarding garnet formation must be ques
tioned. Further, 1–2% apatite fractionation may have been slightly 
underestimated (Fig. 15h) as the software considers only hydroxyapa
tite, yet F-dominated apatite prevails in the primitive and evolved rocks 
(Fig. 12a). 

In summary, we propose crystallization of the phonolites between 
1050 and 750 ◦C from an evolved magma of initially meliliti
tic–nephelinitic composition, resembling the geochemical characteris
tics of the primitive Hegau rocks. Fractional crystallization occurred 
mainly in the upper crust (~200 MPa) and formed (nepheline) syenitic 
cumulates at 1050–800 ◦C, fragments of which were entrained into the 
ascending phonolitic, melilititic–nephelinitic magmas, and into melts 
forming the mafic augite-hornblende-phlogopite tuffs, causing the 
contemporaneous and subsequent eruptions in the Hegau region. Frac
tionation of 11–19% oxyspinel, 4–10% olivine, 42–57% clinopyroxene, 
<3% mica, <9% feldspathoids, <8% feldspar in the order mentioned, 
and minor amounts of titanite and apatite (~2%) result in a phonolitic 
melt residue representing ~12–35 mass% of the initial melt. Given the 
lack of isotope data, crustal contamination (assimilation) during frac
tional crystallization cannot be ruled out, although the modelling results 
imply that it is not required to explain the observed phonolite 
compositions. 

5.4. The Daly gap and implications for magma ascent and emplacement 

Why did pronounced upper crustal differentiation processes in the 
central eastern Hegau region at ~15–11 Ma (ages of nepheline syenites 
and syenites) culminated in the emplacement of phonolite domes 14–11 
Myr ago, whereas largely undifferentiated primitive meliliti
tic–nephelinitic lavas were emplaced in the northern and western Hegau 
region during and after phonolitic activity from 12 to 9 Ma? We suggest 
that the compositional gap between primitive and evolved magmas is 
due to the largely separated crystallization and segregation of specific 
mineral phases and the thermodynamically and rheologically favoured 
timing of melt extraction. MELTS modelling shows that down to a 
temperature of ~1100–1050 ◦C, predominantly the mafic minerals 
oxyspinel, olivine, and clinopyroxene as well as small amounts of apatite 
crystallize from a fractionating primitive, initially melilitite- and 
nepheline-normative magma and consequently reduce the melt to 
~30–50% of the bulk (Figs. 14d & 15a-c). The lack of entrained enclaves 
or individual crystals of such wehrlitic to olivine-pyroxenitic cumulates 
in the phonolites is probably the result of effective gravitational sepa
ration of these dense mafic cumulus minerals from the light intermediate 
to felsic residual melt or complete dissolution because of strong 
disequilibrium with the continuously evolving residual melt. 

Clinopyroxene and apatite formation continued down to ~900 ◦C, 
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while mica, feldspar, and feldspathoids started crystallizing between 
1050 and 950 ◦C, proceeding until the phonolites solidified. This period 
of fractional crystallization is well recorded by the macrocryst load of 
the nosean phonolites and by the differently composed (nepheline) sy
enite cumulate enclaves (Table 2). They are characterized by a contin
uous evolution of mesocratic (nepheline) syenites with up to 30 vol% 
clinopyroxene and 5 vol% dark mica ± apatite, titanite, and zircon to 
leucocratic (nepheline) syenites with alkali feldspar and dark mica ±

nepheline, carbonate, titanite, pyrochlore, zircon, thorite, and thorianite 
(Fig. 4). Possibly, magma replenishment of intermediate composition 
triggered the eruption of the phonolites with entrainment of cumulate 
fragments and crystals at a temperature > 900 ◦C when clinopyroxene 
and apatite still crystallized. Related models to explain compositional 
gaps in bimodal alkaline volcanism (Canary Islands, Ethiopian Rift) 
likewise include substantial temporal separation between the crystalli
zation of mafic and felsic minerals and preferential magma mobilization 

Fig. 15. Results of fractional crystallization modelling of melilititic–nephelinitic Hegau magmas at 200, 500 and 1000 MPa using MELTS (Ghiorso and Sack, 1995). 
The whole-rock compositions of the primitive rocks served as input data. Estimated fractionation of phases depending on temperature; (a) olivine, (b) oxyspinel, (c) 
clinopyroxene, (d) mica, (e) feldspathoids, (f) feldspar, (g) garnet, and (h) apatite (each in mass%). 
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at specific times. This is explained by exceeding the intermediate dif
ferentiation stage within a narrow temperature interval with a respec
tively low crystallization rate (Peccerillo et al., 2003) or by optimal melt 
extraction from a crystal mush at intermediate crystallinity (i.e., 
30–60% fractionation; Sliwinski et al., 2015). Accordingly, the latter is 
associated with favourable rheological conditions and released heat of 
crystallization, which lowers the crystallization rate, providing time for 
crystal-magma separation. 

Moreover, variations of density and plasticity of different basement 
lithologies and deflection along the interface of low-angle thrust faults 
may have affected the buoyancy of mafic melts, protracting ascent and 
allowing differentiation of the magmas in some cases (e.g., Lusatian 
Volcanic field; Büchner et al., 2015). In the Eger Graben, primitive 
olivine melilitites and olivine nephelinites are associated with phases of 
compressional stress and occur mainly in the pre-rift and subordinately 
in the late-rift period, while more evolved rocks dominate in the syn-rift 
phase under extensional stresses (Ulrych et al., 2011). Accordingly, 
volcanic rocks coeval with compressive stresses are associated with 
major faults, whereas volcanism coinciding with extensional stress 
shows a much weaker structural control, which may hinder rapid ascent 
and protract differentiation. Similarly, Przybyla et al. (2018) suggest a 
phase of intense rifting, i.e., a discrete event of lithosphere stretching 
and/or disruption to have caused a short phase of felsic volcanism in the 
Siebengebirge near Bonn, whereas undifferentiated mafic lavas erupted 
over a longer period before and after (>8 Myr). They propose a 
magmatic plumbing system, which emptied from the top down over 
more evolved to more primitive lavas within <1 Myr. 

Analogously, we propose a structurally controlled mechanism for 
differentiation, ascent, eruption, and emplacement of the Hegau 
magmas governed by the regional geodynamic evolution. The latest 
possible onset of upper crustal differentiation processes is documented 
by the oldest (nepheline) syenite ages (~15 Ma, Hohenstoffeln; Fig. 1; 
Binder et al., 2023) and extends over wide areas of the Hegau basement. 
This is evidenced by corresponding enclaves in numerous occurrences of 
volcanic rocks scattered throughout the region and consistent with 
remote sensing and GIS studies, indicating an extensive sub-surface, 
ring-shaped magmatic structure (Theilen-Willige, 2011). Pronounced 
uplift in the Vosges-Swabian arc, i.e., at the southern end of the South 
German Block including the Hegau region, reflected by a phase of 
intensified erosion in the Swabian Alb (Ring and Bolhar, 2020), may 
have triggered this magmatic activity. Uplift and erosion proceeded 
during late Miocene to early Pliocene shortening and provoked thin- 
skinned thrusting and folding in the Jura Mountains and Molasse 
basin (<12–10 Ma; Becker, 2000; von Hagke et al., 2012), overlapping 
with the age of the younger primitive volcanic rocks in the study area. 
Thus, intensified uplift and rifting may have firstly led to the develop
ment of larger upper crustal magma chambers and associated differen
tiation processes producing (nepheline) syenite cumulates and 
phonolitic melts. Subsequently, ongoing, progressive graben formation 
and disruption of the upper crust by emergence of local and/or (re) 
activation of deep-seated fault systems may have facilitated rapid 
magma ascent such that eruptions of melilititic–nephelinitic melts and 
mafic tuffs occurred without extensive fractionation. Obviously, this 
does not exclude a temporal overlap of the different manifestations of 
volcanism in the Hegau region, which can be explained by the spatial 
heterogeneity of the faulted crust. 

6. Conclusions 

Based on petrography, mineral chemistry, fractionation modelling, 
and previous U–Pb geochronology, the following model for the 
magmatic evolution in the Hegau region is proposed.  

(1) The composition of evolved nosean phonolites (14–11 Ma) can be 
modelled by fractional crystallization of a melilititic–nephelinitic 
magma, whose composition resembles that of regional primitive 

olivine melilitites and melilite-bearing olivine nephelinites (12–9 
Ma). Fractionation of 11–19% oxyspinel, 4–10% olivine, 42–57% 
clinopyroxene, <3% mica, <9% feldspathoids, <8% feldspar, 
and minor amounts of titanite and apatite results in phonolitic 
residues that represent ~12–35 mass% of the initial melt. The 
large compositional range of the nosean phonolites is explained 
by relatively small differences in potential parental melt com
positions and variable degrees of fractionation. Crustal assimila
tion is not excluded but not essential to explain the mineralogical, 
mineral chemical, and geochemical features.  

(2) The modelled compositions representing the observed phonolite 
compositions best were achieved for a pressure of 200 MPa, 
consistent with upper crustal formation conditions for phonolites 
in the CEVP and elsewhere. The predicted mineral assemblages 
agree largely with the petrography of the nosean phonolites and 
(nepheline) syenite cumulates, suggesting that the latter crystal
lized at temperatures of 1050–800 ◦C and that the phonolite melt 
was extracted at >900 ◦C.  

(3) A temporal progression from evolved rocks that experienced 
prolonged differentiation in upper crustal magma chambers 
(nosean phonolites) towards near-primary, fast ascending prim
itive melts (melilititic–nephelinitic rocks) could explain the 
sequence of eruptions in the Hegau region. The onset of mag
matism corresponds temporally with a regional phase of inten
sified erosion in response to pronounced uplift in the Vosges- 
Swabian arc. This may have firstly led to the development of 
larger upper crustal magma chambers and associated differenti
ation processes that produced (nepheline) syenite cumulates and 
phonolitic melts. Increased uplift and erosion during late 
Miocene to early Pliocene crustal shortening coincide with the 
age of the younger, but more primitive volcanic rocks. Thus, 
ongoing, progressive graben formation may have facilitated 
magma ascent such that eruptions of melilititic–nephelinitic 
melts and mafic tuffs occurred without extensive prior 
fractionation. 

Funding 

This work was supported by the Deutsche Forschungsgemeinschaft 
(DFG) [grant MA 2563/19 & WA 3116/6]. The funding source was not 
involved in the study design, in the collection, analysis and interpreta
tion of data, in the writing of the manuscript, and in the decision to 
submit the article for publication. 

Declaration of competing interest 

Thomas Binder reports financial support was provided by Deutsche 
Forschungsgemeinschaft. If there are other authors, they declare that 
they have no known competing financial interests or personal re
lationships that could have appeared to influence the work reported in 
this paper. 

Data availability 

The data underlying this article are available in the article and in its 
online supplementary data. Whole-rock geochemistry was supple
mented by literature data from Alibert et al. (1983), Dunworth and 
Wilson (1998), Engelhardt and von Engelhardt and Weiskirchner 
(1961), Keller et al. (1990), Krause (1969), Krause and Weiskirchner 
(1981), Staesche (1995), Stock (1990), and Wimmenauer (1974). 

Acknowledgements 

We are grateful to the Deutsche Forschungsgemeinschaft (DFG) for 
financial support for the acquisition of the electron probe microanalyzer 
[grant: INST 37/1026-1 FUGG]. We thank the Landesamt für Geologie, 

T. Binder et al.                                                                                                                                                                                                                                  



LITHOS 472-473 (2024) 107565

22

Rohstoffe und Bergbau (LGRB, Freiburg im Breisgau) and Udo Neumann 
(University of Tübingen) for providing samples used in this study. 
Thanks also to Simone Schafflick and Philip Werner (University of 
Tübingen) for sample preparation. Moreover, we thank Elisabeth Eiche, 
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