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A B S T R A C T   

The Fe isotope systematics of subducted lithologies are crucial for the understanding of redox-dependent mass 
transfer in subducting slabs, with consequences for the compositions of arc magmas and of the deep mantle. We 
investigated eclogites, metagabbros, and paragneisses from the Variscan Münchberg Massif to unravel whether 
their Fe isotope compositions are dominated by the igneous/sedimentary protolith signature, by low-temperature 
seawater alteration, or by later fluid-rock interactions during the subduction-exhumation cycle. Although the 
eclogites are thought to be derived from a continental rather than oceanic setting (possibly a rift-drift transition 
stage), they have mid-ocean ridge basalt (MORB)-like major and trace element compositions. They are often 
moderately oxidized compared to MORB (Fe3+/ΣFe = 0.06 to 0.30). Their δ56Fe values (+0.00 to +0.17‰; 
mean + 0.08 ± 0.01‰) mostly resemble those of MORB (+0.07 to +0.17‰). The metagabbros, which are 
derived from a more enriched mantle source than the eclogites, yielded heavier δ56Fe values (+0.09 to +0.22‰) 
similar to ocean island basalts, whereas those of the paragneisses (+0.03 to +0.10‰) are typical for pelitic 
sediments. 

It appears that the Fe isotope compositions of the igneous protoliths are largely preserved and little if any Fe 
was mobilized during the diverse fluid-rock interaction stages. The parental magma of the eclogites was probably 
somewhat isotopically lighter than similarly differentiated MORB magmas, perhaps due to the presence of 
metasomatized, isotopically light peridotites in the subcontinental lithospheric mantle (SCLM) source. Although 
it is possible that δ56Fe values were slightly modified during seawater alteration and/or metamorphic fluid-rock 
interactions in some of the eclogites, the impact of fluid-rock interactions on the major element compositions of 
the eclogites appears to be small. Furthermore, the scarcity of metamorphic veins in the Münchberg Massif ar-
gues against significant Fe mobilization in the slab. We suggest that continental eclogites tend to retain their 
magmatic δ56Fe values throughout the subduction-exhumation cycle, whereas δ56Fe values of oceanic eclogites 
may often be dominated by seafloor alteration with potential local modifications in the slab close to fluid 
channels. The remarkable robustness of the Fe isotope compositions of continental eclogites suggests that they 
may be used to reconstruct protolith mantle source properties despite the complex post-magmatic history.   

1. Introduction 

Iron is a major element in all main reservoirs of the solid Earth, with 
the special property that it occurs in different valence states (0, +2, and 
+ 3). It largely controls the Earth's redox budget, and conversely, the 
Fe3+/ΣFe (atomic Fe3+ to total Fe ratio) is a useful tracer of redox- 

dependent processes, for instance, as a direct measure of oxygen 
fugacity in mantle-derived melts (e.g., Kress and Carmichael, 1991). 
Notably, Fe3+/ΣFe data from whole rock or glass analyses demonstrate 
that island arc basalts (IAB) are more oxidized than mid-ocean ridge 
basalts (MORB; e.g., Christie et al., 1986; Kelley and Cottrell, 2009; 
Cottrell and Kelley, 2011). This high oxidation state is often explained 
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by mass transfer of oxidized species (e.g., Fe3+, SO4
2− , and CO3

2− are 
abundant in certain slab lithologies; see Evans and Frost, 2021) from the 
slab to the mantle wedge by fluids and/or melts (e.g., Evans, 2012; 
Bénard et al., 2018; Debret et al., 2020). However, the redox systematics 
of slab-derived fluids and melts are not fully understood, and some 
recent studies (e.g., Li et al., 2016a; Li et al., 2020; Piccoli et al., 2019) 
argue that common slab-derived fluids are too reduced to oxidize the 
mantle wedge. Thus, to improve knowledge about slab redox system-
atics, more studies on the Fe behavior in high-pressure (HP) rocks are 
required. 

Iron isotopes (δxFe = [(xFe/54Fe)sample/(xFe/54Fe)IRMM-524a standard −

1] × 1000 with x = 56 or 57) have proved to be a powerful redox- 
sensitive tool even in the study of high-temperature processes (e.g., 
Williams et al., 2009; Williams and Bizimis, 2014; Teng et al., 2011; 
Nebel et al., 2013, 2015; Dauphas et al., 2017). At equilibrium, the Fe3+

species tends to be enriched in heavy Fe isotopes compared to Fe2+

(Polyakov and Mineev, 2000; Dauphas et al., 2009, 2014). Since Fe3+ is 
more incompatible than Fe2+ during partial mantle melting, basaltic 
melts are isotopically heavier than their mantle source rocks (Williams 
et al., 2005; Weyer and Ionov, 2007; Dauphas et al., 2009). However, 
both basalts and mantle lithologies span a considerable range in δ56Fe 
values. The mean δ56Fe value for mantle peridotite samples (− 0.027 ±
0.026‰) suggests a near-chondritic Fe isotope composition of the 
mantle (Dauphas et al., 2017, and references therein). However, indi-
vidual samples reveal extreme δ56Fe values (e.g., as low as − 0.69‰), 
interpreted to reflect kinetic isotope fractionation due to metasomatism 
during melt percolation (e.g., Williams et al., 2005; Weyer and Ionov, 
2007; Zhao et al., 2012; Poitrasson et al., 2013). MORB δ56Fe values are 
fairly homogeneous (+0.07 to +0.17‰, mean + 0.105 ± 0.006‰; 
Weyer and Ionov, 2007; Teng et al., 2013; Sossi et al., 2016), although 
more extreme compositions were recently reported (+0.03 to +0.36‰; 
Sun et al., 2020). Back-arc basin basalts (BABB) display δ56Fe values 
similar to, or lighter than MORB (− 0.01 to +0.18‰; Nebel et al., 2013, 
2018; Teng et al., 2013). In contrast, ocean island basalts (OIB) often 
display heavier δ56Fe values than MORB (− 0.01 to +0.30‰; e.g., Weyer 
and Ionov, 2007; Teng et al., 2008, 2013; Schuessler et al., 2009; Konter 
et al., 2016). This range has been explained by lithologically variable 
mantle sources that are often rich in heavy-δ56Fe pyroxenites, although 
mantle source metasomatism and/or high fO2 during partial melting 
may also play a role (Williams and Bizimis, 2014; Konter et al., 2016). 
Contrarily, IAB tend to have lighter δ56Fe values than MORB (− 0.05 to 
+0.15‰; Dauphas et al., 2009; Nebel et al., 2013, 2015; Foden et al., 
2018; Williams et al., 2018). This is thought to be mainly due to repeated 
previous extraction of heavy-δ56Fe melts from the mantle source and re- 
oxidation by sulfate from slab-derived fluids (Nebel et al., 2015; Foden 
et al., 2018). Direct transfer of isotopically light Fe from the slab to the 
mantle wedge is still debated: mass balance calculations predict that this 
process cannot play a dominant role (Nebel et al., 2015; Williams et al., 
2018), but its general possibility has been advocated by studies of slab 
lithologies (Debret et al., 2016, 2018, 2020; Chen et al., 2019). 
Conversely, presumable recycling of high-δ56Fe residual slab material 
into the deep mantle may create isotopically heavy pyroxenite compo-
nents within the mantle plume sources of OIB (e.g., Konter et al., 2016). 

Consequently, subduction zones play a key role in understanding 
global Fe isotope systematics. Fe mobilization across slab lithologies has 
been inferred from serpentinites (Debret et al., 2016, 2018, 2020), 
whiteschists (Chen et al., 2019), and eclogite-derived metamorphic 
veins (Huang et al., 2020). Most previous studies of subduction-related 
metabasites focus rather on Fe isotope behavior within specimens 
(Beard and Johnson, 2004; Li et al., 2016b; Gerrits et al., 2019) or at the 
outcrop scale (Huang et al., 2020). Regional-scale Fe isotope studies of 
subducted metabasites are only available from the Ile de Groix, France 
(El Korh et al., 2017), the Western Alps (Inglis et al., 2017), and the 
Dabie-Sulu orogen (Yan et al., 2022). These studies suggest a rather 
conservative behavior of Fe isotopes during subduction, even if pre- 
subduction hydrothermal alteration may have shifted the δ56Fe of 

metabasites (El Korh et al., 2017). More case studies are needed to 
thoroughly assess how Fe isotopes behave during high-pressure meta-
morphism. After all, the chemical composition of eclogites results from 
numerous processes, many of which can cause Fe isotope fractionation:  

(1) The parental magmas of most eclogite protoliths are generated by 
partial melting of the Earth's mantle. Mantle source composition 
and parameters of partial melting, such as oxygen fugacity and 
melting degree, can considerably influence the δ56Fe of the melt 
(Dauphas et al., 2009; Williams and Bizimis, 2014; Konter et al., 
2016; Sossi et al., 2016).  

(2) The original Fe isotopic composition of the magma may be 
changed by processes such as fractional crystallization, wall rock 
assimilation, or diffusion (see Teng et al., 2008, 2011, 2013; 
Schuessler et al., 2009; Sossi et al., 2012, 2016; Nebel et al., 
2018).  

(3) Mafic protoliths, especially those which originated in oceanic 
spreading centers, are often subjected to alteration by fluids prior 
to subduction. δ56Fe values of strongly altered basalts can be 
drastically raised or lowered (− 0.20 to +1.39‰), depending on 
the redox conditions of alteration-related dissolution-precipita-
tion processes (Rouxel et al., 2003). Isotopically light Fe2+ can be 
leached from rocks while heavy Fe3+ is fixed in secondary clays or 
Fe-hydroxides. By contrast, re-precipitation of Fe2+ in sulfides 
lowers the δ56Fe of altered mafic rocks (Rouxel et al., 2003). 
Serpentinization of abyssal peridotites can also cause Fe isotope 
fractionation at various temperature conditions (El Korh et al., 
2020, and references therein). 

(4) Experiments (Hill et al., 2010) as well as case studies of serpen-
tinites (Debret et al., 2016, 2018, 2020) and whiteschists (Chen 
et al., 2019) have proposed that Cl− -bearing, CO3

2− -bearing, and/ 
or SO4

2− -bearing fluids may mobilize Fe2+, thereby preferentially 
leaching isotopically light Fe from rocks during subduction. By 
contrast, the only Fe isotope study of eclogite-derived meta-
morphic veins reported that isotopically heavy Fe was preferen-
tially mobilized because the light Fe was bound by less soluble 
garnet (Huang et al., 2020). Retrogression may cause local inter- 
mineral Fe isotope disequilibrium in eclogites without affecting 
the whole-rock δ56Fe values (Li et al., 2016b; El Korh et al., 2017; 
Huang et al., 2020). 

Hence, it is necessary to disentangle which of these processes 
dominantly influence the Fe isotopic composition of eclogites, using 
fluid-mobile and fluid-immobile elements and other geochemical tools. 
Here, we present Fe isotope and Fe3+/ΣFe data for 42 eclogite, meta-
gabbro, and paragneiss samples from the Münchberg Massif (Germany), 
for which major and trace element, and oxygen isotope data have 
recently been obtained (Pohlner et al., 2021). Eclogite protoliths from 
the Münchberg Massif appear to be derived from a single mantle source 
and experienced variable degrees of fractional crystallization, sediment 
contamination, and fluid-rock interactions (Pohlner et al., 2021), mak-
ing them well-suited to test the influence of these processes on Fe isotope 
fractionation. 

2. Geologic background and petrography 

The Münchberg Massif is an allochthonous nappe pile within the 
Saxothuringian zone of the Variscan Orogen (e.g., Behr et al., 1982). It 
records metamorphic events of the Variscan Orogeny, which resulted 
from the collision of Laurussia and Gondwana during the Devonian and 
Carboniferous (e.g., Kroner and Romer, 2013; Franke et al., 2017). Its 
main tectonic units show inverted metamorphic zonation (Fig. 1): from 
bottom to top, it comprises Paleozoic sedimentary rocks of the Bavarian 
lithofacies (anchimetamorphic), the Prasinit-Phyllit-Serie (greenschist 
facies), Randamphibolit-Serie (amphibolite facies), Liegendserie 
(amphibolite facies), and Hangendserie (Behr et al., 1982; Klemd, 
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2010). A large part of the Hangendserie consists of amphibolites and 
orthogneisses that are thought to represent bimodal magmatism within 
a Cadomian arc terrane (Koglin et al., 2018). The numerous eclogite 
occurrences are located in the lower part of the Hangendserie and in the 
Hangendserie–Liegendserie boundary, and viewed either as parts of the 
Hangendserie (e.g., Matthes et al., 1974) or as tectonic bodies (e.g., 
Stettner, 1960). At the Weissenstein locality, contacts between inter-
layered eclogites and paragneisses are tectonically undisturbed, sug-
gesting that they formed a volcano-sedimentary sequence that 
underwent a common tectonometamorphic history (Klemd et al., 1991). 

The eclogites of the Münchberg Massif can be classified macro-
scopically and chemically into dark eclogites (kyanite-free, low Al2O3 
and Mg# = 100 × Mg/(Mg + Fe2+); atomic %) and light eclogites 
(kyanite- and/or zoisite-bearing, higher Al2O3 and Mg#; Matthes et al., 
1974, 1975; Stosch and Lugmair, 1990; Bosbach et al., 1991). The light 
eclogites are derived from plagioclase-rich cumulate gabbros whereas 
the dark eclogites mostly represent former basalts (Matthes et al., 1974, 
1975; Gebauer and Grünenfelder, 1979; Stosch and Lugmair, 1990; 
Bosbach et al., 1991; Pohlner et al., 2021). Good correlations between 
major and immobile trace elements reveal that the dark and light 
eclogites are derived from a single parental magma through fractional 
crystallization (Pohlner et al., 2021). The parental magma had a major 
and trace element composition between those of N-MORB and E-MORB 
(Pohlner et al., 2021). Despite this MORB-like signature and widespread 
characteristics of low-temperature seawater alteration (positive corre-
lations between Li, B, and Sb contents, and δ18O values), the eclogite 
protoliths cannot have formed in a typical oceanic spreading center 
(Pohlner et al., 2021). This is inferred from petrographic indications that 
some of the eclogites may have pyroclastic protoliths (Matthes et al., 
1974, 1975; Gebauer and Grünenfelder, 1979), and partly low εNd 
values coupled with high Th/Yb ratios that indicate variable magma 
contamination by wall-rock sediments (Stosch and Lugmair, 1990). 
Instead, a more continental setting is suggested, most likely a transi-
tional stage between continental rifting and the opening of the Rheic or 
Saxothuringian Ocean (Pohlner et al., 2021). This agrees with the late 

Cambrian to early Ordovician protolith formation age (480 ± 23 Ma, 
Sm–Nd whole-rock isochron, Stosch and Lugmair, 1990). Sm–Nd and 
Lu–Hf mineral isochrons (Stosch and Lugmair, 1990; Scherer et al., 
2002) constrain eclogite facies metamorphism to between 400 and 380 
Ma. The peak metamorphic conditions were estimated by numerous 
studies, compiled in Massonne and O'Brien (2003) and Liebscher et al. 
(2007), with temperatures in the range of 550–750 ◦C (600–650 ◦C in 
most studies) and pressures between 20 and 34 kbar, with some studies 
suggesting ultrahigh-pressure conditions (Okrusch et al., 1991; Klemd 
et al., 1994; Waizenhöfer, 2017). The adjacent paragneisses contain 
relics of this HP metamorphism, but underwent extensive amphibolite 
facies retrogression (Klemd et al., 1991, 1994). This retrogression had a 
variable effect on the eclogites: observations range from essentially 
unaffected eclogites and local amphibole/diopside + plagioclase and 
biotite + plagioclase symplectites around omphacite and phengite to 
almost complete retrogression (Matthes et al., 1974; Franz et al., 1986). 
The P-T conditions of symplectite formation were estimated at 8.5–12 
kbar and 600 ± 50 ◦C (Franz et al., 1986). High-pressure and retrograde 
metamorphism influenced the chemical composition of the eclogites, 
especially large-ion lithophile element and Pb concentrations, but oc-
casionally more fluid-immobile elements such as Nb and Th may also 
have been mobilized (Pohlner et al., 2021). However, HP metamorphic 
veins are scarce at most eclogite localities in the Münchberg Massif, 
suggesting a limited impact of HP fluid-rock interactions on the bulk 
rock chemical compositions (Pohlner et al., 2021). 

The Liegendserie contains metasediments and orthogneisses, but also 
metagabbros with largely preserved igneous minerals that are partly 
replaced by an amphibolite facies paragenesis along grain boundaries 
(Matthes and Seidel, 1977; Bosbach et al., 1991). The metagabbros and 
light eclogites are similar in major element composition, both repre-
senting former plagioclase-rich cumulates. However, differences in 
immobile trace element ratios compared to the eclogites demonstrate 
that the metagabbros are derived from a genetically unrelated igneous 
suite with an enriched, almost OIB-like parental magma (Pohlner et al., 
2021). 

Fig. 1. Geologic map of the Münchberg Massif, modified after Klemd et al. (1991) and Pohlner et al. (2021). Stars represent the sampling localities indicated 
in Table 1. 

J.E. Pohlner et al.                                                                                                                                                                                                                               



Chemical Geology 602 (2022) 120899

4

For this study, we adopt a chemical distinction of dark, transitional, 
and light eclogites by means of Al2O3 contents and Mg# (Pohlner et al., 
2021). The samples used here comprise eighteen dark eclogites, five 
transitional eclogites, eleven light eclogites, four metagabbros from the 
Liegendserie, and four paragneisses from the Weissenstein drill core. 
These samples have been characterized petrographically and chemically 
by Pohlner et al. (2021), see also Appendix A of the present study. 

3. Methods 

3.1. Analysis of Fe isotope compositions and Fe speciation 

FeO was analyzed volumetrically at the SARM laboratory (CRPG- 
Nancy), titrating with potassium dichromate after sample dissolution in 
HF/H2SO4 solution. Fe3+/ΣFe ratios of every sample were calculated 
from volumetric FeO, and Fe2O3

tot contents from X-ray fluorescence 
spectrometry (Pohlner et al., 2021). Iron isotope compositions (δ56Fe 
and δ57Fe relative to the IRMM-524a standard) were determined by 
multi-collector ICP-MS at the Department of Earth Science, University of 
Geneva, after sample dissolution and column purification. Details are 
specified in Appendix A. 

3.2. Modelling of igneous Fe isotope fractionation 

The effect of fractional crystallization on the Fe isotope compositions 
of the Münchberg eclogite protoliths is modelled here, building upon the 
cumulate-differentiate mixing model of Pohlner et al. (2021) with a 
reconstructed primary melt and a cumulate (60 wt% plagioclase, 25 wt 
% clinopyroxene, 15 wt% olivine, and traces of spinel) as mixing com-
ponents. Based on the compositions of the eclogite samples that were 
least affected by fractional crystallization and hydrothermal alteration 
(Section 5.2), we chose a δ56Fe value of − 0.077‰ for the composition of 
the initial melt (the magnitude of Fe isotope fractionation does not 
depend on this choice). Two different models were made, accounting for 
uncertainties in the initial Fe oxidation state of the melt (see Section 
5.1): a Fe3+/ΣFe of 0.15 agrees with the compositions of the least altered 
and least differentiated Weissenstein eclogite samples (Section 5.2), 
whereas Fe3+/ΣFe = 0.10 (see Appendix) is the revised value for MORB 
glasses after Berry et al. (2018). This Fe3+/ΣFe ratio (0.10 or 0.15) was 
kept constant for the whole system (melt + minerals) in every model 
calculation. Mineral–melt Fe isotope fractionation factors were taken 
from or estimated based on previous studies. The Δ56Feolivine-melt for 
basaltic systems is well-constrained (− 0.1‰; Sossi et al., 2016). We used 
the same value for Δ56Feclinopyroxene-melt, since clinopyroxene and coex-
isting olivine in mafic magmas have comparable δ56Fe values (Chen 
et al., 2014). The Δ56Feplagioclase-melt is unknown for mafic systems, but 
plagioclase from felsic systems is isotopically very heavy due to its high 
Fe3+/ΣFe ratios and low Fe coordination number (Δ56Feplagioclase-magne-

tite =+0.4 to 1.1‰; Wu et al., 2017). However, this effect decreases with 
increasing anorthite content (Wu et al., 2017) and temperature. We 
employ a Δ56Feplagioclase-melt of +0.3‰ here. In this context it should be 
noted that an error in this value would only modestly affect the mass 
balance due to the low Fe content of plagioclase, e.g., the δ56Fe value of 
the cumulate component would be only 0.03‰ higher for a Δ56Fepla-

gioclase-melt of +0.8‰ instead of +0.3‰. The Δ56Fespinel-melt can be esti-
mated based on Δ56Fespinel-olivine values after Polyakov and Mineev 
(2000). However, this strongly depends on the spinel endmember 
composition (0.8‰ difference between magnetite and Fe2+ spinel at 
1100 ◦C, Polyakov and Mineev, 2000), which can vary broadly 
depending on the melting degree in the model system. We chose a 
Δ56Fespinel-melt of +0.3‰, but again, a ± 0.4‰ uncertainty is insignifi-
cant for the mass balance due to the low proportion of spinel (<0.3 wt%) 
among the modelled cumulate minerals. In contrast to magnetite- 
dominated spinel, ilmenite preferentially incorporates isotopically 
light Fe (Polyakov and Mineev, 2000), but the incompatible behavior of 
TiO2 observed for most of the Münchberg eclogites (Pohlner et al., 2021) 

contradicts ilmenite fractionation, and ilmenite was never calculated in 
equilibrium with the melt for <50% crystal fractions. The isotope frac-
tionation factors were kept constant over the cooling interval of ~50 ◦C, 
whereas in nature they would increase by 7–8% over such temperature 
intervals around ~1100 ◦C, translating into <0.01‰ Δ56Feolivine-melt 
variation (see Polyakov and Mineev, 2000). For both Fe oxidation states 
of the initial melt (Fe3+/ΣFe = 0.15 and 0.10), the same Fe isotope 
fractionation factors were used. This simplification is necessary because 
it is not quantitatively known how the Fe isotope fractionation factors 
vary with the Fe oxidation state of the melt. Due to very low Fe3+/ΣFe 
ratios in olivine, Δ56Feolivine-melt may be closer to zero for reduced melts 
than for oxidized melts. 

4. Results 

4.1. Fe oxidation state 

The Fe3+/ΣFe ratios of the dark eclogites vary between 0.06 and 
0.30, without any systematic difference to the transitional and light 
eclogites (0.09–0.29; Table 1; Fig. 2). The Fe oxidation state is mostly 
decoupled from major and trace element systematics, including ele-
ments like Cr and Zr (Fig. 2a and b) that are strongly sensitive to igneous 
processes but not to fluid-rock interactions. Weak, but still statistically 
significant correlations exist between Fe3+/ΣFe and Sb, Cu, and As 
concentrations (Fig. 2c, e, and f). Two metagabbro samples with peg-
matoid textures have Fe3+/ΣFe ratios comparable to those of the eclo-
gites (0.14 and 0.15), and substantially higher than the other two (non- 
pegmatoid) metagabbros (0.02 and 0.04). The Fe3+/ΣFe values of the 
paragneisses (0.07–0.10) are within the same range as the most reduced 
eclogites. 

4.2. Fe isotope compositions 

Within uncertainties, all the Fe isotope data (Table 1) plot on the 
mass-dependent theoretical fractionation lines in the δ57Fe vs. δ56Fe 
diagram (Fig. S1). The eclogites mostly display MORB-like δ56Fe values 
between +0.00 ± 0.03‰ and + 0.17 ± 0.04‰ (Fig. 3; measurement 
uncertainties of individual samples are always expressed as 2 × mea-
surement standard error, 2SE). About two thirds of the eclogite samples 
yielded overlapping 2SE uncertainties. The mean δ56Fe values of the 
dark (+0.082 ± 0.017‰), transitional (+0.090 ± 0.021‰), and light 
eclogites (+0.071 ± 0.022‰) are indistinguishable within 2SE, 
although the light eclogites tend towards lower values (Fig. 3). For all 
the eclogites, Fe isotopes do not show strong correlations with any 
geochemical proxies. Only vague trends with TiO2 (Fig. 4a), Fe3+/ΣFe 
(Fig. 4d), and Be (Fig. 4j) were observed. 

The δ56Fe values of the Steinhügel metagabbros (+0.089 ± 0.029‰ 
to +0.220 ± 0.025‰) are heavier than those of most of the eclogites and 
fall within the range of MORB and OIB. The pegmatoid metagabbros 
(STH8 and STH9) are isotopically heavier than the non-pegmatoid 
samples (STH1 and STH4). 

The δ56Fe values of the Weissenstein paragneisses (+0.028 ±
0.013‰ to +0.096 ± 0.053‰) overlap with those of the eclogites. The 
mean δ56Fe (+0.062 ± 0.057‰; 2σ standard deviation) resembles that 
of the continental crust (+0.07 ± 0.02‰, Poitrasson, 2006; upper con-
tinental crust ca. +0.10‰, Foden et al., 2015) as well as modern marine 
sediments and Proterozoic–Phanerozoic shales (+0.13 ± 0.14‰ and +
0.08 ± 0.30‰, respectively; Beard et al., 2003). Nebel et al. (2015) re-
ported similar δ56Fe values (+0.05 to +0.12‰) from sediments that are 
about to enter a subduction zone. 

4.3. Model-based prediction of igneous Fe isotope fractionation 

The influence of olivine and pyroxene fractionation drives the 
cumulate component towards a low predicted δ56Fe value of 0.00‰, 
while the most differentiated samples (200 μg/g Zr) are predicted to 
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have a δ56Fe value of +0.11‰ or + 0.13‰ (with Fe3+/ΣFe ratios of 0.15 
and 0.10, respectively, for the initial melt). A positive correlation be-
tween Zr and δ56Fe is predicted by the model, but our eclogite sample set 
does not show such a correlation (Fig. 4f). The choice of the initial Fe3+/ 
ΣFe ratio of the melt (0.10 or 0.15) seems to have only little influence on 
the total Fe isotope fractionation between cumulate and melt, but this is 
uncertain because it is not known quantitatively how mineral-melt Fe 
isotope fractionation factors vary with oxygen fugacity. In contrast, the 
modelled Fe3+/ΣFe ratios of the cumulate (down to 0.07 or 0.12, 
respectively) and differentiate (0.12 or 0.17, respectively) endmembers 
depend on the initial Fe3+/ΣFe (0.10 or 0.15) of the melt. In both cases, 
modelled Fe3+/ΣFe ratios increase with progressive differentiation, but 
such a correlation is not observed for our eclogite dataset (Fig. 2b). 

5. Discussion 

5.1. Controls on Fe oxidation state 

The range in Fe3+/ΣFe ratios of the eclogites (0.06–0.30) substan-
tially exceeds that of fresh MORB, for which different estimates exist, 
using different analytical methods (0.07 ± 0.01, Christie et al., 1986; 
0.12 ± 0.02, Bézos and Humler, 2005; 0.16 ± 0.01, Cottrell and Kelley, 
2011; 0.10 ± 0.02, Berry et al., 2018). Our modelling predicts that for 
unmodified mafic protoliths, Fe3+/ΣFe and Zr should be correlated due 
to Fe3+/ΣFe changes during fractional crystallization (Fig. 2b). In 
absence of notable seawater alteration, such original magmatic Fe3+/ 
ΣFe ratios, correlating with differentiation proxies, can be preserved in 
eclogites (Aulbach et al., 2017, 2019). However, our samples do not 
show a correlation between Fe3+/ΣFe and Zr, suggesting that the whole- 
rock Fe3+/ΣFe is not dominated by fractional crystallization. Variations 

Table 1 
Overview of the samples from the Münchberg Massif used in this study with Fe isotope and Fe3+/ΣFe results.      

Fe3+/ 
ΣFe 

δ56Fe ± 2σ 
SE 

δ57Fe ± 2σ 
SE 

n 

Sample locality rock type petrologic characteristics  (‰) (‰) (‰) (‰) (Fe 
isot.) 

10.1 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.15 0.093 0.036 0.134 0.048 8 
10.3 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.13 0.085 0.019 0.119 0.043 5 
11.41 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.18 0.072 0.032 0.099 0.050 5 
11.55 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.22 0.060 0.021 0.083 0.053 5 
19.6 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.12 0.069 0.014 0.086 0.012 5 
42.15 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.24 0.085 0.029 0.126 0.056 5 
42.35 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.18 0.088 0.030 0.130 0.058 5 
118.41 Weissenstein drill core dark eclogite Fe-Ti-rich MORB-type eclogite 0.15 0.041 0.025 0.064 0.040 8 
8_28 Weissenstein dark eclogite Fe-Ti-rich MORB-type eclogite 0.16 0.099 0.034 0.161 0.051 9 
159 Fattigau dark eclogite Fe-Ti-rich MORB-type eclogite 0.27 0.071 0.035 0.113 0.057 7 
M1 Fattigau dark eclogite Fe-Ti-rich MORB-type eclogite 0.30 0.058 0.038 0.072 0.055 5 
FAT1 Fattigau dark eclogite Fe-Ti-rich MORB-type eclogite 0.20 0.046 0.033 0.079 0.045 5 
FAT2 Fattigau dark eclogite Fe-Ti-rich MORB-type eclogite 0.22 0.068 0.032 0.091 0.040 5 
FAT6 Fattigau dark eclogite Fe-Ti-rich MORB-type eclogite 0.24 0.066 0.044 0.096 0.068 5 
UPF2 Unterpferdt dark eclogite Fe-Ti-rich MORB-type eclogite 0.06 0.106 0.024 0.158 0.032 12 
SIL4 Silberbach dark eclogite Fe-Ti-rich MORB-type eclogite 0.10 0.165 0.042 0.261 0.087 3 
ATG5 Autengrün dark eclogite Fe-Ti-rich MORB-type eclogite 0.18 0.118 0.025 0.161 0.054 4 
ATG17 Autengrün dark eclogite Fe-Ti-rich MORB-type eclogite 0.17 0.078 0.021 0.130 0.045 4 
0.13 Weissenstein drill core transitional 

eclogite 
moderately Al-Mg-rich eclogite 0.16 0.084 0.019 0.130 0.031 5 

0.35 Weissenstein drill core transitional 
eclogite 

moderately Al-Mg-rich eclogite 0.14 0.081 0.035 0.123 0.042 5 

WEI3 Weissenstein transitional 
eclogite 

moderately Al-Mg-rich eclogite 0.26 0.061 0.043 0.101 0.050 3 

SIL1 Silberbach transitional 
eclogite 

moderately Al-Mg-rich eclogite 0.09 0.122 0.035 0.176 0.058 10 

MR2 Martinsreuth transitional 
eclogite 

moderately Al-Mg-rich eclogite 0.09 0.100 0.014 0.145 0.026 9 

WEI Weissenstein light eclogite kyanite-bearing Al-Mg-rich eclogite 0.20 0.041 0.034 0.066 0.056 5 
S1861 Oberkotzau light eclogite kyanite-bearing Al-Mg-rich eclogite 0.13 0.096 0.020 0.123 0.045 4 
S1864 Oberkotzau light eclogite kyanite-bearing Al-Mg-rich eclogite 0.15 0.070 0.040 0.093 0.048 8 
Ober 1 Oberkotzau light eclogite kyanite-bearing Al-Mg-rich eclogite 0.18 0.001 0.032 − 0.004 0.054 7 
Ober 2 Oberkotzau light eclogite kyanite-bearing Al-Mg-rich eclogite 0.17 0.049 0.044 0.063 0.069 7 
Ober 3 Oberkotzau light eclogite kyanite-bearing Al-Mg-rich eclogite 0.29 0.107 0.021 0.152 0.027 8 
SIL6B Silberbach light eclogite kyanite-bearing Al-Mg-rich eclogite 0.09 0.105 0.031 0.162 0.047 9 
ATG2 Autengrün light eclogite kyanite-bearing Al-Mg-rich eclogite 0.20 0.061 0.014 0.091 0.035 4 
EPP2 Eppenreuth light eclogite kyanite-bearing Al-rich eclogite 0.13 0.073 0.021 0.118 0.055 4 
WBD1 Wölbattendorf light eclogite kyanite-bearing Al-Mg-rich eclogite 0.12 0.108 0.027 0.162 0.041 9 
86.54 Weissenstein drill core paragneiss metapelite to metapsammite 0.07 0.028 0.013 0.038 0.045 3 
87 Weissenstein drill core paragneiss metapelite to metapsammite 0.09 0.068 0.044 0.097 0.087 3 
148.3 Weissenstein drill core paragneiss metapelite to metapsammite 0.10 0.096 0.053 0.148 0.089 6 
154.01 Weissenstein drill core paragneiss metapelite to metapsammite 0.07 0.054 0.004 0.086 0.043 3 
STH1 Steinhügel 

(Liegendserie) 
metagabbro amphibolite facies coronas around relict igneous 

phases 
0.04 0.089 0.029 0.130 0.046 3 

STH4 Steinhügel 
(Liegendserie) 

metagabbro amphibolite facies coronas around relict igneous 
phases 

0.02 0.095 0.023 0.146 0.040 7 

STH8 Steinhügel 
(Liegendserie) 

meta-quartz 
diorite 

pegmatoidal; consists of amphibolite facies 
pseudomorphs 

0.15 0.163 0.018 0.251 0.043 3 

STH9 Steinhügel 
(Liegendserie) 

meta-quartz 
diorite 

pegmatoidal; consists of amphibolite facies 
pseudomorphs 

0.14 0.220 0.025 0.330 0.014 3  
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in mantle source composition and partial melting alone cannot explain 
the Fe3+/ΣFe data of the Münchberg eclogites because they span a larger 
range than those of fresh MORB samples from various localities world-
wide (Cottrell and Kelley, 2011). Furthermore, rock geochemical sys-
tematics imply a single parental magma for all the eclogites, and that 
seawater alteration affected most of the rocks (Pohlner et al., 2021). 
Consequently, we suggest that many of the Münchberg eclogites were 
significantly oxidized during fluid-rock interactions, whereas some may 
have been slightly reduced. The Fe3+/ΣFe signatures do not correlate 
with δ18O values and only weakly so with Sb contents, both of which are 
seawater alteration proxies (Fig. 2c and d). However, this does not 
contradict seawater alteration, which commonly comprises different 
alteration stages with contrasting influences on element contents, oxy-
gen isotope compositions, and Fe oxidation states of the rocks (e.g., Alt 
and Honnorez, 1984). Contrasting alteration styles are indeed suggested 
for the Fattigau eclogites on the one hand (high Sb and Cu contents, δ18O 
values, and Fe3+/ΣFe ratios; low As contents; Fig. 2) and the remaining 
eclogites on the other hand (intermediate Sb contents and δ18O values; 
MORB-like Fe3+/ΣFe ratios; low Cu contents; high As contents; Fig. 2) 
with the exception of the Weissenstein eclogites, which appear to be 
mostly unaffected by seawater alteration (Pohlner et al., 2021). It is 
unclear whether this reflects two contrasting stages of seawater alter-
ation, or uniform seawater alteration that was locally overprinted by 

metamorphic fluid-rock interactions. In any case, contrasting patterns 
for Fe3+/ΣFe, Cu, As, and Sb suggest at least two different modes of 
fluid-rock interactions, likely with contrasting redox conditions. 

Care needs to be taken when interpreting absolute values of titration- 
derived Fe3+/ΣFe data, which can overestimate the actual Fe3+/ΣFe 
ratio of the rock due to air contamination (O'Neill et al., 1993). Our 
dataset may be affected by this to some degree as the eclogite samples 
that are least affected by seawater alteration have Fe3+/ΣFe ratios 
around 0.15, somewhat higher than the most recent estimate (0.10 ±
0.02) for fresh MORB (Berry et al., 2018). On the other hand, the eclo-
gite protoliths were not formed in a typical mid-ocean ridge setting but 
most likely in a rift-drift transition setting (Pohlner et al., 2021), thus it 
cannot be excluded that the parental magma may have been somewhat 
more oxidized than a typical MORB magma. For the metagabbros, the 
Fe3+/ΣFe ratios of samples STH1 (0.04) and STH4 (0.02) are so low that 
they can hardly be overestimated. The pegmatoid metagabbro samples 
are more oxidized, but Matthes and Seidel (1977) and Bosbach et al. 
(1991) also found that many of their (non-pegmatoid) metagabbro 
samples are strongly reduced. Our fractional crystallization model pre-
dicts that cumulate rocks have lower Fe3+/ΣFe ratios than their differ-
entiated counterparts (Fig. 2b), similar to the metagabbro trend. On the 
other hand, given that the metagabbros have high δ18O values and Sb 
concentrations (Fig. 2c and d), hydrothermal alteration may have 

Fig. 2. Fe3+/ΣFe ratios of samples from the 
Münchberg Massif, compared to selected 
geochemical data from Pohlner et al. (2021). 
Reference fields for fresh MORB are con-
structed after Berry et al. (2018) for Fe3+/ 
ΣFe, Harmon and Hoefs (1995) for δ18O, and 
Jenner and O'Neill (2012); limited to weakly 
differentiated samples, see Pohlner et al., 
2021) for element concentrations. The R2 

values indicate the quality of correlations 
(for all eclogites, correlations with R2 > 0.11 
are statistically significant at a significance 
level of 0.05). The lines in (b) illustrate the 
predicted Fe3+/ΣFe evolution obtained from 
fractional crystallization modelling (Section 
3.2) with the initial melt (L0), cumulate (C), 
and differentiate (D) compositions. The gray 
baseline band in (c) represents the average 
detection limit of Sb. Arrows indicate quali-
tative evolution lines, with A and B sug-
gesting two contrasting styles of fluid-rock 
interactions as discussed in Section 5.1.   
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affected the Fe3+/ΣFe ratios of the metagabbros, similar to some of the 
eclogites. However, the metagabbro data set is too small to permit robust 
conclusions regarding the cause of their low Fe3+/ΣFe ratios. 

5.2. Fe isotope compositions of the igneous and sedimentary protoliths 

The Fe isotopic compositions of rock samples can be influenced by 
process-driven fractionation effects as well as variable source compo-
nents. Due to typically high Fe concentrations in mafic rocks, the pro-
tolith δ56Fe values are expected to be robust unless sufficiently intense 
metasomatic processes were involved. A rather conservative behavior of 
Fe in the Münchberg eclogites seems likely because (1) they display 
fairly uniform δ56Fe values in the range of fresh MORB, and continental 
basalts and gabbros (Fig. 3), and (2) the positive correlation between 
Fe2O3

tot and Zr concentrations (Pohlner et al., 2021) shows very little 
scatter, suggesting an undisturbed magmatic relationship between the 
two elements. However, for complete preservation of the igneous pro-
toliths' Fe isotope compositions, our fractional crystallization model 
predicts correlations between δ56Fe values and concentrations of fluid- 
immobile elements that are typically enriched/depleted during 
igneous fractionation (e.g., TiO2, Zr, and Cr; Fig. 4). Such correlations 
are not obvious in our data (Fig. 4), although the majority of our samples 
agree with the modelled trends within error. The strongest correlations 
of δ56Fe values with any geochemical indices are with Fe3+/ΣFe 
(Fig. 4d) and Be (Fig. 4j), but even these correlations are weak and thus 

do not provide strong evidence for any specific geological process. The 
positive correlation between Be and δ56Fe values is consistent with the 
incompatible behavior of Be during fractional crystallization and low Be 
mobility in metamorphic fluids (Ryan, 2002), but this leaves the ques-
tion why the δ56Fe values do not correlate with the other immobile, 
incompatible trace elements. Although Be and Zr are similarly incom-
patible during the differentiation of tholeiitic magmas (Ryan, 2002), the 
two elements are not correlated in the eclogite data (Pohlner et al., 
2021), suggesting that Be behavior in our sample set is probably more 
complex. We note that, although fluid-immobile elements except Be do 
not correlate with Fe isotopes, they correlate well with each other, 
advocating that all the eclogite protoliths were derived from a single 
parental magma (Pohlner et al., 2021). Thus, δ56Fe variations due to 
variable partial melting fractions (ca. 0.04‰; Konter et al., 2016; Sossi 
et al., 2016) or mantle oxygen fugacities (up to 0.1‰; Konter et al., 
2016) are unlikely. Instead, the expected correlations may be obscured 
by analytical uncertainties, or blurred by modest δ56Fe modifications 
during fluid-rock interactions (see Section 5.3). Additionally, it may be 
possible that the modelled Fe isotope fractionation during fractional 
crystallization is overestimated, e.g., due to incomplete knowledge of 
the mineral-melt Fe isotope fractionation factors. 

When considering only the eclogite samples from the Weissenstein 
locality, which are mostly unaffected by seawater alteration (Pohlner 
et al., 2021), strong correlations with fluid-immobile elements are 
similarly absent. This is not surprising, given that the range of δ56Fe 
values in this sample subset is small compared to analytical un-
certainties. Based on geochemical criteria, some of the Weissenstein 
eclogite samples (10.1, 10.3, 19.6, 42.15, 42.35, and 118.41) appear to 
be little affected by fractional crystallization (no Eu anomalies and close 
to 8 wt% MgO, 275 μg/g Cr, and 80 μg/g Zr; see Pearce, 2014) and 
seawater alteration (MORB-like Fe3+/ΣFe, δ18O, Li, B, and Sb). These 
samples yield a mean δ56Fe value of +0.077 ± 0.016‰ (2SE) which we 
interpret as the Fe isotope composition of the parental magma after 
emplacement in the upper crust, indistinguishable from the mean δ56Fe 
value of the entire eclogite sample set (+0.080 ± 0.010‰; 2SE). Despite 
the likely continental origin of the eclogites (Pohlner et al., 2021), these 
mean values are comparable to the average δ56Fe value of primitive 
(Mg# = 70–75) MORB magmas (+0.06 ± 0.01‰, Sossi et al., 2016), but 
lower than the mean δ56Fe value of MORB samples (+0.105 ± 0.006‰; 
Teng et al., 2013). Most MORB samples have higher δ56Fe values than 
primitive MORB magmas because they experienced fractional crystal-
lization especially of olivine, as suggested by Mg# <70 (Sossi et al., 
2016). The six aforementioned Weissenstein samples have Mg# of 
60–62, suggesting that the parental magma represented by these sam-
ples had already lost olivine crystals before emplacement and fraction-
ation in the upper crust. MORB samples with Mg# = 60–62 have δ56Fe 
values between 0.08‰ and 0.14‰ (Sossi et al., 2016), mostly higher 
than the Münchberg eclogite mean. This suggests that the primitive 
precursor magma of the Münchberg eclogites possibly had a slightly 
lighter Fe isotope composition than typical primitive MORB magmas. 
We recall that despite geochemical characteristics that greatly resemble 
those of MORB, the Münchberg eclogites were probably formed in a 
different geologic setting, likely a shallow-water transitional stage be-
tween continental rifting and seafloor spreading (Pohlner et al., 2021). 
In such a setting, basaltic melts may be sourced from the subcontinental 
lithospheric mantle (SCLM), which is often subjected to metasomatic 
processes (e.g., Zhao et al., 2015). The average Fe isotope compositions 
of SCLM xenoliths and abyssal peridotites are comparable (Sossi et al., 
2016), but metasomatism by melt percolation often generates extreme 
δ56Fe values in SCLM peridotites (− 0.69 to +0.10‰; Zhao et al., 2012, 
2015; Poitrasson et al., 2013). These extreme Fe isotope compositions 
may mostly cancel out each other when a magma body is assembled 
from a larger mantle volume. However, if a small contribution from 
preferential melting of isotopically light mantle lithologies is provided, 
isotopically light parental magmas may be generated. Apart from active 
margins, iron isotope data for continental basalts (Craddock and 

Fig. 3. Fe isotope compositions of samples from the Münchberg Massif (error 
bars represent 2SE), compared to terrestrial reference reservoirs. The vertical 
lines represent the compositions of bulk mantle (Weyer and Ionov, 2007) and 
continental crust (Poitrasson, 2006). Horizontal bars represent the total range 
of sample compositions available in the literature for subduction-related eclo-
gites (El Korh et al., 2017; Inglis et al., 2017; Huang et al., 2020), altered 
oceanic basalts (Rouxel et al., 2003), MORB (Sossi et al., 2016), BABB (Nebel 
et al., 2013, 2018), OIB (Teng et al., 2013; Konter et al., 2016), arc basalts 
(Dauphas et al., 2009; Nebel et al., 2013; Foden et al., 2018), continental ba-
salts and gabbros (Craddock and Dauphas, 2011; Sossi et al., 2012; Chen et al., 
2014; Nebel et al., 2020), and mantle peridotites (Weyer and Ionov, 2007; 
Poitrasson et al., 2013; Zhao et al., 2012, 2015). 
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Fig. 4. Fe isotopic compositions of samples from the Münchberg Massif, compared to selected major and trace element contents reported in Pohlner et al. (2021). 
Error bars represent measurement uncertainties (2SE). Reference compositions for fresh MORB are constructed after Sossi et al. (2016) for δ56Fe, Harmon and Hoefs 
(1995) for δ18O, Berry et al. (2018) for Fe3+/ ΣFe, and Jenner and O'Neill, 2012; limited to weakly differentiated samples, see Pohlner et al., 2021) for element 
concentrations. The R2 values are reported to indicate the quality of correlations (for all eclogites, correlations with R2 > 0.11 are statistically significant at a 
significance level of 0.05). The lines in (a-g) illustrate the predicted δ56Fe evolution obtained from fractional crystallization modelling (Section 3.2) with the initial 
melt (L0 with Fe3+/ΣFe = 0.10 represented by the continuous line, and Fe3+/ΣFe = 0.15 represented by the dashed line), cumulate (C), and differentiate (D) 
compositions. In (c), (e), and (g), the lines representing the model calculations are partly pale to indicate that extrapolation towards differentiated compositions 
becomes unreliable for compatible elements. The gray baseline bands in (i) and (j) display average detection limits. 
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Dauphas, 2011, and the BCR samples of Weyer and Ionov, 2007, and Li 
et al., 2019) and gabbros (Sossi et al., 2012; Chen et al., 2014; Nebel 
et al., 2020) are scarce, and additional data may reveal whether the Fe 
isotope compositions of some continental mafic rocks reflect mantle 
metasomatism. 

The Steinhügel metagabbros yielded δ56Fe values that are MORB- 
like, or slightly heavier. This is consistent with their more enriched, 
almost OIB-like mantle source (see Pohlner et al., 2021). In contrast to 
the eclogites, the metagabbros often show correlations between δ56Fe 
values and fractional crystallization proxies, as the pegmatoid meta-
gabbros are isotopically heavier than the non-pegmatoid metagabbros. 
However, based on only four analyses, it is difficult to judge whether the 
igneous Fe isotope signature is preserved. Given that these samples 
yielded high δ18O values (+9.4 to +10.1‰; Pohlner et al., 2021), fluid- 
rock interactions may have modified their Fe isotope compositions. 

The Weissenstein paragneisses have δ56Fe values comparable to 
those of typical sedimentary protoliths (see Section 4.2). Although this 
similarity suggests preservation of the protolith Fe isotope compositions, 
modifications during diagenesis and/or fluid-rock interactions in the 
slab cannot be excluded. The δ56Fe values of the paragneisses differ from 
those of the eclogites by ≤0.1‰, with Fe2O3

tot contents that are lower 
than in most of the eclogites (Fig. 4b). Hence, even though the trace 
element compositions of many eclogite protoliths were modified by a 
few percent of magma contamination by the paragneiss protoliths 
(Stosch and Lugmair, 1990; Pohlner et al., 2021), this contamination has 
a negligible effect on the δ56Fe values of the eclogites. 

5.3. Fe isotope behavior during fluid-rock interactions 

Fluid-rock interactions potentially inducing variations in the Fe 
isotope compositions of eclogites may have taken place either during 
seawater alteration and/or during later subduction zone metamorphism. 
Given the high Fe concentrations in mafic protoliths, significant δ56Fe 
modifications by fluid-rock interactions require high Fe isotope frac-
tionation factors, influx of Fe with extreme isotopic compositions, and/ 
or high fluid/rock ratios combined with significant fluid Fe mobility. 
Seawater alteration appears to have affected most of the Münchberg 
eclogite protoliths (Pohlner et al., 2021), and is generally capable of 
causing strong Fe isotope fractionation (Rouxel et al., 2003). However, 
the samples of Rouxel et al. (2003) are much more oxidized than our 
samples, and many of them experienced drastic changes in major 
element compositions. This is in strong contrast with our samples, which 
essentially retained their original compositions regarding most major 
elements (Pohlner et al., 2021), including Fe (Section 5.2). The small 
deviations of the δ56Fe values of the eclogites from their expected 
igneous values also advocate limited Fe mobility. A minor effect of fluid- 
rock interactions on the Fe isotope compositions is possible, and may 
explain the lack of clear correlations as stated in Section 5.2. At least the 
eclogites from the Fattigau locality experienced oxidation and Cu 
enrichment during fluid-rock interactions (Section 5.1). While this 
might also happen without any Fe mobility, the Fattigau eclogites 
yielded δ56Fe values (mean = +0.062 ± 0.009‰) that are lower than 
those of most of the other dark eclogites, and up to 0.005‰ below their 
model-predicted igneous values (Fig. 4). Hence, it can be envisaged that 
the type of fluid-rock interaction that is geochemically suggested only 
for the Fattigau locality included addition of isotopically light Fe, or 
removal of isotopically heavy Fe. Given that the Fattigau eclogites have 
the heaviest oxygen isotope compositions of all eclogites in our data set 
(Fig. 4h), we suggest this effect to be related to seawater alteration, but 
cannot exclude later subduction-related fluid-rock interactions as the 
cause. In contrast to the Fattigau locality, some of the light and transi-
tional eclogites have δ56Fe values higher than those expected by the 
fractional crystallization model. All of these eclogites appear to have 
experienced some degree of seawater alteration (elevated δ18O values 
and Sb contents, Fig. 4h and i). This may have included minor addition 
of isotopically heavy Fe, or removal of isotopically light Fe. Due to the 

relatively low Fe contents of the light eclogites, their δ56Fe values can be 
shifted more easily than those of the Fe-rich dark eclogites from the 
same localities. 

Whereas seawater alteration in eclogites needs to be inferred from 
geochemical information alone (see Pohlner et al., 2021), metamorphic 
fluid-rock interactions can be assessed based additionally on textural 
information. Textural and geochemical evidence of alteration generated 
by prograde-derived pervasive fluid flow along grain boundaries is 
commonly overprinted, or limited to a small scale, and, thus, to localized 
element transport. Based on regional studies of metabasites of different 
facies, it was inferred that Fe isotope compositions remain constant 
during prograde dehydration, reflecting the typically low solute content 
of prograde fluids (El Korh et al., 2017; Inglis et al., 2017; Yan et al., 
2022). In contrast, close to peak conditions, significant major and trace 
element changes were reported for the alteration aureoles surrounding 
eclogite-facies dehydration veins, which may contain high-variance 
mineral assemblages and, thus, represent major conduits of channel-
ized high fluid flow during prograde HP metamorphism in blueschists 
and eclogites (e.g., Klemd, 2013). Thus, significant fluid flow-associated 
element scavenging and transport under eclogite-facies conditions is 
typically channelized, and only the alteration aureoles (which are usu-
ally a few centimeters to decimeters thick) around transport veins un-
dergo substantial chemical modification by externally-derived (i.e. non- 
rock-buffered) fluids (e.g., Zack and John, 2007). In contrast, internal 
fluids generated by dehydration are rock-buffered, and the stability of 
Fe-bearing HP minerals in such systems limits Fe mobility (El Korh et al., 
2017). Although Cl-rich fluids can dissolve some Fe2+ (Hill et al., 2010), 
mass balance calculations predict that the release of aqueous fluids by 
eclogite dehydration cannot alter the Fe isotope composition of the 
eclogite significantly at ca. 600 ◦C (Inglis et al., 2017). The Münchberg 
eclogites probably experienced higher temperatures around 700 ◦C 
(Waizenhöfer, 2017), where Fe solubilities could be somewhat higher, 
and according to Liebscher et al. (2007), conditions for water-saturated 
melting of eclogite may have been reached. In an eclogite-vein system in 
the Dabie Orogen that experienced P-T conditions comparable to the 
Münchberg Massif, Fe isotope fractionation between a vein-forming 
dehydration fluid and the adjacent eclogite (with <0.1‰ δ56Fe change 
in the eclogite) was reported and explained by preferential dissolution of 
high-δ56Fe omphacite and epidote from the eclogites (Huang et al., 
2020). In the Münchberg Massif, however, HP veins are rare at most 
localities and do not form large interconnected networks, indicating 
rather fluid-poor systems in absence of lawsonite dehydration as a fluid 
source (Pohlner et al., 2021). It seems that due to limited HP fluid flow in 
an eclogite paragenesis which effectively stored Fe, the Fe isotope 
compositions of the Münchberg eclogites probably did not change 
significantly during HP metamorphism. This might be different for the 
rare vein-bearing eclogites in the Münchberg Massif, but these require a 
separate study. 

Retrogression variably affected the Münchberg eclogites, and sym-
plectite abundance partly correlates with Ba and Pb concentrations, 
suggesting influx of metasediment-equilibrated fluids (Pohlner et al., 
2021). While Ba and Pb are highly concentrated in the gneisses and very 
mobile in fluids, it is much more difficult to imagine that these fluids 
transported enough Fe to shift the δ56Fe values of the eclogites signifi-
cantly. The most retrogressed eclogite samples (e.g., ATG5 and EPP2) do 
not show any anomalous Fe isotope compositions, arguing against a 
notable role of retrogression for bulk-rock Fe isotope compositions. 

5.4. Significance for the global Fe isotope cycle 

Implications for global Fe isotope systematics need to consider that 
the Münchberg Massif is not representative for typical subducted 
oceanic crust due to its continental context. Typical oceanic crustal rocks 
often undergo a much more intense seawater alteration than that 
recorded in the Münchberg eclogites, including prominent shifts in 
major element compositions (e.g., Alt and Honnorez, 1984). This may 
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commonly cause significant pre-subduction Fe isotope fractionation, as 
demonstrated by the study of Rouxel et al. (2003). Such a thorough 
hydration of the oceanic crust also increases its potential for later fluid- 
rock interactions in the slab, which may include Fe mobilization. Where 
such Fe mobilization during eclogite dehydration was demonstrated, it 
was found that the fluids tend to be enriched in isotopically heavy Fe 
released by preferential dissolution of high-Fe3+/ΣFe phases like 
omphacite, and thus cannot cause the low δ56Fe values of IAB (Huang 
et al., 2020). More investigations of the Fe isotope and Fe3+/ΣFe sys-
tematics of slab lithologies are necessary to identify the cause of the high 
oxidation state of IAB. 

6. Conclusions  

1. The Münchberg eclogites seem to have approximately preserved 
their igneous Fe isotope compositions, despite their complex history 
involving seawater alteration followed by subduction to eclogite 
facies conditions. We suggest that this immobile behavior of Fe 
during fluid-rock interactions is typical at least for continental 
eclogites, which often lack strong pre-subduction alteration and thus 
store too little water to form interconnected vein networks upon 
dehydration.  

2. The δ56Fe value of the primitive parental magma of the eclogite 
protoliths was probably slightly lower than those of primitive MORB 
magmas. This may reflect a contribution of isotopically light, meta-
somatized SCLM peridotite during magma generation, which is 
plausible for the likely genesis of the Münchberg parental magmas in 
a transitional stage between continental rifting and the opening of 
the Rheic or Saxothuringian Ocean.  

3. Despite the mostly conservative behavior of Fe in the Münchberg 
eclogites, minor δ56Fe modifications during fluid-rock interactions 
might have taken place, possibly during seawater alteration and/or 
(less likely) in the slab. Oceanic eclogites, which often experienced 
strong seafloor alteration before subduction, probably cover a larger 
range in δ56Fe values than the Münchberg eclogites due to seafloor 
alteration-related Fe isotope fractionation. In the vicinity of external 
fluid channels, further modifications of the Fe isotope compositions 
during subduction are conceivable for oceanic eclogites. In contrast, 
continental eclogites appear to be robust against post-magmatic 
δ56Fe modifications, hence Fe isotopes may even prove useful for 
reconstructing their mantle source properties. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Samples 19.6 and MR2 were provided by the rock archive of the 
Chair for Geodynamics and Geomaterial Research, University of Würz-
burg (Ulrich Schüßler). The column chemistry for Fe isotope analysis 
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