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Abstract

Erzgebirge ultrahigh-pressure (UHP) garnet peridotite includes scarce layers

of garnet pyroxenite, nodules of garnetite and, very rarely, of eclogite.

Peridotite-hosted eclogite shows the same subalkali-basaltic bulk rock compo-

sition, mineral assemblage and peak conditions as gneiss-hosted eclogite pre-

sent in the same UHP unit. Garnetite has considerably more Mg, moderately

enhanced Ca and Fe and significantly lower contents of Na, Ti, P, K and Si

than eclogite, whereas Al is very similar. In addition, the compatible trace ele-

ments (Ni, Co, Cr, V) are elevated and most incompatible elements (Zr, Hf, Y,

Sr, Rb and rare Earth elements [REE]) are depleted in garnetite relative to

eclogite. In contrast to other large ion lithophile elements (LILEs), Pb (+121%)

and Ba (+83%) are strongly enriched. The REE patterns of garnetite are char-

acterized by depletion of light and heavy REE and a medium REE hump indic-

ative of metasomatism, features being absent in eclogite. An exceptional

garnetite sample shows an REE distribution similar to that of eclogite. Garne-

tite is interpreted to have formed from the same, but metasomatically altered,

igneous protolith as eclogite. Except for Ba and Pb, the chemical signature of

garnetite is explained best by metasomatic changes of its basaltic protolith

caused by serpentinization of the host peridotite. Garnetite is chemically simi-

lar to basaltic rodingite/metarodingite. Although rodingite is commonly more

enriched in Ca, there are also examples with moderately enhanced Ca match-

ing the composition of Erzgebirge garnetite. Limited Ca metasomatism is

attributed to the preservation of Ca in peridotite during hydrous alteration.

This can be explained by incomplete serpentinization favouring metastable

survival of the original clinopyroxene. In this case, most Ca is retained in peri-

dotite and not available for infiltration and metasomatism of the garnetite pro-

tolith. This inescapable consequence is supported by the fact that

clinopyroxene is part of the garnet peridotite UHP assemblage, which would

not be the case if Ca had been removed from the protolith prior to
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high-pressure metamorphism. The enrichment of compatible elements in gar-

netite is attributed to decomposition of peridotitic olivine (Ni, Co) and spinel

(Cr, V) during serpentinization. Enrichment of Ba and Pb contrasts the behav-

iour of other LILEs and is ascribed to dehydration of the serpentinized perido-

tite (deserpentinization). This requires two separate stages of metasomatism:

(1) intense chemical alteration of the basaltic garnetite precursor, together

with serpentinization of peridotite at the ocean floor or during incipient sub-

duction; and (2) prograde metamorphism and dehydration of serpentinite dur-

ing continued subduction, thereby releasing Pb–Ba-rich fluids that reacted

with associated metabasalt. Finally, subduction to >100 km and UHP meta-

morphism of all lithologies led to formation of garnetite, eclogite and garnet

pyroxenite hosted by co-facial garnet peridotite as observed in the Erzgebirge.
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1 | INTRODUCTION

Rodingite is known from various tectonic settings, such
as seafloor spreading centres, rifted continental margins,
greenstone belts, alpine settings and supra-subduction
zones (e.g., Evans, 1977; Laborda-L�opez et al., 2018).
There is a close spatial relationship between rodingite
and serpentinite occurrences and, given the Ca depletion
of serpentinized peridotite and Ca enrichment of many
rodingite, there is also a close genetic relationship
between rodingitization and serpentinization. These
ultramafic rocks are volumetrically minor, but they occur
in most, if not all, global orogenic belts and, in addition,
contain information useful for deciphering the history of
such belts (e.g., Evans et al., 2013). Moreover, they can be
used to interpret the tectonic setting in which the rocks
originally formed and the one in which they were subse-
quently chemically modified. In this study, we aim to
unravel the origin and formation of garnetite in the
Variscan Erzgebirge in central Europe, which may repre-
sent an ultrahigh-pressure (UHP) equivalent of rodingite,
and attempt to unravel the tectonic processes of how
garnetite and associated mafic and ultramafic rocks were
incorporated into this orogen.

Rodingite is a CaO-rich and SiO2- and Na2O-poor
rock that forms by serpentinization of ultramafic rocks,
which induces metasomatic changes in adjacent rocks
(‘rodingitization’). The process typically occurs in oce-
anic basalt and/or gabbro but also affects other rock types
if they occur close enough to serpentinizing peridotite.
Rodingitization is characterized by substantial decrease
of Si and Na along with increase in Ca content
(e.g., Austrheim & Prestvik, 2008; Bach & Klein, 2009;
Coleman, 1967; B. W. Evans et al., 1979; Laborda-L�opez

et al., 2018; O’Hanley et al., 1992). Originally, the term
‘rodingite’ was only applied to Ca-rich metasomatic
rocks (e.g., Coleman, 1967). However, because the com-
position of metasomatic rocks, which formed by chemical
exchange with serpentinizing peridotite, is highly vari-
able, the term has been used more broadly, including also
alkali- and silica-depleted types with only minor Ca
enrichment (e.g., Coleman, 1967; Frost et al., 2008;
Honnorez & Kirst, 1975; Koutsovitis et al., 2013;
O’Hanley et al., 1992; Table S1).

Three high-pressure units (Units 1–3), which consist
of high-grade felsic gneiss and intercalated lenses of
metabasaltic eclogite, are known from the Erzgebirge,
Germany. Units 2 and 3 are high-pressure (HP)
units in which lenses of quartz eclogite occur. Unit 1 is
a UHP unit containing both gneiss-hosted coesite
eclogite and isofacial garnet-bearing ultramafic rocks
(e.g., Schmädicke et al., 1992), which are unknown from
Units 2 and 3. Garnet peridotite is the dominant ultra-
mafic rock type hosting rare pyroxenite layers and nod-
ules of garnetite (Schmädicke & Evans, 1997). Recently,
eclogite, associated with garnetite, in peridotite was
reported for the first time from the Erzgebirge UHP unit
(Schmädicke & Gose, 2020).

The finding of coesite and diamond in the Erzgebirge
(Nasdala & Massonne, 2000; Schmädicke, 1991, 1994) led
to a number of studies on eclogite and gneiss focusing on
the metamorphic evolution (Rötzler et al., 1998;
Schmädicke et al., 1992; Schmädicke & Evans, 1997), tim-
ing of metamorphism (Schmädicke et al., 1995, 2018;
Tichomirowa et al., 2001; Tichomirowa & Köhler, 2013),
water in garnet and pyroxene (Gose & Schmädicke, 2018;
Schmädicke & Gose, 2017), and bulk rock composition
(Massonne & Czambor, 2007; Schmädicke, 1994;
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Schmädicke & Will, 2021). In contrast, the ultramafic
rocks were subject to only a few studies exploring the
metamorphic peak conditions (Schmädicke &
Evans, 1997) and water in garnet (Schmädicke &
Gose, 2019, 2020). Moreover, only very little is known
about the composition and geochemistry of peridotite
(Mathé, 1990) and nothing in this context about
peridotite-hosted garnetite and associated eclogite.

Thus, this study is designed to close this gap of
knowledge by determining the major and trace element
composition of peridotite-hosted garnetite and eclogite
with the principal aim to characterize their protoliths
and to constrain the petrogenesis. In this context, it is
important to disclose the genetic relation of peridotite-
hosted garnetite and eclogite and to explore whether
peridotite- and gneiss-hosted eclogites have a common
origin. Based on the high modal amount of garnet, the
composition of garnet (Ca rich) and clinopyroxene
(Na poor), and the occurrence of prehnite, Schmädicke
and Evans (1997) suggested that garnetite may have
formed from a rodingite precursor. In addition, due to
the recent finding of peridotite-hosted metabasaltic eclo-
gite occurring next to garnetite, the latter was interpreted
as metarodingite (Schmädicke & Gose, 2020). This
hypothesis will be tested in this study on the basis of bulk
rock composition.

Using novel major, minor and trace element data, it
should be possible to test the rodingite hypothesis and
other possibilities (e.g., a cumulate origin) and to define
the nature of the garnetite protolith, which is important
to constrain the origin of Erzgebirge garnet peridotite
and associated rocks. The ultramafic rocks have been
interpreted as slices from the mantle wedge, which were
incorporated into the eclogite-bearing host-rock gneiss
during subduction (Schmädicke & Evans, 1997). A simi-
lar process referred to as ‘intrusion model’ was also sug-
gested for ultramafic rocks from the Caledonides
(Brueckner, 1998). Such a model explains the presence of
garnet-bearing ultramafic rocks in Erzgebirge UHP Unit
1 and their absence in Units 2 and 3. Based on the differ-
ences in the depth of burial, that is, >100 km for the
UHP Unit 1 and 60–80 km for Units 2 and 3, it is conceiv-
able that only Unit 1 was subducted deeply enough to
come in contact with the hangingwall mantle wedge
(Schmädicke & Evans, 1997). Thus, it is important to find
out whether this model can be reconciled with the new
data and the inferred garnetite protolith.

2 | REGIONAL BACKGROUND

The Erzgebirge is located at the northern margin of the
Bohemian Massif, the easternmost exposure of basement

in the European Variscides. The northeast–southwest-
trending Erzgebirge consists of an oval, 80 � 40 km large
crystalline complex (Figure 1), which is surrounded by
greenschist facies and lower grade metasedimentary
sequences. The Erzgebirge basement is made up of a
monotonous medium-pressure gneiss–migmatite unit,
lacking eclogite facies relics, that is overlain by three HP
units (Units 1–3; e.g., Klemd & Schmädicke, 1994;
Schmädicke, 1994; Schmädicke et al., 1995). The HP
units are composed of high-grade quartzofeldspathic
gneiss and intercalated, conformal lenses of metabasaltic
eclogite (Figure 1). More than a hundred locations of
eclogite and retrogressed equivalents are known in the
Erzgebirge (various geological maps 1:25,000; Sächsisches
Landesamt, 2020).

In contrast to eclogite, garnet-bearing ultramafic
rocks are rare in the Erzgebirge and only present in the
UHP Unit 1, where they are aligned in an approximately
E–W direction at the southern margin of this unit
(Figure 1). The dominant ultramafic rock type is variably
serpentinized garnet peridotite that occurs as lenses of a
few hundred metres up to 1–2 km length within the same
type of felsic, granulitic gneiss (Schmädicke &
Evans, 1997). Interlayers of garnet pyroxenite
(Mathé, 1990; Schmädicke & Evans, 1997) and nodules of
garnetite are locally present (Schmädicke & Evans, 1997).
The 1–15 cm thick pyroxenite layers are isoclinally
folded, whereas garnetite occurs as linearly aligned

F I GURE 1 Geological map of the Erzgebirge Crystalline

Complex modified after Schmädicke et al. (1995) showing the

exposure of the three high-pressure (HP) units, the occurrence of

ultramafic rocks in the ultrahigh-pressure (UHP) Unit 1 and the

sample locations Zöblitz (Zöb) and Ansprung (Asp). MP, medium-

pressure.
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boudin-like bodies of 10–30 cm length. Garnet peridotite
bodies occur in the vicinity of gneiss-hosted UHP eclo-
gite, but the two rock types were not found in direct con-
tact (Schmädicke & Evans, 1997). However, recent field
work provided evidence for peridotite-hosted eclogite in
an outcrop near Zöblitz (Figure 1; Schmädicke &
Gose, 2020). This peridotite-hosted eclogite occurs
together with garnetite nodules, which form agglomer-
ates in different parts of the outcrop (Schmädicke &
Gose, 2020).

The three HP units differ in their eclogite facies peak
conditions, which increase systematically from SW to
NE, from Unit 3 (600–650�C, 20–22 kbar), to Unit
2 (670–730�C, 24–26 kbar) and to Unit 1 (840–920�C,
≥30 kbar; Schmädicke, 1994; Schmädicke et al., 1992).
Units 2 and 3 contain quartz eclogite, whereas the
UHP Unit 1 is characterized by coesite eclogite
(Massonne, 2001; Schmädicke, 1991, 1994). Erzgebirge
eclogite comprises two colour types: a dominant dark-
and a subordinate light-coloured eclogite, both of which
occur in all three units (Schmädicke & Will, 2021). The
dark type has a homogenous, mid-ocean ridge basalt
(MORB)-like basaltic composition, while the chemically
variable, Ca–Al-rich and Fe-poor light type was ascribed
to plagioclase accumulation in a mid-ocean ridge (MOR)
magma chamber (Schmädicke & Will, 2021).

In all three eclogite units, rare HP relics were also
found in felsic country rocks, including, for instance,
symplectite of sodian diopside and albite (Schmädicke
et al., 1992). At one locality in the UHP Unit 1, microdia-
mond inclusions were found in gneiss (Nasdala &
Massonne, 2000; Stöckhert et al., 2001). The presence of
diamond, apart from pressure, also points to somewhat
higher peak temperature for eclogite from Unit
1 (e.g., ≥870–960�C) if recalculated to 40 kbar, relative to
the previous estimate of 840–920�C, which was based on
30 kbar (Schmädicke, 1994; Schmädicke et al., 1992).

Similar metamorphic peak conditions of garnet peri-
dotite and pyroxenite (�900�C, 33–36 kbar) led to the
suggestions that they experienced a common metamor-
phic history together with gneiss-hosted eclogite and the
host-rock gneiss (Schmädicke & Evans, 1997). Because all
rock types are presumably co-facial, they should have
shared a common metamorphic history, at least since the
eclogite facies stage of metamorphism. The timing of
the latter is defined by Sm–Nd mineral and secondary
ion mass spectroscopy (SIMS) U–Pb zircon ages of
c. 360 Ma and also constrained by Ar–Ar phengite cool-
ing ages of 348 ± 2 and 355 ± 2 Ma (Schmädicke
et al., 1995, 2018). The metabasaltic protoliths are most
probably crystallized before c. 540 Ma, as inferred from
SIMS U–Pb ages of igneous zircon of eclogite from Units
3 (Schmädicke et al., 2018), 2 and 1 (Tichomirowa &
Köhler, 2013).

3 | ANALYTICAL DETAILS

For this study, samples of peridotite-hosted garnetite,
eclogite and pyroxenite were investigated petrographi-
cally and by geochemical analysis. Thin sections were
prepared for each sample used for the geochemical ana-
lyses (Table 1) and inspected by a petrographic micro-
scope. For this, rock slices were cut from the hand
specimens before crushing and powdering to ensure
that the microscopic and geochemical data characterize
the same rock volume. Rock powders were generated
from the crushed rock pieces by milling in an agate
mortar. The sample powders were mixed with a flux
(tetraborate), heated to 1000�C in a Pt crucible, and the
melt was cast into a Pt mould to generate glass discs.
The major element composition of the bulk rocks was
obtained on the discs by X-ray fluorescence (XRF)
analysis (Table 2) utilizing a Philips PW1480 XRF

TAB L E 1 Mineral mode (vol.%) of investigated samples of peridotite-hosted garnetite, eclogite and pyroxenite.

Sample Locality Rock type grt di om qz rt op om-sym am zo Other phases

113a Zöblitz Eclogite 40 � 50 3 2 + + 4a + op +

113b Zöblitz Garnetite 70 28 � � 2 + � � �
Zö-Gr Zöblitz Garnetite 75 20 � � 3 � � � � aggr 2

Zö13-1 Zöblitz Garnetite 75 24 � � 1 + � � �
Zö13-2 Zöblitz Garnetite 75 23 � � 1 1 � � �
Zö13-3 Zöblitz Garnetite 70 29 � � 1 <1 � � �
Zö13-5 Zöblitz Garnetite 70 29 � � 1 + � � �
32 Ansprung Pyroxenite 40 48 � � + + � + � opx 6, aggr 6, ilm <1, phl +

Abbreviations: +, trace; aggr, very fine-grained mineral aggregate; am, amphibole; di, diopside; grt, garnet; ilm, ilmenite; om, omphacite; om-sym, symplectite
after omphacite; op, opaque mineral; opx, orthopyroxene; phl, phlogopite; qz, quartz; rt, rutile; zo, zoisite.
aLate-eclogitic hornblende with vermicular quartz inclusions.
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spectrometer calibrated against international rock stan-
dards. The relative standard deviation was <1% for all
elements except for Fe, Mg, Na (<5%) and P (<10%).
The trace element data were determined by laser abla-
tion inductively coupled plasma mass spectrometry
(LA-ICP-MS; Table 3) at the University of Erlangen-
Nuremberg. Using the same glass tablets as for XRF
analysis, the concentrations of trace elements were
measured with an Agilent 7500c quadrupole LA-ICP-
MS, equipped with an UP193FX Excimer laser (New
Wave Research). Argon served as plasma, cooling, aux-
iliary and carrier gas, and He as secondary carrier gas.
Spots of 50 μm in diameter were ablated in the melt
tablets, applying a repetition rate of 20 Hz and an
energy density of 4.35 J/cm2. Signal integration times
for mineral ablation were mostly 25 ms except for Si
and Mn (10 ms each) and 20 ms for background. The
NIST SRM 612 glass standard (Pearce et al., 1997) was
utilized for external calibration, and the SiO2 concentra-
tion determined by XRF analysis for the respective sam-
ple served as internal reference. The relative standard
deviation (Table S2) is <10% for all elements, except for
Tm (12%) and Ta (13%); for 19 elements, the standard
deviation is better than 5%. The international geostan-
dard BE-N was prepared and analysed in the same way
as the samples and used as secondary standard for test-
ing accuracy (Table S3). Data evaluation was carried
out with GLITTER, Version 4.4.4 (van Achterbergh
et al., 2000).

4 | RESULTS

4.1 | Petrographic characteristics

The samples of peridotite-hosted garnetite and eclogite
were selected from boudin-like nodules of up to 30 cm in
diameter occurring within peridotite in a quarry near
Zöblitz in the UHP Unit 1 (Figure 1). All garnetite sam-
ples (Table 1) come from different nodules. An additional
sample of garnet pyroxenite was taken from a 1–15 cm
thick interlayer in peridotite that is exposed in a quarry
at Ansprung in close vicinity to the Zöblitz locality
(Figure 1 and Table 1). Presumably, the rocks exposed in
the two outcrops belong to the same ultramafic rocks lens
(Mathé, 1990; Schmädicke & Evans, 1997). In contrast to
garnetite, peridotite-hosted eclogite is very rare and was
only recently described (Schmädicke & Gose, 2020). The
studied eclogite sample (113a) was collected from
the same nodule as garnetite sample 113b. The following
thin section description is focused on the peak metamor-
phic assemblage and the early post-peak recrystallization
under late-eclogitic and amphibolite facies conditions.

4.1.1 | Garnetite

Garnetite is dominated by garnet (70–75 vol.%) and diop-
sidic clinopyroxene (20–30 vol.%; Table 1 and Figure 2a).
Both minerals are chemically homogeneous (Tables S4

TAB L E 2 Major element composition (wt%) of peridotite-hosted garnetite, eclogite and pyroxenite from Erzgebirge, determined by

X-ray fluorescence analysis. For comparison, the average for Unit-1 eclogite was determined from literature data (Schmädicke & Will, 2021).

Sample 113a 113b Zö-Gr Zö13-1 Zö-13-2 Zö-13-3 Zö-13-5 32 ecl avg
Zöb Zöb Zöb Zöb Zöb Zöb Zöb Asp Unit 1

Rock ecl gar gar gar gar gar gar pyr ecl

SiO2 46.0 40.7 38.0 40.5 41.2 41.8 42.9 47.4 48.9

TiO2 1.5 1.1 1.1 0.6 0.6 0.5 0.9 0.4 1.9

Al2O3 16.7 17.6 17.2 17.5 16.8 15.2 14.7 14.6 15.8

Fe2O3 12.4 13.9 14.7 14.0 14.2 11.8 13.7 7.7 12.3

MnO 0.22 0.24 0.24 0.24 0.24 0.20 0.22 0.21 0.21

MgO 7.5 12.0 14.5 12.1 12.8 15.5 13.4 19.6 6.6

CaO 12.6 12.8 9.4 12.9 12.2 10.7 11.8 9.0 10.9

Na2O 2.72 0.28 0.28 0.40 0.54 0.55 0.62 0.52 2.81

K2O 0.11 0.02 0.05 0.02 0.03 0.25 0.02 0.04 0.14

P2O5 0.18 0.11 0.28 0.13 0.15 0.12 0.09 0.11 0.26

LOI 0.00 1.12 4.22 1.58 1.03 3.26 1.29 0.00 0.03

Total 99.84 99.83 99.79 99.85 99.77 99.80 99.75 99.68 99.81

Abbreviations: avg, average; ecl, eclogite; gar, garnetite; pyr, pyroxenite.
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and S5). Rutile and opaque minerals are minor constitu-
ents. Quartz is not observed in any sample in contrast to
eclogite (Figure 2b). Garnet appears in the form of three

textural types: (1) as large grains with up to 5 mm diame-
ter, (2) as recrystallized clusters of small neoblasts
(<0.2 mm grain size) replacing some of the large grains

TAB L E 3 Trace element composition (wt ppm) of peridotite-hosted Erzgebirge eclogite, garnetite and pyroxenite determined by laser

ablation inductively coupled plasma mass spectrometry analysis. For comparison, the average for Unit-1 eclogite was determined from

literature data (Schmädicke & Will, 2021).

Sample 113a 113b Zö-Gr Zö13-1 Zö13-2 Zö13-3 Zö13-5 32 ecl avg
Zöb Zöb Zöb Zöb Zöb Zöb Zöb Asp Unit 1

Rock ecl gar gar gar gar gar gar pyr ecl

Sc 31 58 43 48 51 43 48 40 42

V 324 464 436 474 494 381 428 220 356

Cr 206 161 125 196 189 470 559 1240 208

Mn 1784 1825 2048 2114 2128 1586 1730 1579 1530

Co 43 54 62 49 64 49 60 50 42

Ni 75 82 167 41 141 147 228 512 54

Ge 1.7 1.5 1.4 1.4 1.5 1.3 1.4 1.2 1.4

Rb 6.1 1.1 3.3 1.2 1.5 11 1.4 2,5 4.9

Sr 92 70 19 63 48 53 69 88 117

Y 30 25 19 17 19 8.3 9.4 15 50

Zr 68 49 49 29 29 24 9.4 42 144

Nb 2.6 11 5.7 1.0 1.5 1.4 0.36 0.16 4.6

Mo 0.36 0.54 0.31 0.29 0.35 0.76 0.16 0.50 0.71

Sn 1.2 4.6 3.8 5.2 3.9 1.3 1.0 3.3 2.7

Ba 6.4 14 42 16 133 64 78 13 33

La 3.3 2.8 4.7 1.2 1.4 1.9 1.4 1.9 4.8

Ce 9.9 5.9 15 4.6 5.0 6.5 3.4 4.3 11

Pr 1.5 1.45 2.1 1.0 1.1 1.1 0.43 0.90 2.1

Nd 8.6 11 11 7.7 8.9 7.1 2.4 5.0 12.5

Sm 2.9 6.0 4.7 4.2 4.5 2.8 1.1 1.7 5.0

Eu 1.1 1.3 0.97 1.1 1.0 0.77 0.42 0.55 1.7

Gd 4.2 5.3 3.8 3.5 3.6 2.4 1.4 2.1 7.2

Tb 0.74 0.77 0.57 0.56 0.59 0.33 0.26 0.38 1.3

Dy 5.2 5.0 4.0 3.4 3.8 1.7 1.8 2.7 9.1

Ho 1.1 1.0 0.81 0.72 0.77 0.32 0.41 0.62 2.0

Er 3.3 2.8 2.1 1.9 2.2 0.83 1.0 1.8 5.7

Tm 0.50 0.40 0.32 0.29 0.35 0.11 0.16 0.28 0.84

Yb 3.4 2.4 2.1 1.9 2.1 0.70 1.0 1.8 5.6

Lu 0.49 0.37 0.29 0.25 0.29 0.10 0.15 0.28 0.8

Hf 1.9 1.9 1.6 0.93 0.96 0.76 0.44 1.1 4.1

Ta 0.14 0.92 0.53 0.06 0.09 0.13 0.04 0.06 0.45

W 0.32 1.9 2.4 0.34 0.40 0.63 0.40 0.34 1.6

Pb 1.7 4.3 1.5 5.3 4.5 7.9 3.6 0.73 2.3

Th 0.45 0.75 0.94 0.28 0.27 0.32 0.48 0.27 0.25

U 0.34 0.34 0.93 0.17 0.21 0.21 0.15 0.07 0.38

Abbreviations: avg, average; ecl, eclogite; gar, garnetite; pyr, pyroxenite.
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F I GURE 2 Microscopic images of peridotite-hosted garnetite, eclogite and pyroxenite (a–e) and the peridotite host rock (f).

Comparison of mineral assemblages and textures of garnetite and eclogite (a, b). (a) Garnet (grt) and diopsidic clinopyroxene (cpx) are the

main constituents in garnetite. (b) Apart from garnet and omphacite (om), eclogite contains late-eclogitic calcic amphibole (amph) with

inclusions of vermicular quartz. This texture is also common to gneiss-hosted eclogite from the ultrahigh-pressure (UHP) unit and indicates

amphibole growth at the expense of omphacite. Quartz (qtz) is a typical constituent of eclogite but it is absent in garnetite. (c, d)

Granoblastic texture of garnetite. Clinopyroxene occurs in an interstitial position between larger and partially recrystallized garnet grains. (e)

Garnet pyroxenite is dominated by diopsidic clinopyroxene plus garnet and orthopyroxene (opx). (f) The garnet peridotite host rock consists

of the metamorphic assemblage garnet, clinopyroxene, orthopyroxene and olivine (ol), which equilibrated at UHP conditions. Retrograde

hydrous alteration predominantly affected olivine and led to partial replacement by serpentine. Image (e) was taken with partially crossed

polars, and the other images with crossed polars.

SCHMÄDICKE and WILL 1243



and (3) as recrystallized grains within granoblastic
garnet–clinopyroxene clusters. Clinopyroxene occurs in
such intergrowths together with, or as inclusions in, gar-
net and monomineralic clusters in interstitial positions
between garnet grains (Figure 2c,d). The polygonal gran-
oblastic texture of garnetite together with the lack of visi-
ble deformation features indicates that boudinage should
have occurred prior to peak metamorphism, most proba-
bly during a prograde metamorphic stage at which the
rock was already rich in garnet, causing a more rigid
(compared with pyroxenite) deformation behaviour.

Retrogressed garnetite is present in some nodules,
mostly in association with non-retrogressed portions. The
thin section of sample Zö-Gr comprises both primary gar-
netite (Table 1) and a strongly retrogressed equivalent,
which occur as two separate layers. In the retrogressed
layer, garnet and clinopyroxene were replaced by very fine-
grained, non-identified mineral aggregates. For chemical
analysis, only non-retrogressed portions were included.

4.1.2 | Eclogite

The peridotite-hosted eclogite 113a (Table 1) is dark-
coloured and macroscopically identical to gneiss-hosted
eclogite from Unit 1. Eclogite 113a shows a granoblastic
texture devoid of deformation features, similar to that of
garnetite. It contains a ‘dry’ peak assemblage of garnet,
omphacite, minor rutile, coesite/quartz and opaque min-
erals. Example analyses of garnet and omphacite, both
having a homogeneous composition, are given in
Tables S4 and S5. The average grain size of garnet and
omphacite (1–2 mm) is the same as in gneiss-hosted coe-
site eclogite from Unit 1 but larger than in quartz eclogite
from Units 2 and 3 (�0.5 and 0.05–0.1 mm). Garnet also
appears as grains as large as 5 mm, similar to associated
garnetite. Garnet and omphacite are the major phases
with modal proportions of 40 and 50 vol.%, respectively.
Post-eclogitic recrystallization is almost absent because
symplectite after omphacite is very minor. Calcic amphi-
bole is the only observed hydrous mineral, but it is not
part of the peak assemblage. Similar to gneiss-hosted
UHP eclogite from Unit 1, calcic amphibole occurs in
interstitial positions and invariably contains vermicular
inclusions of quartz (Figure 2b). The latter was inter-
preted as a reaction texture indicative of amphibole
growth at the expense of omphacite. This type of amphi-
bole is a distinctive feature of Erzgebirge UHP eclogite as
it was never found in the HP units (Gose &
Schmädicke, 2018; Schmädicke et al., 1992). Amphibole
growth was related to post-peak metamorphic
re-equilibration at 25–30 kbar, clearly predating the post-
eclogitic symplectite (Schmädicke et al., 1992). Thus,

concerning texture and mineral assemblages, peridotite-
hosted eclogite is indistinguishable from gneiss-hosted
UHP eclogite.

4.1.3 | Garnet pyroxenite

Pyroxenite has a granoblastic texture with clinopyroxene,
orthopyroxene and garnet that form an equilibrium
assemblage (Figure 2e). The rock is coarse-grained with
grain sizes of grt > cpx > opx. About 50% of clinopyrox-
ene grains show exsolution lamellae (up to 3 μm width),
which were identified as orthopyroxene (Schmädicke &
Evans, 1997). Rutile is a common accessory mineral,
which is locally rimmed by ilmenite. Calcic amphibole
(up to 1 mm in length) is a rare but characteristic phase.
As in eclogite, amphibole occurs in interstitial positions
indicative of relatively late growth. Based on the low-
energy grain boundaries, amphibole equilibrated with
the major minerals. Late formation is also likely for
phlogopite.

4.2 | Major and trace element
composition

4.2.1 | General characteristics

The composition of peridotite-hosted eclogite (Tables 2
and 3) is indistinguishable from that of the recently
studied dark type of gneiss-hosted eclogite from the same
unit and also similar to eclogite from Units 2 and
3 (Schmädicke & Will, 2021). All have a subalkali-basaltic
composition (Figure 3) that is similar to that of modern
MORB (Schmädicke & Will, 2021).

The elemental concentrations of garnetite (Tables 2
and 3) differ from those of associated eclogite although
both plot in the field of subalkali basalt (Figure 3). In
particular, garnetite has distinctly lower SiO2 (38.0–
42.9 wt%) and Na2O (0.3–0.6 wt%) concentrations
(Figure 4) than eclogite from the same unit (average: 46.0
and 2.7 wt%). In addition, garnetite also has lower TiO2

(0.5–1.1 vs. 1.5 wt%; Figure 4), Zr, Y (Figure 5) and Hf
contents than Unit 1 eclogite (Tables 2 and 3). In con-
trast, garnetite is strongly enriched in MgO compared
with eclogite (12.0–15.5 vs. 7.5 wt%) and consequently
has higher Mg# (Mg/[Mg + Fe]: 0.63–0.72, eclogite:
0.55). In addition, compared with the associated eclogite,
most garnetite samples have higher concentrations of V,
Pb, Ni (Figure 5) and Co (Tables 2 and 3). The pyroxenite
sample has much higher Mg# (0.83) and Ni (512 ppm)
contents than any sample of eclogite or garnetite (Mg#:
0.47–0.72, Ni: 23–228 ppm; Figure 5).
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Titanium, Zr and Y in garnetite and both peridotite- and
gneiss-hosted eclogites from the UHP Unit 1 (but not pyrox-
enite) are negatively correlated to Mg# (Figures 4 and 5)
and MgO (not shown). Additional correlations of Mg# with
Al2O3, Fe2O3, Na2O, K2O, Rb, Sr, V, Cr and heavy (H) rare
Earth elements (REE) were reported for gneiss-hosted
eclogite from Units 1–3 (Schmädicke & Will, 2021). Using
the literature data for gneiss-hosted eclogite and includ-
ing the present data for garnetite, the previously observed
correlations are absent or very weak for this extended
sample set (Figures 4 and 5). Considering only garnetite,
SiO2 is positively correlated with Na2O (r = +0.85) and
negatively with P2O5 (r = �0.90), Zr (r = �0.82) and the
light (L)REE from La to Nd (r = �0.79 to �0.94).

4.2.2 | REE and trace element patterns

The REE data of peridotite-hosted eclogite define a flat,
primitive-mantle normalized pattern (Figure 6a), which

corresponds to the REE curves of common (dark-
coloured) gneiss-hosted eclogite (Schmädicke &
Will, 2021). Comparing the average composition of dark
gneiss-hosted eclogite (calculated from data in Schmä-
dicke & Will, 2021) with that of peridotite-hosted eclo-
gite, subtle differences are discernable (Figure 6a). The
former has somewhat higher REE concentrations, a weak
depletion of LREE and a slight negative Eu anomaly
(Figure 6a). However, these average features do not apply
to each individual sample (Schmädicke & Will, 2021) that
contribute to the average curve of Unit 1 eclogite as
shown in Figure 6a. The pyroxenite REE curve exactly
parallels that of gneiss-hosted eclogite, but pyroxenite has
distinctly lower REE contents (Figure 6a and Table 3).

The REE patterns of garnetite show some variability,
with contents of 1–10 times higher than primitive mantle
(Figure 6a). One garnetite sample (Zö13-5) is character-
ized by a pattern that is akin to that of eclogite; only the
REE contents are lower. The other garnetite samples
show distinct REE fractionation with a pronounced

F I GURE 3 Plots of (a) SiO2–Zr/TiO2 and

(b) SiO2–Nb/Y after Winchester and Floyd

(1977) for investigated samples of peridotite-

hosted garnetite, eclogite and pyroxenite. The

composition of gneiss-hosted eclogite from Unit

1 and the averages of gneiss-hosted eclogite from

all three units, based on data in Schmädicke and

Will (2021), are also shown.
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medium (M)REE hump caused by elevated Sm and Nd
relative to La, Ce and HREE. The same type of pattern
was obtained for garnet from garnetite samples Zö-Gr
and Zö13-3 (Schmädicke & Gose, 2020). The LREE and
HREE contents in garnetite are lower and the MREE
contents are higher than in the associated peridotite-
hosted eclogite. Compared with gneiss-hosted eclogite, all
REE in garnetite are lower, except of one sample with
somewhat higher MREE (Figure 6a).

The primitive-mantle normalized trace element
curves of garnetite (Figure 6b) are variable in appearance.
They have positive Pb, U and Sm spikes (in decreasing
order of magnitude) and negative ones for Sr and
Zr. Apart from sample 113b, they also have negative Nb
peaks. The peridotite-hosted eclogite (113a) shares the
positive peaks for Pb and U, but not for Sm, and the neg-
ative one for Sr, but not for Zr. Part of the garnetite

samples shows a positive Ba spike, whereas peridotite-
hosted eclogite (113a) and gneiss-hosted eclogite exhibit a
negative Ba peak (Figure 6b). The element pattern of
pyroxenite reveals a strong negative Nb spike but is
otherwise rather smooth compared with the other rock
types.

5 | DISCUSSION AND
CONCLUSIONS

5.1 | Possible protoliths

The geochemical data indicate that peridotite-hosted
eclogite has a subalkali-basaltic (or gabbroic) precursor
that is indistinguishable from that of common (dark),
gneiss-hosted Erzgebirge eclogite (Schmädicke &

F I GURE 4 Plot of Mg#

(MgO/[MgO + FeO]; molar basis) versus

SiO2, Na2O, CaO, Al2O3, TiO2 and K2O

for investigated samples of peridotite-

hosted garnetite, eclogite and pyroxenite.

The composition of gneiss-hosted

eclogite from Unit 1 (Schmädicke &

Will, 2021) and the averages of gneiss-

hosted eclogite from all three units are

shown for comparison. In the case of

elemental correlations, the coefficient r

is given.
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Will, 2021), which occurs in the same unit. Garnetite has
a near-basaltic composition but, compared with both, the
common dark and the very rare light, types of Erzgebirge
eclogite, it has unusually low SiO2 and Na2O and rela-
tively high MgO, Ni and Co contents. Other components
in garnetite, such as TiO2, Zr, Hf, Y and REE, are lower
than in dark eclogite but overlap with concentrations of
the rare and chemically more variable light eclogite type,
which was interpreted in terms of plagioclase accumula-
tion in an MOR magma chamber (Schmädicke &
Will, 2021). Vanadium contents, on the other hand, are
considerably higher in garnetite than in light eclogite.
Garnet pyroxenite has a composition similar to that of
many worldwide pyroxenite examples (see compilation
in Schmädicke, Will, & Mezger, 2015) that occur in oro-
genic settings and formed by interaction of mafic melts
with mantle rocks.

Concerning the igneous precursor of garnetite, a clin-
opyroxene cumulate or a picritic protolith could be envis-
aged given the high Mg content. However, the Al and Ca
contents of garnetite do not agree with the former and
that of Fe not with the latter possibility (Schmädicke,
Will, & Mezger, 2015). Instead, the chemical signature of
garnetite can well be reconciled with a basaltic precursor,
similar to that of eclogite, that was chemically modified
by metasomatic alteration. A common (basaltic) protolith
for both rock types is supported by the fact that
peridotite-hosted eclogite and garnetite exclusively occur
in close spatial relation and never separately. Further
possibilities are that garnetite formed from a metasomati-
cally altered pyroxenite precursor or may represent the
metamorphic equivalent of an olivine–plagioclase cumu-
late, both of which being consistent with high Mg, Ni
and Co contents.

F I GURE 5 Plot of Mg#

(MgO/[MgO + FeO]; molar basis) versus

Zr, Y, V, La/Yb, Pb and of Ni versus Pb

for investigated samples of peridotite-

hosted garnetite, eclogite and pyroxenite.

The composition of gneiss-hosted

eclogite from Unit 1 (Schmädicke &

Will, 2021) and the averages of gneiss-

hosted eclogite from all three units are

shown for comparison. In the case of

elemental correlations, the coefficient r

is given.
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Of the three remaining possibilities, an olivine–
plagioclase cumulate (or troctolite) is the least likely pro-
tolith of garnetite. First, this is because garnetite, like dark
eclogite, has a distinct negative Sr spike and no or a
slightly negative Eu anomaly (Figure 6). This is in marked
contrast to the positive Eu and Sr spikes indicative of
plagioclase accumulation and typical for cumulative
troctolite and gabbro (e.g., Berno et al., 2019; Coogan
et al., 2002). Second, the calculated hypothetical bulk rock
compositions for variable mixtures of olivine and plagio-
clase, using Mg# and Na/Ca of garnetite as a measure for
mineral composition (Table S6), do not match the compo-
sition of garnetite and clearly contradict a cumulate
origin. Adding clinopyroxene to the calculations even
increases the mismatch (Appendix S1 and Table S7).

Thus, it seems unlikely that garnetite formed from an
unaltered igneous protolith. The possibility that garnetite
originated from a metasomatically altered precursor rock
can be evaluated with the aid of Gresens-type plots
(Gresens, 1967; Figure 7). As suggested above, garnetite

may well have formed by metasomatism from the same
basaltic protolith as eclogite (hereafter also named ‘eclo-
gite protolith’). In addition, metasomatically altered
pyroxenite is also an option.

Starting with the latter possibility and assuming con-
stant volume, a pyroxenite protolith for garnetite would
require severe loss of Mg and Si plus gain of Fe, Ca, Al
and Ti (Figure 7a). Another option is to use Al as a refer-
ence frame because it is considered as the least mobile
major element in metamorphic processes (Grant, 2005),
but this leads to the same result. However, the occur-
rence of garnetite in peridotite and its absence in any
other rock type implies that metasomatism was geneti-
cally related to the host peridotite in which case metaso-
matic exchange should lead to the opposite trend for Mg
(gain) and Ti (loss). In addition, the nodular shape of gar-
netite bodies can hardly be reconciled with the morphol-
ogy of pyroxenite occurring as layers in peridotite. For
these reasons, a pyroxenite precursor for garnetite is very
unlikely.

F I GURE 6 Rare Earth element (a) and

trace element (b) patterns for investigated

samples of peridotite-hosted garnetite, eclogite

and pyroxenite. The average composition of the

common (dark) gneiss-hosted eclogite from Unit

1 (using data from Schmädicke & Will, 2021) is

also shown. Values are normalized to primitive

mantle (McDonough & Sun, 1995).
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A different picture arises if garnetite formed from the
metasomatically altered basaltic protolith of eclogite.
Based on the average bulk rock composition and con-
stant volume, an origin of garnetite from such a precur-
sor would have involved considerable loss of Na and Ti
and a strong gain of Mg as well as moderate removal of
Si and addition of Ca, Fe and minor Al (Figure 7b).
Using Al as a reference frame, a minor volume loss of
�5% (volume factor = 0.95; Figure 7b) is indicated but
element loss or gain is basically the same as with
constant volume. Apart from using average eclogite and
garnetite composition, another possibility is to compare
the eclogite and garnetite samples 113a and 113b
(Figure 7c), which occur in the same nodule, with each
other. The result for these two rocks (Figure 7c) is very
similar to that obtained for average bulk rock composi-
tions (Figure 7b) even though it cannot be excluded that
eclogite 113a itself—given by the small size of the
nodule—experienced some degree of metasomatic
exchange with the surrounding peridotite. The occur-
rence of both rock types in one nodule implies differen-
tial access to the metasomatizing fluid.

Thus, a metasomatized basaltic protolith of garnetite
can be reconciled with (i) the higher mobility of Si, Na
and Mg compared with Fe, Ca and Al and (ii) the modifi-
cations expected due to chemical exchange with a Mg-
rich and Na-, Si- and Ti-poor peridotitic host rock. In
addition, the MREE hump shown by most garnetite sam-
ples (but not by eclogite) is also a characteristic feature of

metasomatism (e.g., Burgess & Harte, 2004; Smith &
Griffin, 2005). Notably, a single garnetite sample reveals
an REE pattern similar to eclogite. Taken together, it is
very likely that garnetite and eclogite formed from the
same magmatic precursor and, accordingly, that garnetite
represents the metasomatically altered equivalent of eclo-
gite. Pursuing this option and including minor and trace
elements in Gresens- (Figure 7d) and Grant-type plots
(Grant, 2005) implies that metasomatism involved loss of
K and P (Figure 8a) as well as of Zr, Y, Sr, Rb and REE
(Figure 8b), as expected for chemical exchange of a basal-
tic protolith with peridotite. The same applies to the
observed gain of Ni, Co, Cr and V (Figure 8b). Only
the addition of Ba and Pb to the protolith of garnetite is
difficult to explain in this context (see last section).

Compared with the average composition of eclogite,
the most pronounced relative element increase in garne-
tite (i.e., >50 wt%) is observed for Ni (+134%), Pb
(+121%), Mg (+101%), Ba (+83%) and Cr (+52%;
Table 4). Elements affected by the greatest loss are Na
(�83%), Zr (�80%), Hf (�76%), Ti (�62%), P (�54%), K
(�51%), Sr (�48%), LREE (�56%) and HREE (�65 to
�71%). The relative changes for major elements, apart
from Mg, are more moderate and amount to a 15% loss of
Si, an 11% gain for Ca, a 10% increase for Fe and Mn, and
a 4% increase for Al (Table 4). These values apply to con-
stant volume, which appears to be reasonable given that
very little change in Al content (�0.5 wt%) would be
involved in this case. Thus, the volume of garnetite is

F I GURE 7 Gresens-type plots

(Gresens, 1967) for major (a–c) and
selected trace elements (d).

(a) Pyroxenite 32 and garnetite (average).

(b, d) Eclogite (average) and garnetite

(average). (c) Eclogite 113a and garnetite

113b. Garnetite (metarodingite)

presumably formed from the same

protolith as eclogite due to addition of

Mg and removal of Si, Na and Ti (b, c).

Using an Al reference frame indicates a

volume factor of �0.95 signifying

moderate volume loss. The changes in

trace elements (d) are compatible with

metasomatic exchange between the

basaltic eclogite protolith and peridotite/

serpentinite, except of Ba enrichment

(see text for explanation). Assuming a

pyroxenite precursor for garnetite

(c) requires Mg loss, which cannot be

reconciled with exchange reactions with

peridotite/serpentinite.
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estimated to be in the range of 95 (using Al as a reference
frame) to 100% relative to the eclogite protolith.

We infer (1) that garnetite is the HP equivalent of
metasomatically altered basalt or gabbro and (2) that the
associated UHP eclogite formed from the same, but unal-
tered, basaltic protolith. Particularly, the occurrence of a
nodule containing both garnetite (113b) and eclogite
(113a) is a strong argument for a common magmatic pre-
cursor of both rock types. The finding that only
peridotite-hosted—but not gneiss-hosted—basaltic proto-
liths were chemically modified is a further, clear

indication that metasomatism of the garnetite protolith
must be related to interaction with its host peridotite;
otherwise, garnetite should occur elsewhere in the Erzge-
birge given the more than hundred occurrences of gneiss-
hosted eclogite (or its retrogressed equivalents).

5.2 | Metasomatism of a basaltic
protolith in a peridotite host

Metasomatism of basalt/gabbro due to interaction with
ultramafic rocks is known from numerous worldwide
examples of such rock associations (see below). The ele-
mental changes in the mafic rocks are designated as
‘rodingitization’ and attributed to serpentinization of
associated peridotite (e.g., Austrheim & Prestvik, 2008;
Bach & Klein, 2009; Coleman, 1967; B. W. Evans
et al., 1979; Laborda-L�opez et al., 2018; O’Hanley
et al., 1992). Rodingized rocks are characterized by sig-
nificantly lower Si and Na and higher Ca contents com-
pared with the unaltered protoliths. Indeed, the studied
Erzgebirge garnetite has a significantly lower Na2O con-
tent (�83% relative) and also lower SiO2 (�15%) and
higher CaO (+11%) contents than eclogite with an
unaltered basaltic composition (Table 4). Although
many literature examples of rodingite are characterized
by a stronger increase in CaO (e.g., B. W. Evans
et al., 1979; Koller & Richter, 1984; Laborda-L�opez
et al., 2018), the compositional data for rodingite or
metarodingite, respectively, are extremely variable and
include examples with relatively low CaO content, even
lower compared with Erzgebirge garnetite (see
Table S1). For instance, CaO contents of 9.6–13.8 wt%,
being similar to those of the inferred (or exposed)
basaltic protoliths, were reported for metarodingite from
various occurrences (Coleman, 1967; Koutsovitis
et al., 2013; Li et al., 2008; O’Hanley et al., 1992;
Salvioli-Mariani et al., 2020) and also for non-
metamorphic rodingite from the Mid-Atlantic Ridge
with CaO contents as low as 10.5 wt% (Honnorez
& Kirst, 1975). In addition, garnetite xenoliths
(95–100 vol.% garnet) interpreted as metarodingite con-
tain 8.1–12.9% CaO (Smith & Griffin, 2005; Table S1).
These concentrations match those of the Erzgebirge gar-
netite (9.4–12.8% CaO) very closely and imply that
rodingitization of a basaltic protolith can occur without
severe Ca metasomatism.

Similar to Ca, the overall changes of other major ele-
ments reported in the literature and related to rodingiti-
zation of basaltic rocks are extremely variable. For
instance, Al behaves usually as immobile during the pro-
cess (e.g., Duan et al., 2021; Grant, 2005; Koutsovitis
et al., 2013), but there are also examples of increasing

F I GURE 8 Isocon diagrams (‘Grant-type’ plots; Grant, 2005)
for major (a) and trace elements (b) using the average composition

of garnetite (metarodingite) and eclogite from Unit 1. Elements

above/below the black solid line were added to/removed from

garnetite relative to eclogite. The plots visualize the greatest gain

for Mg (+101%; grey line in (a)), Ni (+134%; grey line in (b)), Pb

(+121%) and Ba (+83%) and the greatest loss for Na (�83%; grey

line in (a)) and Zr (�80%; grey line in (b)).
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and decreasing Al contents during rodingitization
(e.g., Austrheim & Prestvik, 2008; B. W. Evans
et al., 1979; Gussone et al., 2020; Honnorez & Kirst, 1975;
Schandl et al., 1989). Magnesium and Fe contents can
also be variable although, more typically, Mg tends to be
enriched in most cases (Coleman, 1967; Honnorez &
Kirst, 1975; O’Hanley et al., 1992; Palandri & Reed, 2004)
and Fe remains more or less unchanged during rodingiti-
zation of basalt/gabbro (e.g., Koutsovitis et al., 2013;
O’Hanley et al., 1992). This closely agrees with our results
of Erzgebirge garnetite, characterized by enhanced Mg
and constant Fe concentrations relative to the basaltic
precursor. The diversity of elemental behaviour during
rodingitization was ascribed to variations in parameters
such as temperature, pressure, oxygen fugacity, alkalinity
and CO2 content of the fluid, the fluid–rock ratio and
closed or open system behaviour (e.g., Bach &
Klein, 2009; Duan et al., 2021; Koutsovitis et al., 2013;
Laborda-L�opez et al., 2018; O’Hanley et al., 1992;
Palandri & Reed, 2004). In addition, rodingite from one
occurrence can be mineralogically and chemically
inhomogeneous and element enrichment or depletion
may vary across a single body (e.g., Austrheim &
Prestvik, 2008; Laborda-L�opez et al., 2018; Li et al., 2008)
testifying to disequilibrium on outcrop scale.

Further information on protolith origin is provided by
the trace element characteristics of Erzgebirge garnetite
(low in Ti, Zr, Y, REE and large ion lithophile element
[LILE]; high in Ni, Co, Cr and V) compared with litera-
ture data from similar, metasomatized rocks. For exam-
ple, removal of Ti, Zr and LILEs was described also for
rodingitized basaltic rocks from the Zermatt-Saas ophio-
lite (Li et al., 2008). Depletion of Ti, Y, Zr and REE was
also found in rodingite from Greece and explained by the
action of a highly alkaline fluid (Koutsovitis et al., 2013).
High alkalinity was attributed to low-temperature ser-
pentinization (e.g., Frost & Beard, 2007) and depletion of
REE to high fluid–rock ratios (e.g., Bau, 1991; Gillis
et al., 1992). The data for Erzgebirge garnetite, compared
with those of eclogite (Schmädicke & Will, 2021), also
signify removal of LREE and HREE but preservation of
MREE (Figure 6). In addition, enhanced contents of com-
patible trace elements (Ni, Co, Cr, V) and of Mg, as in the
Erzgebirge samples, are also known from other locations
(e.g., Koutsovitis et al., 2013; Li et al., 2008).

In conclusion, literature data imply that removal of Si
and Na (and other alkali elements) seems to be a hall-
mark of rodingitization (Bach & Klein, 2009; Frost
et al., 2008) while the addition of Ca is very common, but
not ubiquitous, and its extent can strongly vary in a

TAB L E 4 Major (wt%) and selected trace element (wt ppm) composition of Erzgebirge garnetite compared with gneiss-hosted dark

eclogite from Unit 1. The average for Unit-1 eclogite was determined from literature data (Schmädicke & Will, 2021); the average of garnetite

excludes sample Zö-Gr.

ecl avg
Unit 1 gar avg gar–ecl absolute gar–ecl %

ecl avg
Unit 1 gar avg gar–ecl absolute gar–ecl %

SiO2 48.97 41.40 �7.6 �15 Rb 4.9 3.2 �1.7 �34

TiO2 1.91 0.73 �1.2 �62 Sr 116.8 60.8 �56.0 �48

Al2O3 15.76 16.38 0.6 4 Y 50.3 15.8 �34.5 �69

Fe2O3 12.31 13.52 1.2 10 Zr 143.7 28.2 �115.5 �80

MnO 0.21 0.23 0.0 10 Ba 33.2 60.9 27.7 83

MgO 6.55 13.16 6.6 101 Ce 11.4 5.1 �6.3 �56

CaO 10.86 12.07 1.2 11 Pr 2.1 1.0 �1.1 �51

Na2O 2.81 0.48 �2.3 �83 Nd 12.5 7.4 �5.1 �41

K2O 0.14 0.07 �0.1 �51 Sm 5.0 3.7 �1.3 �26

P2O5 0.26 0.12 �0.1 �54 Eu 1.7 0.9 �0.7 �44

LOI 0.03 1.66 Gd 7.2 3.3 �3.9 �55

Total 99.81 99.80 Dy 9.1 3.1 �6.0 �65

Er 5.7 1.8 �4.0 �69

Co 41.8 55.1 13.3 32 Yb 5.6 1.6 �3.9 �71

Ni 54.5 127.8 73.3 134 Lu 0.8 0.2 �0.6 �71

V 356.0 448.1 92.1 26 Hf 4.1 1.0 �3.1 �76

Cr 207.7 314.9 107.1 52 Pb 2.3 5.1 2.8 121

Abbreviations: avg, average; ecl, eclogite; gar, garnetite.
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single body. Removal of Si and Na from the basaltic pre-
cursor of rodingite was attributed to seafloor alteration of
plagioclase in a low silica-activity environment (Frost
et al., 2008). This may well also apply to Erzgebirge gar-
netite and explain the low, as well as the mutually corre-
lated, contents of Si and Na. The observed depletion of
LREE and HREE can be ascribed to the decomposition
of igneous clinopyroxene, being the main REE carrier in
the basaltic protolith, and providing for REE mobilization
during hydration and metasomatic exchange with the
serpentinizing fluid. Retention of MREE causes a hump-
shaped REE pattern, similar to those observed in xeno-
liths from the cratonic mantle (whole rocks and garnet)
and ascribed to metasomatism (e.g., Schmädicke, Gose,
et al., 2015; Smith & Griffin, 2005; Stachel et al., 2004). In
the present case, the hump may point to replacement of
clinopyroxene by calcic amphibole, which has a strong
preference for MREE (e.g., Botazzi et al., 1999). Enrich-
ment of Mg, Ni and Co in the basaltic protolith during
metasomatism is attributed to the breakdown of olivine,
and the increase of Cr and V may be related to decompo-
sition of spinel in the peridotite host rock.

We conclude that the specific composition of Erzge-
birge garnetite resulted from metasomatism, similar to
rodingitization, of a basaltic/gabbroic protolith driven by
metasomatic exchange with the peridotite host during
serpentinization—as previously inferred on the basis of
mineral composition (Schmädicke & Evans, 1997;
Schmädicke & Gose, 2020).

5.3 | Rodingitization with little or no Ca
metasomatism?

Rodingitization of basaltic rocks is commonly linked
with Ca enrichment so that the term ‘rodingite’
originally was applied to Ca-rich metasomatic rocks
(e.g., Coleman, 1967). However, because metasomatic
rocks that formed during serpentinization of adjacent
peridotite have a highly variable composition, the term
has been used more broadly including alkali- and silica-
depleted rock types with only slightly enhanced or even
non-elevated Ca content (e.g., Coleman, 1967; Frost
et al., 2008; Honnorez & Kirst, 1975; Koutsovitis
et al., 2013; O’Hanley et al., 1992; Table S1). Erzgebirge
garnetite seems to be a further example of moderate Ca
enrichment (�11%). So why is the Ca content of metaso-
matized basaltic rocks, modified during serpentinization,
so different? Based on literature data, we discuss and
evaluate possibilities that may be responsible for the
chemical variability.

Calcium metasomatism has been attributed to
release of Ca from peridotite during serpentinization

(e.g., Austrheim & Prestvik, 2008). In turn, the lack of Ca
metasomatism was ascribed to the preservation of Ca in
decomposing peridotite (Frost et al., 2008) and the latter
authors concluded that the removal of Si from basaltic
rocks is a universal feature of rodingitization but Ca
metasomatism is not, and may or may not occur. But,
again, what is the reason for this?

In this context, the source of Ca is important. One
possible donator is seawater, and the other is decompos-
ing peridotite. Though peridotite is low in Ca, during
hydration of peridotite, the element is released to the ser-
pentinizing fluid from decomposing clinopyroxene
(e.g., Iyer et al., 2008; Miyashiro et al., 1969). A local,
peridotite source of Ca was also inferred from several
other studies that imply that Ca is mantle derived
(Austrheim & Prestvik, 2008; Bach & Klein, 2009;
Gussone et al., 2020). Direct evidence is provided by Ca
isotope data that clearly signify a mantle signature
(Gussone et al., 2020). The results of the present study
imply that Erzgebirge garnetite formed most likely from
a basaltic precursor due to metasomatic exchange with
the host peridotite during serpentinization. Given that Ca
was locally provided by decomposing ultramafic rocks,
we still need to explain why CaO was only moderately
(11% relative) enriched in the garnetite protolith. One
option is that pronounced Ca metasomatism actually did
occur in the first place but was followed by secondary
depletion, a process referred to as ‘de-rodingitization’
(e.g., Koutsovitis et al., 2013; O’Hanley et al., 1992). The
second possibility is a high fluid–rock ratio during meta-
somatism in which case compositional gradients are
diminished (Bach & Klein, 2009). However, a high fluid–
rock ratio is unlikely in the present case because the ele-
mental budget of the metasomatizing fluid would not be
buffered by serpentinization, which, however, is a neces-
sary prerequisite to explain the elemental signature of
garnetite such as high Mg, Ni, Co, Cr and V contents and
low concentrations of Si, Na, K, Ti, P and of most incom-
patible trace elements.

A third reason might be the preservation of peridotitic
clinopyroxene during serpentinization. This, in fact, is
the most likely explanation for the Erzgebirge rocks and,
possibly, also for other examples of metasomatized basal-
tic rocks with non-modified to moderately elevated Ca
content. If clinopyroxene did not decompose during
hydrous alteration, Ca could not have been released from
peridotite and added to the basaltic precursor of
garnetite. This line of reasoning is strongly supported
by the fact that clinopyroxene is a ubiquitous constituent
of the HP assemblage of Erzgebirge peridotite
(Schmädicke & Evans, 1997; Figure 2f), which would be
impossible if Ca had already been removed from its pro-
tolith during serpentinization. The invariable presence of
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clinopyroxene in the host garnet peridotite, together with
limited Ca enrichment in the enclosed garnetite nodules,
is a strong argument for a linkage between Ca metasoma-
tism and clinopyroxene pointing to a local, peridotitic Ca
source.

Notably, clinopyroxene (or a large part of it) is
observed to survive as a metastable phase in partially ser-
pentinized ultramafic rocks and is not hydrated until
olivine and orthopyroxene are completely replaced
(e.g., Dungan, 1979). Data from abyssal peridotite show a
pronounced negative correlation (r = �0.87) between the
bulk rock CaO content and the degree of serpentinization
(Table S8 and Figure S1). In other words, if serpentiniza-
tion runs to completion and equilibrium is attained
(i.e., clinopyroxene decomposed entirely), a great part of
Ca is mobilized and only negligible amounts of it remain
in serpentinite. In turn, peridotite, being partially serpen-
tinized, may still contain a disproportionally large
amount of CaO bound to metastable clinopyroxene. In
the case of insufficient (or completely lacking) mobiliza-
tion of Ca in peridotite, metasomatism and Ca enrich-
ment in adjacent mafic rocks are limited.

Because clinopyroxene has a greater resistance
to serpentinization than olivine and orthopyroxene
(e.g., Mével, 2003), clinopyroxene (and CaO) is apt to
metastable preservation in partially serpentinized perido-
tite. This was shown in experiments (Marcaillou
et al., 2011) and reported from many natural samples
(e.g., Dungan, 1979; Iyer et al., 2008; Seyler et al., 2003).
In abyssal peridotite with reaction extent of 60–90%,
olivine was completely replaced by serpentine whereas
clinopyroxene and spinel were retained (Seyler
et al., 2003). In contrast, completely serpentinized perido-
tite consists of serpentine minerals + magnetite ± talc
± brucite ± tremolite ± chlorite without any relics of
clinopyroxene (e.g., Bach et al., 2004; K. A. Evans &
Frost, 2021; Mevél, 2003; Miyashiro et al., 1969;
Palandri & Reed, 2004). Incomplete serpentinization
could be due to restricted fluid supply. This is expected in
a sub-seafloor or mantle-wedge setting where fluid path-
ways may become sealed by volume expansion as serpen-
tinization of peridotite progresses. It is also possible that
sluggish reaction rates due to low and/or progressively
decreasing temperature contributed to incomplete ser-
pentinization of peridotite. Whatever the reason for par-
tial serpentinization, the presence of clinopyroxene in the
well-equilibrated UHP assemblage of Erzgebirge perido-
tite and the relatively high CaO bulk rock contents
(range: 1.3–2.8 wt%; Mathé, 1990) provide evidence for
the preservation of Ca due to metastable survival of most
clinopyroxene of the original ocean-floor or mantle-
wedge peridotite.

5.4 | Implications for protolith origin of
Erzgebirge garnetite

This study implies that the subalkali-basaltic precursor of
Erzgebirge eclogite, both gneiss and peridotite hosted,
was also the protolith of garnetite. However, in the latter
case, the original basalt/gabbro was affected by metaso-
matic alteration. It was shown that the protolith gneiss-
hosted Erzgebirge eclogite originated at an oceanic
spreading centre (Schmädicke & Will, 2021), which, by
implication, also applies to the igneous precursor of gar-
netite. Such an ocean-floor origin was also inferred for
many other eclogites in the Bohemian Massif and spa-
tially related complexes (Beard et al., 1995; Koglin
et al., 2018; Stosch & Lugmair, 1990; Timmermann
et al., 2004; Will et al., 2015; Will & Schmädicke, 2001;
Woodland et al., 2002). However, the occurrence of gar-
netite (or similar rocks of metasomatic origin) is a unique
feature of the Erzgebirge, unknown from any other Varis-
can eclogite unit where such rocks may occur but have
not been described yet.

Serpentinization of peridotite and chemical modifica-
tion of the associated basaltic protolith of garnetite are
possible in different tectonic settings. First, metasoma-
tism could have taken place during ocean-floor metamor-
phism close to a spreading centre as suggested for several
rodingite occurrences (e.g., Austrheim & Prestvik, 2008;
Bach & Klein, 2009; Frost et al., 2008; Honnorez &
Kirst, 1975). In the context of this model (model a;
Figure 9), Erzgebirge garnet peridotite must have formed
from a low-pressure, oceanic crustal precursor rock. If
correct, the Erzgebirge ultramafic rocks cannot have been
incorporated into the subducting eclogite-bearing units
as exotic UHP slices of garnet peridotite derived from the
hangingwall mantle as proposed by Schmädicke and
Evans (1997). Second (model b; Figure 9), metasomatism
of basalt/gabbro and serpentinization of peridotite
occurred during subduction of oceanic crust
(e.g., Coleman, 1967; Koutsovitis et al., 2013; Li
et al., 2008) and were facilitated by the formation of
bending faults that provided fluid pathways at brittle con-
ditions (e.g., Ranero et al., 2003). Concomitant subduc-
tion of the protoliths of garnetite, eclogite and garnet
peridotite, again, implies an abyssal, ocean-floor precur-
sor for all rock types. Other possibilities such as metaso-
matism (rodingitization) during exhumation (Li
et al., 2007) and/or chemical modification due to fluid–
rock interaction during return flow within or along a sub-
duction channel (e.g., Deschamps et al., 2013) are
excluded in the present case, because the bulk rock
chemical modification of the Erzgebirge rocks clearly
pre-dates UHP metamorphism.
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Metasomatism of the basaltic garnetite precursor
mainly involved gain of Mg (101% increase), Ca (11%), Fe
(10%) plus compatible trace elements (Ni, Cr, Co, V) and
removal of Na, Ti, P, K and Si (decreasing order) and of
most incompatible trace elements such as Zr, Hf, Y, Sr,
Rb and REE, but not of Ba and Pb. These results demon-
strate that Erzgebirge garnetite shares significant charac-
teristics with many other rodingite/metarodingite
examples on a global scale. However, there are also fea-
tures that are unique to the Erzgebirge samples, particu-
larly the strongly enhanced Pb (121%) and Ba (83%)
contents, while the other LILEs are reduced. Metasoma-
tism, including rodingitization, may lead to elevated and
reduced LILE contents within a single outcrop
(Austrheim & Prestvik, 2008). However, the decoupling
of Pb and Ba from other LILEs does not conform with a
simple single-stage metasomatic process leading to either
depletion or enrichment of LILEs. The marked enrich-
ment of Pb and Ba can only be explained by two discrete
metasomatic events. The first of which is related to
ocean-floor processes (see above), and the second to the
early stages of prograde metamorphism as outlined
below.

Serpentinite is known to contain relatively high
amounts of Pb and Ba (Deschamps et al., 2013; Hattori &
Guillot, 2003; Pettke & Bretscher, 2022; Schwarzenbach
et al., 2018; Tenthorey & Hermann, 1979). In addition,
experiments, simulating serpentinite breakdown in sub-
duction zones, showed that the fluid/residue partition
coefficient is very high for these elements (i.e., 30–250;
Tenthorey & Hermann, 1979). Thus, fluid released from

dehydrating serpentinite should be Pb and Ba rich.
Accordingly, the enrichment of the two elements in Erz-
gebirge garnetite is attributed to dehydration of associ-
ated serpentine-bearing peridotite (or serpentinite)
during the early stages of prograde metamorphism, liber-
ating Pb- and Ba-rich fluid. Apart from fluid-mobile ele-
ments, deserpentinization is considered to be isochemical
(e.g., K. A. Evans & Frost, 2021) so that this process is
unlikely to modify the major element content of serpenti-
nite and, in turn, of adjacent rocks.

We conclude that metasomatism of the basaltic proto-
lith of Erzgebirge garnetite can best be explained by two
independent stages of element transfer, each of which
involving a different type of fluid. The first stage (stage 1;
Figure 9) was related to serpentinization of associated
peridotite at relatively low temperature and pressure con-
ditions, either close to an oceanic ridge (model a) or at
shallow depth in a subduction zone (model b; Figure 9).
The liberated fluid that equilibrated with the hydrating
peridotite reacted with the basaltic garnetite protolith
where it caused chemical changes that are similar to
those described for rodingite (gain of Mg, Ca and Fe,
compatible trace elements; removal of Na, Ti, Si and K,
incompatible trace elements). During further subduction
and prograde metamorphism (stage 2; Figure 9), serpenti-
nite dehydrated and released a Ba- and Pb-enriched fluid
that refertilized the metasomatically altered and LILE-
depleted basaltic garnetite protolith at intermediate
depths. Subsequently, continued subduction of both the
mafic (garnetite and eclogite) and ultramafic rocks (gar-
net peridotite) to at least 100 km depth led to UHP

metasomatism/
rodingitization

serpentinization

serpentinization
metasomatism/
rodingitization

dehydration
serpentinite

Arc crust

+ Mg, Ca, Ni
Co, Cr, V
garnetite

- Si, Na, K, 
Ti, Rb, Sr, 
Zr, REE...
garnetite

+ Pb, Ba
garnetite

Stage 1
model a Stage 1

model b

Stage 2

Oceanic crust

Mantle

UHP
metamorphism
garnetite, eclogite,
garnet peridotite

basalt/
gabbro

abyssal 
peridotite

MOR

F I GURE 9 Schematic sketch

model showing the two metasomatic

stages. (1) Serpentinization of

abyssal peridotite and

contemporaneous metasomatism

(rodingitization?) of gabbro or basalt

was governed by brittle faulting and

fluid influx, either in the vicinity of a

spreading centre (model a) or at

moderate depth in a subduction

zone (model b). (2) Subduction to

greater depths led to dehydration of

serpentinite and release of Pb–B-rich
fluid, which was added to the

metasomatized gabbro/basalt.

Finally, the rock association

underwent ultrahigh-pressure

(UHP) metamorphism resulting in

formation of garnetite

(metarodingite?) and garnet

peridotite. MOR, mid-ocean ridge;

REE, rare Earth elements.
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metamorphism at relatively high temperature giving rise
to the well-equilibrated UHP assemblages in garnetite
(garnet and diopside), eclogite (omphacite, garnet and
coesite) and peridotite (garnet, diopside, enstatite and
olivine; Schmädicke, 1991; Schmädicke et al., 1992;
Schmädicke & Evans, 1997). The fact that diopside is a
common constituent of the UHP assemblage of garnet
peridotite invariably indicates that only minor amounts
of Ca could have been removed from the abyssal perido-
tite precursor during low-temperature alteration. This
was probably due to incomplete serpentinization that led
to metastable survival of clinopyroxene. This, in turn,
explains why Ca metasomatism in associated basaltic
protolith of garnetite was moderate compared with many
(but not all) reported examples of rodingite/
metarodingite.

5.5 | General implications

Our findings provide new petrogenetic insights with
respect to (i) ocean-floor and subduction-zone metamor-
phism and metasomatism of mafic and ultramafic rocks
and (ii) the tectonic incorporation of mantle rocks into the
continental crust that have implications well beyond the
Erzgebirge and the Variscan orogen. We speculate that
rocks with chemical features similar to those of the
garnetite described in this study cannot be unique to
the Erzgebirge but must also be present in other orogens
given the widespread occurrence of hydrated ocean-floor
basalt/gabbro and associated serpentinite and the fact that
at least some examples share many chemical characteris-
tics with Erzgebirge garnetite (e.g., Honnorez &
Kirst, 1975; Table S1), except for Pb and Ba. The latter con-
trast, however, is easily explained. Enrichment of Pb and
Ba in basalt/gabbro is governed by deserpentinization of
adjacent ultramafic rocks, which takes place due to
increasing temperature in a subduction-zone setting.
Hence, ocean-floor basalt/gabbro that has not been sub-
ducted yet but was solely altered by ocean-floor metamor-
phism should have the same (or lower) Pb and Ba
contents as its unaltered precursor. However, as soon as
hydrated and partially metasomatized mafic and ultra-
mafic ocean-floor rocks become entrained in a subduction
zone, they start to dehydrate. Release of Pb and Ba from
decomposing serpentine provides for enrichment of these
elements in the associated mafic rocks, which, given their
widespread occurrence, should be a common feature.
Maybe such ‘doubly metasomatized’ mafic rocks exposed
in orogenic belts are more difficult to recognize if they
were not subducted deep enough to form HP/UHP assem-
blages and/or if they are strongly retrogressed, but they
should occur in more locations than presently known.

A related question is how mantle-derived garnet
peridotite became incorporated into the continental
crust. Such orogenic (or alpine-type) peridotites are
volumetrically minor components in HP and UHP ter-
ranes that formed by continental subduction and colli-
sion but are known from many locations worldwide
(e.g., Liou et al., 1998, 2007), including the Variscan
Erzgebirge (Schmädicke & Evans, 1997). It was sug-
gested that garnet peridotite was directly incorporated
into deeply subducted crust (>60 km) from the hang-
ingwall lithospheric mantle by tectonic erosion
(e.g., Brueckner, 1998; Schmädicke & Evans, 1997) or
from the asthenospheric mantle due to slab break-off
(Schmädicke et al., 2010). Alternatively, garnet perido-
tite may form from a low-pressure precursor, such as
ocean-floor peridotite or serpentinite, by deep
subduction and HP/UHP metamorphism (e.g., Evans &
Trommsdorff, 1978). In the latter case, incorporation of
the ultramafic rocks in the continental crust could have
occurred during any stage of subduction or exhuma-
tion. It is also conceivable that ultramafic, mafic and
felsic lithologies were already in contact prior to sub-
duction or were juxtaposed during incipient subduction,
as in a passive continental margin setting. Because, in
the Erzgebirge UHP unit, the different lithologies
shared a common metamorphic evolution from the
UHP peak stage onwards (Schmädicke & Evans, 1997),
we can conclude that they came in contact either prior
to or during subduction. This agrees with the results of
the present study, which imply hydrated, low-
temperature precursor rocks for garnetite, eclogite and
peridotite.
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Table S1: Major element composition (wt.%) of rodingite
or metarodingite (rock names as given in literature) and
garnetite (interpreted as meta-rodingite) with relatively
low CaO contents that formed by metasomatism of mafic
protoliths during serpentinization of adjacent ultramafic
rocks.
Table S2: Absolute and relative (%) standard deviation
(STD) of ICP analyses.
Table S3: Analysis of secondary standard BE-N showing
the measured average (Avg), standard deviation (STD)
and accuracy (Acc).
Table S4: Selected Microprobe analyses of garnet (grt)
from garnetite (Gra) and eclogite (Ecl). Oxides in wt.%;
formula normalized to 12 oxygen atoms.
Table S5: Selected Microprobe analyses of clinopyroxene
(cpx) from garnetite (Gra) and eclogite (Ecl). Oxides in
wt.%; formula normalized to 6 oxygen atoms.
Appendix S1: Cumulate origin of garnetite protolith?
Table S6: Inferred mineral compositions for the igneous
protolith deduced from the average bulk rock analysis of
garnetite. Cations were normalized to 4 (olivine), 8 (pla-
gioclase), and 6 (clinopyroxene) oxygens.

Table S7: Calculated bulk compositions of olivine–
plagioclase and olivine–plagioclase–clinopyroxene mix-
tures using the mineral compositions in Table S3 com-
pared to the actual bulk rock composition of garnetite.
The composition of any theoretical mixture does not
match that of Erzgebirge garnetite. Elements or element
ratios with the greatest mismatch are shown in red.
Table S8: Data compilation for abyssal peridotite from
the Mid-Atlantic Ridge, ODP-Leg 153, comparing CaO
content and degree of serpentinization*.
Figure S1: Plot of CaO content versus degree of serpenti-
nization of abyssal peridotite from the Mid-Atlantic
Ridge, ODP-Leg 153. Data from Table S8.
Appendix S2: References Supporting Information.
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