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Abstract

Major and trace elements in omphacite, including hydrogen, were determined

in eclogites from two Variscan basement complexes in Germany: Erzgebirge

(EG) and Fichtelgebirge (FG). Erzgebirge eclogite is derived from three units,

showing different peak pressure (P) and temperature (T) conditions (Unit 1:

840–920�C/≥30 kbar, Unit 2: 670–730�C/24–26 kbar, Unit 3: 600–650�C/20–
22 kbar). The peak conditions of FG eclogite (690–750�C/25–28 kbar) resemble

those of EG Unit 2. Coesite eclogite occurs in EG Unit 1, and quartz eclogite in

all other units. Omphacite from all samples shows four infrared

(IR) absorption bands. Two prominent, sharp bands occur at 3,455 � 10 cm�1

(band II) and 3,522 � 10 cm�1 (band III). Band II is usually more prominent

than band III, except for few samples with low jadeite content. A further,

broad band is centred between 3,270 and 3,370 cm�1 (band I) and a fourth,

minor band at 3,611–3,635 cm�1 (band IV). Bands II and III are due to hydro-

gen bound as structural OH� ions in omphacite. In most cases, this also

applies to band IV. However, some spectra with extremely large type IV bands

reflect phengite inclusions. The ambiguous band I may be due to different

H2O species (molecular water, structural OH, and water in phengite).

Omphacite of quartz eclogite has lower contents of TiO2, Zr, Hf, and REE,

compared with that from coesite eclogite. By contrast, omphacite in quartz

eclogite from both EG (H2O sample averages: 465–852 ppm) and FG

(546–1,089 ppm) contains the same amount of structural OH (concentrations

given in wt.-ppm H2O) as omphacite in coesite eclogite (492–1,140 ppm). The

obtained difference in the garnet-omphacite H2O partition coefficient between

quartz (0.01–0.03) and coesite eclogite (0.08–0.11) results from different H2O

contents in garnet (coesite eclogite: 50–150 ppm; quartz eclogite: <2–50 ppm;

Gose & Schmädicke, 2018). The total content of structural OH in omphacite is

unrelated to its major and trace element composition. However, treating the

individual IR bands separately, a relation between OH and mineral composi-

tion is observed. The OH amount defined by band II is positively correlated to

Ti and tetrahedral Al, and that of band III shows a positive correlation with Ca
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and a negative one with Na (and jadeite). Both the total OH content of omphacite

and the partial contents deduced from individual IR bands are unrelated to PT

conditions. This implies that omphacite incorporated its structural H2O mainly

in the quartz stability field, presumably during initial omphacite growth. Con-

versely, most OH in garnet was derived from the final breakdown of the last

remaining calcic amphibole close to or within the coesite stability field. Our data

suggest that coesite eclogite is able to transport a significant amount of H2O

(average 550 ppm, maximum 730 ppm), corresponding to that in 3–4 vol.% calcic

amphibole, via subduction to depths beyond 100 km. However, the majority of

water liberated by dehydration reactions during subduction, including the break-

down of 5–10 vol.% eclogite facies and >10 vol.% pre-eclogitic hydrous minerals,

is not preserved in eclogite but liberated to the mantle wedge.
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1 | INTRODUCTION

Significant quantities of hydrogen can be stored in the
upper mantle in nominally anhydrous minerals (NAMs)
such as olivine, orthopyroxene, clinopyroxene, and garnet
(e.g., Bell & Rossman, 1992a, 1992b; Miller et al., 1987) as
structural OH� ions. On the other hand, hydrogen is an
incompatible element (e.g., Danyushevski et al., 2000) that
is extracted from the mantle by partial melting and, over
geologic times, the H content of residual mantle minerals
declines. Subduction is the only possibility to counterbal-
ance this continued depletion and to re-fertilize the mantle
by adding H2O, but it remains uncertain if the H and, thus,
the H2O budget of the mantle remains more or less con-
stant, increases, or decreases. In this context, it is important
to constrain the amount of H2O that is added to the mantle
via subduction of oceanic crust. To this end, it is critical to
evaluate how much H2O can be stored in the basaltic por-
tion of deeply subducted oceanic slabs.

Most hydrous minerals present in oceanic crustal
rocks break down during subduction at relatively shallow
depth releasing their water to the mantle wedge, because
at low pressure (P) and temperature (T) conditions, little
H2O is storable in NAMs. The H2O storage capacity of
most NAMs present in metabasaltic and peridotitic rocks
is usually pressure enhanced (e.g., Grant et al., 2006;
Grant et al., 2007; Hirschmann et al., 2005; Kohlstedt
et al., 1996; Lu & Keppler, 1997; Rauch & Keppler, 2002;
Withers & Hirschmann, 2007), but some studies show
that H2O contents may initially increase with pressure
and then decline if pressure exceeds a certain value
(Bromiley & Keppler, 2004; Withers et al., 1998). The
most important hydrous mineral of metabasaltic rocks—

calcic amphibole—is stable to depth of �100 km, only
phlogopite may survive up to 200 km depth
(e.g., Frost, 2006; Green et al., 2014; Niida & Green, 1999;
Pawley & Holloway, 1993). However, the role of phlogo-
pite for water transport is negligible because MOR (mid-
ocean ridge) basalt is too poor in potassium to allow for
phlogopite formation. Accordingly, calcic amphibole is
the most important H2O carrier down to 100 km depth,
beyond which water transport depends on the amount of
H2O stored in the NAMs present in eclogitized oceanic
crust, namely, omphacite and garnet.

Studies on structural OH (hereafter, also designated as
structural H2O; concentrations given in wt.-ppm H2O)
incorporated in omphacite and garnet from both orogenic
and xenolithic eclogites (e.g., Huang et al., 2014; Katayama
et al., 2006; Koch-Müller et al., 2004; Schmädicke
et al., 2015; Schmädicke & Gose, 2017; Skogby et al., 2016)
show that omphacite usually hosts considerably more H2O
than garnet. However, the reported H2O contents in
omphacite from natural rocks are highly variable extending
over two orders of magnitude (i.e., 30 to 3,000 wt. ppm;
Koch-Müller et al., 2007). Such variable contents could be
due to differential H2O loss (Koch-Müller et al., 2007), dif-
ferent mineral composition, different PT peak conditions,
and/or different PT paths. The latter govern both the spe-
cific PT conditions of dehydration reactions and the
sequence of the disappearance of hydrous minerals and
simultaneously control the capability of omphacite and gar-
net to incorporate the liberated water as structural OH
(Gose & Schmädicke, 2018).

In the present investigation, omphacite from both oro-
genic quartz and coesite eclogite is studied to find its capac-
ity to incorporate the water liberated by decomposing
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hydrous minerals (such as zoisite and calcic amphibole).
To this end, comparison of samples with different PT peak
conditions and various eclogite facies mineral assemblages
is needed in order to address the following questions: (1) Is
there a systematic difference in H2O concentration between
quartz and coesite eclogite? (2) Is the H2O content in
omphacite related to its composition? (3) Are there any
characteristics, particularly specific bands, in the infrared
(IR) absorption spectra that can be attributed to mineral
composition and/or equilibrium PT conditions? (4) Is the
partitioning of H2O between omphacite and garnet
governed by PT conditions and/or composition?

The Erzgebirge, Saxony, is an ideal target area to pur-
sue these topics because it hosts three separate eclogite-
bearing units (Units 1, 2, and 3; Figure 1), each of which
experienced distinct eclogite facies peak PT conditions.
These conditions increase from Unit 3 to Unit 1 and
encompass a large temperature range of some 300�C and
a pressure range of >10 kbar. Two of the units are high-
pressure (HP) units with quartz eclogite in which calcic
amphibole and zoisite (�phengite) remained stable at
peak metamorphic conditions. The third, ultra-high-
pressure (UHP) unit contains coesite eclogite, which
experienced peak conditions beyond the stability field of
calcic amphibole (Schmädicke et al., 1992). In addition to
samples from all three Erzgebirge units, quartz eclogite
from Fichtelgebirge, Bavaria, is included for comparison,
which is very similar to Erzgebirge eclogite from Unit
2 (e.g., Gose & Schmädicke, 2018) and in which calcic

amphibole (�zoisite, �phengite) is part of the metamor-
phic peak assemblage. Samples from all four units were
included to determine the H2O content in omphacite and
its major, minor, and trace element composition. The
corresponding data for garnet were recently obtained for
the same set of samples (Gose & Schmädicke, 2018;
Schmädicke & Gose, 2017).

2 | GEOLOGICAL SETTING

The Erzgebirge (EG) is located in the northern part of the
Bohemian Massif, the easternmost exposed crystalline
complex of the European Variscan belt. The NE–SW-
trending Erzgebirge consists of an 80 km � 40 km large,
oval-shaped crystalline complex (Figure 1), enveloped by
greenschist facies and lower grade meta-sedimentary
sequences. The crystalline basement includes a medium-
pressure, monotonous gneiss-migmatite unit devoid of
eclogite facies relics and three overlying HP units (Units
1, 2, and 3; Schmädicke et al., 1992). The latter are com-
posed of high-grade quartzofeldspathic gneiss and inter-
calated, conformal lenses of metabasaltic eclogite.
Additionally, in Unit 1, garnet peridotite occurs hosting
rare layers or lenses of garnet pyroxenite, garnetite
(= meta-rodingite; Schmädicke & Evans, 1997;
Schmädicke & Gose, 2020), and, very rarely, metabasaltic
eclogite, which was unknown until recently
(Schmädicke & Gose, 2020). One sample of this

F I GURE 1 Geological map of the

crystalline basement of the Erzgebirge

(modified after Schmädicke et al., 1995)

showing the three high-pressure units and

the locations of investigated samples

(Table 1). F.R.G., Federal Republic of

Germany [Colour figure can be viewed at

wileyonlinelibrary.com]
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peridotite-hosted eclogite (sample 113) was included
while all other samples are from gneiss-hosted eclogite
lenses.

The eclogite facies peak conditions show a marked
increase 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). The
PT path of Erzgebirge eclogite is hairpin shaped, with peak
temperature coinciding with peak pressure. In Units 2 and
3, quartz eclogite occurs, whereas in Unit 1, the UHP con-
ditions led to the formation of coesite-eclogite
(Massonne, 2001; Schmädicke, 1991, 1994). Based on the
orthopyroxene-bearing assemblages of garnet pyroxenite
and peridotite occurring in close vicinity to eclogite (tens of
metres apart), the peak pressure for Unit 1 was confined to
33–36 kbar (Schmädicke & Evans, 1997).

Rarely, HP relics also occur in the felsic country rocks.
In Unit 1, symplectite of sodian diopside and albite is occa-
sionally present (Schmädicke et al., 1992), and in one local-
ity, microdiamond was found in host-rock gneiss in the
vicinity of eclogite lenses (Nasdala & Massonne, 2000;
Stöckhert et al., 2001). The petrologic findings imply that
eclogite, garnet-bearing ultramafic rocks, and their felsic
host rocks are isofacial and experienced a common meta-
morphic history. The timing of eclogite facies peak meta-
morphism in the Erzgebirge is constrained by Sm–Nd
mineral data (360 � 7 Ma; Schmädicke et al., 1995) as well
as U–Pb zircon data (360.5 � 5.4 and 359.7 � 5.3 Ma;
Schmädicke et al., 2018).

In the Fichtelgebirge (FG), exposed in NE Bavaria, meta-
basaltic eclogite occurs in the so-called Münchberg Gneiss
Complex, which is situated �100 km to the WSW of the
Erzgebirge (Klemd & Schmädicke, 1994). The eclogite-
bearing gneiss unit forms the uppermost part of an inverted
nappe pile resting on an intermediate medium-pressure
gneiss-amphibolite unit, which, in turn, overlies lower
grade units at the bottom. The Fichtelgebirge eclogite expe-
rienced peak PT conditions of� 690–750�C and 25–28 kbar
(Klemd & Schmädicke, 1994; O’Brien, 1993), which are
very similar to those of eclogite from EG Unit 2. The age of
eclogite facies metamorphism (380 Ma), constrained by
Sm–Nd and U–Pb dating, is somewhat older compared
with that of the Erzgebirge (Gebauer &
Grünenfelder, 1979; Stosch & Lugmair, 1990).

3 | PETROGRAPHY

3.1 | General characteristics

Omphacite and garnet are the major minerals in Erzge-
birge and Fichtelgebirge eclogite, together making up
90 to 95 vol.% (Table 1). Quartz (or coesite) and rutile

invariably occur as minor constituents. The presence of
additional, predominantly hydrous, minerals in the peak
assemblage depends on PT peak conditions.

Eclogite from both Erzgebirge and Fichtelgebirge is
predominantly dark coloured, but a subordinate light-
coloured variety is also present. The latter is invariably
kyanite bearing and, depending on peak conditions, may
also contain a higher proportion of phengite and/or zois-
ite (compared with dark eclogite). Moreover, omphacite
and garnet have very different grain sizes when samples
from the different Erzgebirge units and from Fichtelge-
birge are compared. The grain size of EG eclogite corre-
lates with the peak temperature and, thus, decreases
systematically from Unit 1 with the highest to Unit 3 with
the lowest peak T. Accordingly, the grain size of
omphacite ranges from �1–2 mm (Unit 1), via �0.5 mm
(Unit 2), to �0.1 mm in Unit 3 (Schmädicke, 1994). Fich-
telgebirge eclogite with typical omphacite grain sizes of
5–8 mm is invariably much coarser than Erzgebirge
eclogite.

Post-eclogitic recrystallization affects eclogite from all
units but not all samples. Such secondary overprint is
usually restricted to diopside-plagioclase symplectite
occurring as rims around omphacite. In many cases,
symplectitic breakdown amounts to <5% of the rock vol-
ume. In places, secondary amphibole may occur as part
of the symplectites, and strongly retrogressed samples
may contain amphibole-bearing reaction coronas around
garnet but such samples were not included in this
investigation.

3.2 | Unit-specific mineral assemblages

In Erzgebirge eclogite, the eclogite facies mineral assem-
blages depend on the unit because, due to the differences
in equilibrium conditions, eclogite facies hydrous min-
erals may or may not be part of the peak metamorphic
assemblage. Eclogite from EG Unit 3, with the lowest PT
peak conditions, contains calcic amphibole, phengite,
and zoisite in textural equilibrium with omphacite and
garnet. Paragonite only occurs as prograde inclusion. In
eclogite from Unit 2 with higher PT peak conditions, par-
agonite is absent. Calcic amphibole is part of the peak
assemblage and, and most samples, also phengite. In
most cases, this also applies to zoisite. However, in some
cases, zoisite was not part of the peak assemblage
although it was stable during an early (pre-peak) and also
during a late (post-peak) eclogite facies stage. In some
eclogite specimens, unusually high amounts of calcic
amphibole and zoisite (>10 vol.%) are observed. This
being the case, the two minerals appear as porphyroblasts
(up to 1 cm in size) that overgrew the peak metamorphic
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minerals, which points to eclogite facies recrystallization
postdating the peak metamorphic stage.

In the UHP eclogite of Unit 1, hydrous minerals are
not part of the peak assemblage—a fact ascribed to the
high peak conditions (e.g., Schmädicke et al., 1992).
However, in an exceptional Mg- and Al-rich eclogite
(sample St75), phlogopite was formed at peak conditions
at the expense of prograde phengite (Schmädicke &
Müller, 2000). All other examples of UHP eclogite,
known so far, are characterized by a ‘dry’ peak assem-
blage, which includes omphacite, garnet, coesite/quartz,
rutile, and rare K-feldspar. Calcic amphibole is a typical
eclogite facies constituent in samples of Unit 1; however,
it formed during post-peak re-equilibration at P = 25–
30 kbar, clearly prior to post-eclogitic breakdown of
omphacite. This post-peak amphibole occurs in intersti-
tial positions and shows inclusions of vermicular quartz,
indicative of formation at the expense of omphacite
(Gose & Schmädicke, 2018; Schmädicke et al., 1992;
Schmädicke & Evans, 1997). Such textural characteristics
are absent in eclogite from Units 2 and 3, in which calcic
amphibole remained stable at peak metamorphic condi-
tions. The single sample of peridotite-hosted eclogite
(113) is indistinguishable from gneiss-hosted eclogite.

Fichtelgebirge eclogite not only experienced the same
PT conditions as eclogite from EG Unit 2 but it is also
characterized by the same mineral assemblages (Table 1).
Thus, the hydrous minerals calcic amphibole, zoisite, and
phengite were stable at peak metamorphism. Paragonite
is preserved only as prograde inclusions and reacted to
form kyanite at eclogite facies peak conditions.

4 | ANALYTICAL DETAILS

The H2O content of omphacite present as (i) hydroxyl in
the pyroxene structure (referred to as ‘structural H2O’)
and (ii) as molecular water in fluid inclusions was deter-
mined by IR spectroscopy using unpolarized radiation,
and contents of both species are given as wt.-ppm
H2O. The same mineral grains were analysed for major,
minor, and trace element composition by electron micro-
probe and laser-ablation ICP-MS analysis. The selection
of samples is based on thin section observations. Thin
section microscopy was also needed to identify the min-
eral assemblages and, especially, to find out if hydrous
minerals coexisted with omphacite and garnet at meta-
morphic peak conditions. From the selected samples
(Table 1), doubly polished, self-supporting slices (thick
sections) were prepared, the thickness of which varies
between 0.15 and 0.25 mm, depending on grain size and
crystal quality. The thick sections were used for all ana-
lytical tasks that were performed in the order (1) IR

spectroscopy, (2) electron microprobe analysis, and
(3) ICP-MS analysis.

For major element analysis, the JEOL 8200 electron
microprobe equipped with five wavelength-dispersive
spectrometers was used. Operating conditions of 15 kV
and 15 nA and a counting time of 20 to 40 s were applied,
and silicate and oxide standards were used for calibra-
tion. Three to four omphacite grains were analysed per
sample. For each, 5–10 spot analyses were collected from
different sites (i.e., core and rim) to unravel possible com-
positional differences. The analytical error of the results
is ≤1% (relative). For elements with con-
centrations < 2 wt%, the uncertainty is 1–10%. Average
analyses for each sample are given in Table 2 and the
standard deviations in Table S1.

Trace element analysis was performed with a LA-Q-
ICP-MS unit, using an UP193FX laser (New Wave
Research) connected to an Agilent 7500i quadrupole
inductively coupled plasma mass spectrometer, tuned for
maximum sensitivity by ThO/Th < 0.5%. Background
and mineral ablation times were 20 and 25 s, respec-
tively, and the spot diameter between 30 and 50 μm. The
NIST SRM 612 reference material and the SiO2 content
from microprobe analysis served as external and internal
standard, respectively. The BCR-2G (USGS) reference
material was used as secondary standard to test reproduc-
ibility (mostly <5%) and accuracy (mostly <8%). Data
processing was carried out using the GLITTER software
(van Achterbergh et al., 2000). For each sample, 4–10
analyses were collected; samples averages are given in
Table 3 and standard deviations in Table S2.

The H2O content of omphacite was determined by
Fourier-transform IR spectroscopy utilizing a Bruker
Vertex 70 spectrometer at the University of Innsbruck,
which is equipped with a Hyperion 3000 microscope, an
MCT detector, and a KBr beam splitter. The spectra were
obtained by averaging over 32 scans in the wavenumber
range 550–7,500 cm�1 with an instrumental resolution of
2 cm�1. The samples were analysed with unpolarized IR
radiation (transmittance mode) using a square aperture
of 30 � 30 to 100 � 100 μm2 (in most cases
�50 � 50 μm2) to restrict the lateral size of the probed
sample volume in order to probe only clear, transparent
crystal volumes free of any visible inclusions, cracks, or
alteration products. In each sample, 12 to 27 grains were
analysed, and for a representative number of grains, spec-
tra were collected from different grain areas (i.e., core
and rim). The H2O content was determined according to
a modified Beer–Lambert law, with Atotal = 3 � Aaverage,
following the method outlined by Kov�acs et al. (2008)
and Sambridge et al. (2008). In the case of anisotropic
crystals, the determination of absorbances using unpolar-
ized instead of polarized IR radiation produces, due to
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TAB L E 2 Major element composition of omphacite (sample averages) determined by microprobe analysis

Sample 4 6 10.3 Vo St11 St75 113 44 46a
Unit EG 1 EG 1 EG 1 EG 1 EG 1 EG 1 EG 1 EG 1 EG 1
N 26 20 25 15 13 28 31 26 35

SiO2 55.96 54.97 55.55 55.38 55.59 55.52 55.21 55.46 54.82

TiO2 0.22 0.21 0.18 0.19 0.15 0.09 0.18 0.21 0.33

Al2O3 11.62 13.46 11.07 10.40 11.94 8.71 10.44 12.08 11.68

Cr2O3 0.02 0.04 0.04 0.03 0.06 0.07 0.04 0.04 0.02

FeO 4.67 3.00 3.42 5.01 2.99 2.01 4.73 4.04 4.81

MnO 0.03 0.03 0.03 0.03 0.03 0.01 0.03 0.03 0.03

MgO 7.97 8.01 9.61 8.68 8.74 11.98 9.01 8.10 8.43

NiO 0.01s 0.01 0.03 0.02 0.01 0.04 0.02 0.01 0.02

ZnO 0.03 0.03 0.03 0.03 0.04 0.02 0.03 0.05 0.03

CaO 13.08 13.19 15.26 14.33 14.59 17.80 14.80 12.47 14.22

Na2O 6.95 6.68 5.55 6.23 6.09 4.19 5.85 6.92 6.08

K2O 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00

Total 100.57 99.63 100.77 100.32 100.24 100.45 100.34 99.41 100.47

Si 1.982 1.949 1.961 1.977 1.965 1.966 1.970 1.978 1.951

Ti 0.006 0.006 0.005 0.005 0.004 0.002 0.005 0.006 0.009

Al 0.485 0.563 0.461 0.438 0.497 0.364 0.439 0.508 0.490

Cr 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.000

Fe2+ 0.138 0.089 0.101 0.150 0.088 0.059 0.141 0.121 0.143

Mn 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001

Mg 0.421 0.424 0.505 0.462 0.460 0.633 0.480 0.431 0.447

Ni 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.001

Zn 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001

Ca 0.496 0.501 0.577 0.548 0.553 0.675 0.566 0.477 0.542

Na 0.478 0.459 0.380 0.431 0.417 0.288 0.405 0.478 0.419

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 4.008 3.994 3.994 4.015 3.988 3.990 4.009 4.002 4.004

Mg# 0.75 0.83 0.83 0.76 0.84 0.91 0.77 0.78 0.76

End-members

CaTiAl2O6 0.006 0.006 0.005 0.005 0.004 0.002 0.005 0.006 0.009

NaCrSi2O6 0.001 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.000

NaAlSi2O6 0.470 0.458 0.379 0.425 0.416 0.286 0.404 0.477 0.419

CaAl2SiO6 0.001 0.047 0.036 0.001 0.037 0.037 0.013 0.010 0.026

CaFeSi2O6 0.121 0.078 0.089 0.132 0.082 0.055 0.124 0.101 0.123

CaMgSi2O6 0.367 0.370 0.446 0.408 0.429 0.581 0.423 0.360 0.383

CaMnSi2O6 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001

Fe2Si2O6 0.007 0.005 0.006 0.005 0.003 0.002 0.006 0.009 0.008

Mg2Si2O6 0.022 0.026 0.029 0.015 0.016 0.026 0.019 0.031 0.026

Mn2Si2O6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 0.997 0.992 0.992 0.993 0.990 0.991 0.996 0.996 0.995

(Continues)
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TAB L E 2 (Continued)

Sample 15 33.1a 38 40 27 129 Fa Mt Ok Ws
Unit EG 2 EG 2 EG 2 EG 2 EG 3 EG 3 FG FG FG FG
N 30 38 30 25 30 14 30 14 24 15

SiO2 55.60 56.61 56.23 55.89 55.96 56.29 55.36 56.05 55.53 55.52

TiO2 0.06 0.08 0.08 0.12 0.05 0.05 0.08 0.11 0.11 0.07

Al2O3 9.15 11.29 9.63 11.44 10.01 11.50 8.48 11.03 9.42 6.45

Cr2O3 0.08 0.02 0.06 0.02 0.01 0.06 0.05 0.11 0.24 0.05

FeO 1.45 1.64 3.50 3.22 3.49 1.73 5.39 2.40 2.00 1.38

MnO 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.01

MgO 11.59 9.63 10.01 9.16 9.28 9.46 9.65 9.56 11.13 13.71

NiO 0.05 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.01

ZnO 0.03 0.03 0.03 0.03 0.02 0.02 0.04 0.04 0.04 0.02

CaO 16.66 14.59 15.53 13.83 14.43 13.71 15.17 14.82 16.74 19.94

Na2O 4.74 5.65 5.65 6.36 6.59 6.31 5.38 6.12 4.75 3.14

K2O 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.44 99.60 100.77 100.13 99.88 99.18 99.64 100.29 100.00 100.32

Si 1.979 1.995 1.988 1.977 1.994 1.993 1.997 1.978 1.971 1.975

Ti 0.002 0.002 0.002 0.003 0.001 0.001 0.002 0.003 0.003 0.002

Al 0.384 0.469 0.401 0.477 0.420 0.480 0.360 0.459 0.394 0.270

Cr 0.002 0.000 0.002 0.001 0.000 0.002 0.001 0.003 0.007 0.001

Fe2+ 0.043 0.048 0.103 0.095 0.104 0.051 0.163 0.071 0.059 0.041

Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000

Mg 0.615 0.506 0.528 0.483 0.493 0.499 0.519 0.503 0.589 0.727

Ni 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000

Zn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000

Ca 0.635 0.551 0.588 0.524 0.551 0.520 0.586 0.560 0.637 0.760

Na 0.327 0.386 0.387 0.436 0.456 0.433 0.376 0.418 0.327 0.217

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 3.990 3.959 4.001 3.999 4.021 3.982 4.007 3.997 3.990 3.993

Mg# 0.93 0.91 0.84 0.84 0.83 0.91 0.76 0.88 0.91 0.95

End-members

CaTiAl2O6 0.002 0.002 0.002 0.003 0.001 0.001 0.002 0.003 0.003 0.002

NaCrSi2O6 0.002 0.000 0.002 0.001 0.000 0.002 0.001 0.003 0.007 0.001

NaAlSi2O6 0.325 0.386 0.385 0.436 0.418 0.431 0.356 0.415 0.320 0.215

CaAl2SiO6 0.028 0.040 0.006 0.018 0.000 0.023 0.000 0.019 0.034 0.026

CaFeSi2O6 0.040 0.044 0.095 0.083 0.096 0.046 0.139 0.066 0.055 0.039

CaMgSi2O6 0.566 0.464 0.485 0.420 0.453 0.449 0.444 0.472 0.545 0.693

CaMnSi2O6 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000

Fe2Si2O6 0.002 0.002 0.004 0.006 0.004 0.003 0.011 0.002 0.002 0.001

Mg2Si2O6 0.024 0.021 0.018 0.030 0.019 0.025 0.036 0.013 0.022 0.017

Mn2Si2O6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total 0.989 0.960 0.998 0.998 0.992 0.981 0.990 0.993 0.989 0.994

Note: Oxides in wt%, cations on the basis of 6 oxygen. All iron is treated as Fe2+. For standard deviations, see Table S1.

Abbreviation: N, number of analyses.
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the physical principles, a greater analytical error (Kov�acs
et al., 2008; Sambridge et al., 2008). By choosing a sample
thickness of less than 0.25 mm, the maximum of the
measured absorbances (not normalized) could be limited,
so that the uncertainty does not exceed 10% (see fig. S1 in
Sambridge et al., 2008).

The integral absorbance was determined by fitting the
spectra between 3,000 and 3,700 cm�1. For baseline cor-
rection, a third degree polynomial was used, which ade-
quately matches the H2O-free regions of the spectra. The
peak fit was obtained by a combination of Lorentzian
and Gaussian functions applying a peak-fit software. The
width of peaks in the region 3,270–3,370 cm�1, with
mostly flat shoulders, was constrained to 200 cm�1. The
total amount of H2O in omphacite (Table 4), including
structural hydroxyl and possibly present molecular water,
was determined from the absorption of bands with max-
ima in the wavenumber range 3,000–3,700 cm�1. Addi-
tionally, the band-specific H2O contents (Table 4) were
determined for the four bands recorded by fitting the
spectra in the following wavenumber range: band II,
centred at 3,455 � 10 cm�1: 3,400–3,500 cm�1; band III,
centred at 3,522 � 10 cm�1: 3,500–3,550 cm�1; band I,
centred between 3,270 and 3,370 cm�1: 2,900–
3,400 cm�1; band IV, centred at 3,611–3,635 cm�1: 3,550–
3,700 cm�1. The H2O contents were calculated by apply-
ing the mineral-specific molar absorption coefficient of
Bell et al. (1995) because the same approach was previ-
ously applied for garnet from the same samples (Gose &
Schmädicke, 2018). The uncertainty due to the calibra-
tion is 4.4% (Bell et al., 1995). Because omphacite
analysed in this study contains more Al and Na but less
Mg and Fe, the systematic uncertainty due to calibration
is 10–20%. Additional uncertainty is caused by spectra
fitting so that the total uncertainty of the calculated H2O
contents given in Table 4 may well be 30%. For better
comparison with literature data, total H2O contents were
also determined using the calibration of Libowitzky and
Rossman (1997).

5 | RESULTS

5.1 | Major and trace element
composition

Comparing all investigated samples, the major and trace
element composition of omphacite is variable (Tables 2
and 3; Figure 2). By contrast, grains from a single sample
show fairly constant composition without any zonation.
The Mg/(Mg+Fe) ratios (Mg#) cover a range from 0.75 to
0.95 (Table 2) and negatively correlate with TiO2

(r = �0.70; Figure 2). Dark eclogite has generally lowerT
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Mg# and higher TiO2 contents than light-coloured eclo-
gite. The jadeite content is highly variable spanning a
range between 21.5 and 47.7 mol.% and showing a broad
negative correlation with Mg# (r = �0.69; Figure 2). The
lowest jadeite content (21.5 mol.%) and the highest Mg#
(0.95) are observed in the light-coloured sample Ws. Vice
versa, sample 4 (dark eclogite) has the lowest Mg# (0.75)
and the second highest jadeite content of 47 mol.%
(Table 2; Figure 2); only omphacite in sample 44 is
slightly richer in jadeite (i.e., 47.7 mol.%). Given cation
totals of 3.98–4.02 (except one sample), the amount of the
Ca-Eskola component (Schmädicke & Müller, 2000) is
either zero or negligible.

Major and minor element composition of omphacite
is uncorrelated to the unit, with the exception of TiO2.
This implies that omphacite composition in the studied
samples is primarily governed by the bulk rock composi-
tions, in agreement with literature data
(Schmädicke, 1994; Schmädicke & Will, 2021). Also, the
different Ti contents in omphacite from quartz and
coesite eclogite (Figure 2) are ascribed to the bulk rock
composition, because quartz eclogite from both EG and
FG samples has lower bulk rock TiO2 contents (range:
0.05–0.12 wt%) than coesite eclogite from EG Unit
1 (range for all samples: 0.09–0.33 wt%; range without
sample St75: 0.15–0.33 wt%).

Concerning trace elements, samples from Erzgebirge
and Fichtelgebirge differ only in a few elemental concen-
trations, particularly in Cr (EG: 80–511 ppm; FG:
189–2,343 ppm) and Pb (EG: 0.53–9.4 ppm; FG: 0.18–

0.43 ppm) and to a lesser degree in K and Sr (Table 3).
Furthermore, omphacite from coesite eclogite has higher
contents of Zr, Hf, and light (L) and medium (M) REE
compared with quartz eclogite from both EG and FG
(Table 3; Figures 2 and 3). Notably, in the Erzgebirge,
these elements show equal bulk rock concentrations in
both eclogite types (Schmädicke & Will, 2021). The Zr
contents of omphacite in coesite eclogite (5.5–14 ppm) do
not overlap with those in quartz eclogite (0.7–3.6 ppm).
The same applies to Hf and most LREE and MREE, such
as Ce (coesite eclogite: 0.2–4.8 ppm, quartz eclogite:
≤0.2 ppm) and Nd (coesite eclogite: 0.65–6.4 ppm; quartz
eclogite: 0.05–0.65 ppm). In addition, the Zr content is
positively correlated with both Ti (r = 0.95) and Hf
(r = 0.99; Figure 2). The normalized REE concentrations
of quartz eclogite are generally lower than in primitive
mantle (PM), in many cases even <0.1 relative to PM,
whereas the LREE and MREE contents of most coesite
eclogite samples exceed the PM values and lie in the
range of 1–10 times that of PM (Figure 3).

5.2 | IR spectra

All analysed grains show IR absorption bands in the
range of 3,200–3,650 cm�1 (Figure 4), indicative of struc-
tural H2O in pyroxene (Skogby, 2006; Skogby et al., 1990;
Stalder & Ludwig, 2007). Four bands (or band groups)
can be distinguished, centred at 3,270–3,370 cm�1 (band
I), at 3,455 � 10 cm�1 (band II), at 3,522 cm�1 (III), and

F I GURE 2 Binary scatter diagrams

showing the composition of omphacite

(sample averages). (a) Mg# versus TiO2,

(b) amount of jadeite component versus

Mg#, (c) Ti versus Zr, and (d) Hf versus

Zr. Data in (a) and (b) are from microprobe

analysis, and data in (c) and (d) from LA-

ICP-MS analysis. r, correlation coefficient

[Colour figure can be viewed at

wileyonlinelibrary.com]
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at 3,611–3,635 cm�1 (IV). Bands II and III are strong and
relatively sharp in all samples, whereas the broad band I
and the sharp band IV are much weaker. All four bands
were reported from clinopyroxene, but only bands II, III,
and IV were found in omphacite (e.g., Skogby, 2006;
Skogby et al., 2016). In some cases, omphacite reveals
only bands II and III (Katayama et al., 2006; Koch-Müller
et al., 2004).

The intensity of bands II and III strongly varies
between different omphacite grains per sample (Figure 5)
but is constant in different volumes of a single grain,
such as grain cores and rims. The inter-grain scattering is
related to different grain orientation and indicates pro-
nounced pleochroic behaviour of the two prominent

bands. From Figure 5, it is obvious that the grains are
randomly oriented. In addition, the relative peak height
of bands II and III is also variable (Figures 4 and 5). In
most samples, band II is larger than band III, but there
are also a few samples in which the two bands have equal
height (Fa, Ok) or in which band III is the larger one
(St75, Ws). The latter two samples are characterized by
omphacite with the lowest jadeite (21.5 and 28.6 mol.%)
and the highest diopside content (69.3 and 58.1 mol.%) of
the sample set, and omphacite from samples Fa and Ok
is also relatively poor in jadeite (35.6 and 32.0 mol.%).
Band II is known to be the most intense one in
omphacite but not in diopside (e.g., Skogby, 2006). Thus,
its intensity seems to be related to jadeite content, which
well agrees with our data.

In many samples, the intensity of the generally small
band IV is usually more or less uniform indicating less
pronounced pleochroism. In other samples (6, 46a, St75,
15, 33.1, 27, 129, Ok, and Ws), band IV has strongly vary-
ing intensity. Moreover, if the spectra from a single sam-
ple are compared, it is obvious that this variation is not
continuous because the band is either small (in most
cases) or strongly enhanced (for examples, see Figure 5).
In some of the spectra recorded for samples St75, 15, 27,
and Ws, band IV is the strongest band, even exceeding
the peak height of bands II and III.

Additional bands at higher wavenumber (i.e., 3,670–
3,700 cm�1), indicative of secondary amphibole (Skogby
et al., 1990), are restricted to samples Fa, 15, 38, 40, and
44, where they occur only in very few (1–3) of the
recorded spectra.

5.3 | H2O content

At this stage, it is not clear if bands I and IV are due to
structural hydroxyl (with concentrations given as wt.-
ppm H2O) in omphacite (see previous section and
Section 6). Accordingly, the H2O content related to every
single band is given separately, and the total H2O content
of each sample was determined by summing the data of
all bands (i.e., I–IV), of only bands II + III, and of bands
II + III + IV, respectively (Table 4). For the calculation
of H2O contents, the outlier spectra with extremely large
bands of type IV were excluded because these spectra
involve H2O species from another source (see below).
Band II accounts for the largest part of H2O in all sam-
ples (i.e., 46–78%), also including the two samples (St75,
Ws) in which band II has lower height than band III. The
H2O content related to band III (1–24%) is similar to that
of bands I (10–27%) and IV (3–28%).

The total H2O contents in the sample set (Table 4),
calculated from bands I–IV, range from 558 to

F I GURE 3 REE patterns for omphacite using sample

averages, normalized to the values for primitive mantle by

McDonough and Sun (1995). (a) Coesite eclogite samples from EG

Unit 1; (b) quartz eclogite from EG Units II (33.1a, 38, 40) and III

(129) and FG (Fa, Mt, Ok, Ws)
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1,299 ppm using the calibration of Bell et al. (1995).
Values derived with the formula by Libowitzky and
Rossman (1997) for better comparison with literature
data (see below) are �50% lower (Table 4). Differences
in H2O are neither observed between quartz and coesite
eclogite nor between EG and FG samples. Including
only bands II, III, and IV, the total contents are some-
what lower (492–1,140 ppm), but a relation to either
eclogite type or unit is not visible either. The same
applies to H2O contents based on bands II and III (459–
1,098 ppm). No matter which of the three different
totals is used, a correlation of omphacite data with pre-
viously determined H2O in garnet is not observed
(Table 4). As a result, the KD for H2O partition between
garnet and omphacite scatter over 1 order of magnitude,
for example, 0.01–0.27 (including omphacite bands I–
IV) and 0.01–0.34 (including bands II + III + IV;
Table 4). However, if samples 38 and St11 with unusu-
ally H2O-rich garnet are excluded, the range for KD is
smaller (i.e., 0.01–0.09 for bands I–IV; 0.01–0.11 for
bands II + III + IV). Neglecting outlier samples, the
typical KD for quartz eclogite (0.01–0.03) is distinctly
lower than that for coesite eclogite (0.08–0.11).

6 | DISCUSSION AND
CONCLUSIONS

6.1 | Relation between H2O content and
other parameters

The total H2O content derived from bands I to IV neither
correlates with omphacite composition nor with eclogite

type or unit, respectively, suggesting that the PT condi-
tions have no first-order control on the H2O content in
omphacite. The opposite has been observed for garnet
from the same samples, in which H2O positively corre-
lates with the Ca and Ti content of garnet. In addition,
garnet from coesite eclogite contains significantly more
H2O compared with quartz eclogite (Gose &
Schmädicke, 2018); the reason for this is discussed below.

In addition, the present results do not agree with
those of previous studies on omphacite, which showed
that the mineral’s H2O content is correlated to pressure
(Katayama & Nakashima, 2003; Koch-Müller
et al., 2004). However, the previously observed trends are
controversial because they involve both positive and neg-
ative correlations between H2O and pressure. Orogenic
eclogite from the Kokchetav massif (Katayama &
Nakashima, 2003) showed a positive trend because H2O
contents in omphacite increase from quartz to coesite
and to diamond eclogite. By contrast, Koch-Müller
et al. (2004) found a negative trend for eclogite xenoliths.
Moreover, a study on eclogite xenoliths revealed that a
relation between H2O in omphacite and temperature
exists, but, again, both positive and negative correlations
were reported, depending on the eclogite subtype (Huang
et al., 2014).

If the individual IR bands and the related H2O con-
tents of the present sample set are treated separately,
some trends with respect to omphacite composition
become obvious. For instance, the H2O content defined
by band II is positively correlated (albeit weakly) to both
Ti and tetrahedral Al (Figure 6). However, such a relation
is not found for band III. Instead, H2O due to band III
shows a negative correlation with Na (and jadeite

F I GURE 4 IR absorption spectra of

omphacite. (a) Eclogite from Erzgebirge

Unit 1; (b) Eclogite from EG Units 2 and

3 and Fichtelgebirge. The spectra are

sample averages and are normalized to

1 cm sample thickness
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content) and a positive one with Ca (and diopside con-
tent) but, in turn, no correlation with Ti and tetrahedral
Al (Figure 7). By contrast, bands I and IV are not related
to any compositional variable.

Furthermore, the H2O content of garnet in the same
samples depends (i) on the Ca content of garnet and
(ii) on the co-stability of hydrous minerals in the peak
assemblage. The Ca-rich garnet in coesite eclogite hosts
considerably more H2O compared with the Ca-poor gar-
net in quartz eclogite, which contains little or no H2O
(Gose & Schmädicke, 2018). Given this obvious relation,
the authors argued that the co-stability of hydrous min-
erals may be even more important in this context. As
long as zoisite, calcic amphibole, and �phengite are pre-
sent, as in quartz eclogite, garnet takes up little H2O. In
coesite eclogite, where garnet coexists with a ‘dry’ peak

assemblage, it incorporates considerably more H2O. This
relation was confirmed by an exceptional coesite eclogite
with peak-metamorphic phlogopite (St75) because garnet
in this sample is as poor in H2O as garnet in quartz eclo-
gite. For omphacite, a relation between H2O and the co-
stability of hydrous minerals is not obvious, with the
exception of the phlogopite-bearing sample, because
omphacite in this rock is equally H2O poor as garnet. The
latter result—based on an exotic sample—is difficult to
verify by further studies due to the lack of peak-
metamorphic phlogopite in common orogenic eclogite.
Nevertheless, a relation between H2O in NAMs and the
presence or absence of hydrous minerals was not only
suggested for garnet (Gose & Schmädicke, 2018) but also
for olivine (Kang et al., 2017) and may be valid for
omphacite.

F I GURE 5 IR absorption spectra of

individual omphacite grains. (a) Example of

variability of spectra in a single sample;

(b) relative intensities of bands II and III

and pleochroic behaviour of selected

samples from Erzgebirge and

Fichtelgebirge. The three orthogonal

directions are illustrated in black, blue, and

red; (c) examples of omphacite grains with

variable type IV bands in three different

directions per sample; (d) variability of

spectra in different grains of samples Ws

and 15 illustrating the variability of relative

band intensities. All spectra are normalized

to 1 cm sample thickness [Colour figure

can be viewed at wileyonlinelibrary.com]
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The new results on orogenic eclogite imply that
omphacite and garnet, concerning H2O incorporation,
behave differently with respect to PT conditions. Hence,
the difference in KD between quartz and coesite eclogite
(see above) is primarily due to different H2O contents of
garnet.

6.2 | IR band assignment

The IR bands II and III recorded in this study are typical
for omphacite from both eclogite xenoliths (Huang
et al., 2014; Koch-Müller et al., 2004) and orogenic eclo-
gite (Katayama et al., 2006; Katayama &

F I GURE 6 Binary scatter diagrams

showing the relation between the water

content deduced from band II (3,455 cm�1)

and the contents of Ti (a) and tetrahedral

Al (b) per formula unit and the same for

band III (3,522 cm�1; Table 4) relative to Ti

(c) and Al (d), respectively. r, correlation

coefficient [Colour figure can be viewed at

wileyonlinelibrary.com]

F I GURE 7 Binary scatter diagrams

showing the water contents deduced from

band II (3,455 cm�1) in relation to Na

(a) and Ca (b) per formula unit and water

due to band III (3,522 cm�1; Table 4)

relative to Na (c) and Ca (d). r, correlation

coefficient [Colour figure can be viewed at

wileyonlinelibrary.com]
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Nakashima, 2003; Konzett et al., 2008; Skogby
et al., 2016). Band II commonly occurs also in diopside,
but band III is only observed at low SiO2 activity (Purwin
et al., 2009; Stalder & Ludwig, 2007). The band near
3,455 cm�1 (our type II) was reported to be the strongest
one in omphacite and related to vacancies on the M2 site
(Koch-Müller et al., 2004; Libowitzky & Beran, 2006;
Smyth et al., 1991). The same interpretation was given
for diopside (Purwin et al., 2009; Stalder &
Ludwig, 2007). Band III (at �3,522 cm�1) was attributed
to tetrahedral Al (Koch-Müller et al., 2004). However,
our data suggest a different interpretation, because band
II (but not band III) correlates with tetrahedral Al in the
present samples (Figure 6). The intensity of band III, on
the other hand, shows a positive correlation with diop-
side (or Ca) content and a negative one with jadeite
(or Na; Figure 7). In fact, Bromiley and Keppler (2004)
suggested up to six H substitution mechanisms for Na-
bearing pyroxene, three of them are related to the band
�3,520 cm�1. Judging from our data, we conclude that
the incorporation of H in omphacite may, indeed, be
facilitated by tetrahedral Al, but this substitution may be
reflected by band II rather than band III. If true, the H
substitution mechanism, causing band III, is uncertain.

The possibility that low H2O activity favours bands
with lower wavenumber (Patk�o et al., 2019) does not
explain the variation of the relative intensities of bands II
and III (3,455 and 3,520 cm�1) observed in this study.
This is because the exceptional samples with the largest
type III bands (St75, Ws) or with equally large type II and
III bands (Fa, Ok) do not contain more H2O than sam-
ples with band II > band III. The finding that relatively
large type III bands occur in specimens with low jadeite
content indicates that, in the present case, the relative
band intensities are simply governed by omphacite
composition.

In addition, a band at �3,620 cm�1 (our type IV) is
not uncommon for omphacite; however, this band is not
always present and its assignment is controversial
(Huang et al., 2014; Koch-Müller et al., 2004; Konzett
et al., 2008). In most cases, this band is due to structural
H2O in omphacite (Huang et al., 2014; Skogby
et al., 2016) supported by the observation that such a
band is the most intense one in augite (Bell et al., 1995;
Skogby et al., 1990) and probably caused by vacancies on
the M2 site (e.g., Bromiley & Keppler, 2004). By contrast,
Koch-Müller et al. (2004) ascribed this band solely to
included sheet silicates of the chlorite group and did not
consider it for the calculation of H2O contents in
omphacite.

In our sample set, the observed behaviour of band
IV (see Section 5) indicates structural H2O in omphacite
in most (or all) samples and, in some cases, additional

water due to inclusions of a hydrous mineral causing IR
absorption in the same wavenumber range. In the case
that band IV has uniform intensity in all or most spectra
of a sample, the band is ascribed to structural H2O in
omphacite. In such cases, the contribution of this band
to the overall H2O content is relatively small (i.e., 3–
14%), depending on the sample. By contrast, the few
outlier spectra with considerably stronger type IV bands,
compared with the majority of spectra recorded for the
same grain, are ascribed to phengite inclusions
(e.g., Figure 5). This is supported by a TEM study
(Schmädicke & Müller, 2000) on one of the four eclogite
samples, in which the intensity of band IV partially
exceeds that of band II. For this sample (St75), it was
shown that omphacite hosts narrow lamellae (≤0.15 μm
width) of phengite, which were interpreted as an exsolu-
tion phenomenon due to cooling and decompression
(Schmädicke & Müller, 2000). Based on this former
study and the observation that phengite has a sharp,
intense band at 3,620–3,630 cm�1 (see Figure S1), we
interpret the outlier spectra of samples St75, 15, and Ok
showing an over-pronounced type IV band in terms of
submicroscopic phengite lamellae. The same possibly
applies to some of the spectra collected for samples
6, 46a, and 33.1a. In the case of samples 27 and 129, the
situation is different because relatively intense type IV
bands are a common feature and present in most of the
recorded spectra. This may be due to the numerous pro-
grade inclusions of hydrous minerals that are very typi-
cal for the extremely fine-grained eclogite samples from
EG Unit 3.

Notably, the spectrum of phengite (Figure S1) dis-
plays an additional broad IR absorption band (or a group
of bands) near 3,300 cm�1, which is indistinguishable
from band I in omphacite. Therefore, it is possible that
also band I, like band IV, includes different H2O species,
namely, structural H2O in omphacite and H2O from phe-
ngite inclusions. This notion is supported by literature
examples showing a correlation between bands I and
IV. For instance, a strong type IV band was found in only
six from several hundred omphacite spectra, and in these
six cases, an additional band near 3,300 cm�1 (our type I)
occurred (Huang et al., 2014). However, if we compare
the intensities of bands I and IV in our samples, no corre-
lation is visible. This does not exclude the possibility that
band I is (partly) related to submicroscopic phengite, but
it implies an additional source contributing to this band.
One possibility is structural H2O in omphacite. However,
a band �3,300 cm�1 rarely occurs in clinopyroxene but is
very common in orthopyroxene (e.g., Gose &
Schmädicke, 2021; Stalder et al., 2015). In clinopyroxene,
it is known from diopside and Na-rich pyroxene
(Bromiley & Keppler, 2004; Purwin et al., 2009; Skogby
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et al., 1990). Although the related OH incorporation mech-
anism is unknown, the substitution Si4+ = Al3+ + H+

could be a possibility because the latter is known to cause
absorption bands at 3,310–3,380 cm�1 in quartz
(Stalder, 2021). The other possibility is molecular H2O in
fluid inclusions, as found in numerous spectra of
coexisting garnet (Gose & Schmädicke, 2018;
Schmädicke & Gose, 2017). However, at the present state
of knowledge, the nature of band I remains ambiguous
and may be related to structural and molecular H2O in
omphacite and phengite inclusions.

6.3 | ‘Real’ H2O contents

Due to the possibility that two of the IR bands may
include some water from phengite and/or fluid inclu-
sions, the content of structural H2O in omphacite needs
to be re-evaluated. The values obtained by summing the
absorbance from bands I to IV (range: 558–1,299 ppm;
Table 4) represent the upper limit for structural H2O in
omphacite, and those derived from only bands II and III
define the minimum concentration (range:
438–1,098 ppm). However, because also band IV is attrib-
uted to structural H2O in omphacite, the most realistic
result is derived by summing the absorbance due to
bands II, III, and IV after excluding the outlier spectra
with large type IV bands. Using this approach, the con-
tent of structural H2O is in the range of 465–1,140 ppm.
In Erzgebirge samples, omphacite of coesite eclogite has
a somewhat higher average content (806 ppm) than that
of quartz eclogite from Units 2 (651 ppm) and
3 (720 ppm). Quartz eclogite from Fichtelgebirge yielded
the highest average content of 827 ppm H2O in
omphacite, which is very close to the value for EG coesite
eclogite. However, these differences are not significant
because they do not exceed the analytical uncertainty.
Moreover, the ranges of H2O contents are very similar in
all units. Accordingly, the observed difference in H2O
partition between quartz (KD Grt/Omp = 0.01–0.03) and
coesite eclogite (KD Grt/Omp = 0.08–0.11) is solely due
to the variation of H2O contents in garnet.

Because of the discovered correlations of H2O with
major and minor elements in omphacite and the constant
H2O content on grain scale (see above), the obtained H2O
contents of omphacite are, most probably, a primary fea-
ture rather than the result of H2O loss. The same charac-
teristics were described from coexisting garnet (Gose &
Schmädicke, 2018). During decompression, garnet incor-
porated secondary structural H2O—providing a very
strong argument against decompressional water loss.

The measured H2O concentrations in omphacite
(approximate range: 450–1,150 ppm) compare well with

literature data for H2O in omphacite from both orogenic
and xenolithic eclogite. Omphacite of orogenic UHP eclo-
gite from Kokchetav was reported to contain up to
870 ppm (Katayama et al., 2006), and omphacite of qua-
rtz eclogite from Saualpe and Pohorje (Alps) hosts 145–
580 ppm H2O (Konzett et al., 2008). Higher H2O contents
in omphacite (530–870 ppm) of eclogite samples from
Pohorje were reported by Skogby et al. (2016). For com-
paring the data for orogenic eclogite obtained in different
studies, the analytical details need to be considered. With
one exception (Katayama et al., 2006; secondary ion mass
spectrometry), all data were obtained by IR spectroscopy.
However, the IR studies used different calibration coeffi-
cients. For instance, applying the same calibration coeffi-
cient as in the present study (Bell et al., 1995) to the
Saualpe and Pohorje samples, the H2O contents would be
�300–1,200 ppm (based on data in Konzett et al., 2008)
and 1,000–1,750 ppm (for data in Skogby et al., 2016),
respectively. Thus, our data compare very well with those
of Kokchetav UHP eclogite and also quartz eclogite sam-
ples from the Alps (Konzett et al., 2008) but are lower
than the concentrations reported by Skogby et al. (2016).
Similar contents as in omphacite of orogenic eclogite
were found in xenolithic samples such as omphacite from
Udachnaya (i.e., 61–790 ppm; Koch-Müller et al., 2004)
and Roberts Victor eclogite xenoliths (i.e., 211–
1,496 ppm; Huang et al., 2014).

6.4 | Implications for H2O storage and
transport in eclogite

The present study shows that omphacite of quartz eclo-
gite from two Erzgebirge units (sample averages: 465–
852 ppm) and a third one from Fichtelgebirge (546–
1,089 pm) contains as much H2O as omphacite from EG
coesite eclogite (492–1,140 ppm). This result implies that
the H2O content in omphacite of orogenic eclogite is not
governed by the metamorphic peak conditions, at least
not in the PT range of 20–30 kbar and 600–900�C. This is
in contrast to garnet from the same set of samples show-
ing extremely low H2O contents in quartz eclogite (most
samples <2–50 ppm) and significantly higher values in
coesite eclogite (50–150 ppm; e.g., Gose &
Schmädicke, 2018). The latter finding agrees with the
results of HP experiments showing that the uptake of
H2O in garnet is enhanced by pressure (Lu &
Keppler, 1997). However, in the case of EG and FG eclo-
gite, the grossular content and the co-stability of hydrous
minerals in the PT peak assemblage have been demon-
strated to be the main reasons for the contrasting H2O
contents in garnet (Gose & Schmädicke, 2018). For
omphacite, such a relation is not observed. Regardless of
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whether peak-metamorphic, late- and/or post-eclogitic
hydrous minerals occur the H2O content of omphacite is
as high as in samples without such phases.

The present study provides new clues concerning the
influence of the PT conditions on structural H2O in natu-
ral omphacite, which is important information because
experimental data in this context are sparse and restricted
to end-member compositions and binary solid solutions.
Experiments on pure jadeite indicate that, in contrast to
garnet, H2O incorporation decreases with pressure, from
450 ppm at 2 GPa to 100 ppm at 10 GPa (Bromiley &
Keppler, 2004), but it remains uncertain if such a relation
also applies to more complex compositions. The same
study showed that a binary solid solution of jadeite–Ca-
Eskola component is able to incorporate much more H2O
(780 ppm at 20 kbar) than pure jadeite (Bromiley &
Keppler, 2004). Also, data from natural samples
(i.e., Pohorje eclogite; Skogby et al., 2016) show a positive
correlation between H2O and the amount of Ca-Eskola
component in omphacite. Bromiley and Keppler (2004)
concluded that pyroxene composition is more important
in the present context than P and T. Although the Ca-
Eskola component can only play a minor role in our sam-
ples, our results agree with the suggestion that H2O
incorporation in pyroxene is strongly influenced by its
composition. In the present case, H2O in omphacite cor-
relates positively with Ti, tetrahedral Al, and diopside
component and negatively with jadeite content but not
with P or T. Particularly, the varying Na and Ti contents
in omphacite from Erzgebirge eclogite can be reconciled
with variations of the bulk rock composition
(Schmädicke, 1994; Schmädicke & Will, 2021).

The finding that the H2O content of omphacite nei-
ther differs between quartz and coesite eclogite nor
between quartz eclogite samples with different peak con-
ditions (i.e., 20–22 kbar/650�C and 24–26 kbar/750�C)
has far-reaching implications. (i) It suggests that all H2O
in omphacite was incorporated in the quartz stability

field, most probably, during mineral growth due to the
transition of HP garnet amphibolite to eclogite. The
related metamorphic reactions involved dehydration of
the large amounts of amphibole, providing for H2O in
excess to be taken up by the newly formed omphacite. In
addition, the failure to take up more H2O with increasing
PT conditions implies (ii) that the measured concentra-
tions may be equal to the H2O storage capacity of the
studied omphacite and (iii) that this capacity remains
unchanged during further PT increase. This does not
exclude that omphacite from other occurrences with
slightly different composition, especially more Ca-Eskola
component, may take up more water (see Section 6.2).

In contrast to omphacite, most H2O in garnet was
derived from the final breakdown of the last remaining
calcic amphibole close to the coesite stability field
(Gose & Schmädicke, 2018). This conclusion is based on
the much higher H2O content in garnet from coesite eclo-
gite (up to 180 ppm) versus quartz eclogite (up to
50 ppm).

A simple estimation helps to evaluate how much of
the water released by dehydration reactions during the
amphibolite-eclogite transition and, later on, due to PT
increase within the eclogite facies can be recycled into
the mantle by the subduction of coesite eclogite
(Table 5). Omphacite with an average H2O content of
800 ppm and a modal amount of 60 vol.% hosts
480 ppm of the bulk rock H2O—a quantity equivalent
to that in �2.5 vol.% calcic amphibole (and/or zoisite).
The maximum H2O content of omphacite in our study
(1,100 ppm) translates to 660 ppm bulk rock water,
corresponding to 3.3 vol.% amphibole (and/or zoisite).
Adding the H2O amount hosted by garnet (50 ppm), the
bulk rock content of quartz eclogite is only slightly
higher, that is, 500 ppm (average) and 680 ppm (maxi-
mum), respectively.

Coesite eclogite with up to 180 ppm H2O in garnet
(Gose & Schmädicke, 2018) contains somewhat more

TAB L E 5 Estimation of the water content in quartz and coesite eclogite based on the data for omphacite (this study) and garnet (Gose

& Schmädicke, 2018) and a modal composition of 60% omphacite and 40% garnet

Quartz eclogite H2O (ppm) Coesite eclogite H2O (ppm)

Garnet max 50 180

In 40% garnet max 20 70

Omphacite avg 800 800

max 1,100 1,100

In 60% omphacite avg 480 480

max 660 660

Eclogite avg 500 550

max 680 730

Abbreviations: avg, average; max, maximum.
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H2O (average: 550 ppm, maximum: 730 ppm; Table 5).
The 50 ppm increase of bulk rock storage capacity, from
quartz to coesite eclogite, is very small compared with
the 1,000–2,000 ppm H2O released by 2.5–5 vol.% of each
amphibole and zoisite that dehydrated between 25 and
30 kbar (Gose & Schmädicke, 2018). These authors
argued that, for kinetic reasons, garnet failed to take up
water from zoisite breakdown, mainly because this reac-
tion is discontinuous and, therefore, all water is released
in a single step, favouring its escape from the reaction site
and the system. Zoisite decomposition, however, led to a
10 mol.% increase in grossular content, enhancing the
ability of garnet to take up H2O from the subsequent,
continuous breakdown of the last remaining calcic
amphibole, which decomposed close to the quartz-coesite
transition (Gose & Schmädicke, 2018). The amphibole
amount accounting for the difference of garnet H2O con-
tents in quartz versus coesite eclogite is only �0.2–
0.3 vol.%.

In conclusion, the maximum total amount of H2O
stored in the NAMs of coesite eclogite (730 ppm) well
agrees with the 600 ppm estimated for the relatively dry
‘HIMU’ mantle component formed from subducted oce-
anic crust (Dixon et al., 2002). The 730 ppm bulk rock
water correspond to �3.6 vol.% hydrous minerals, such
as amphibole and zoisite (with �2 wt% H2O). This value
is significantly lower compared with the 5–10 vol.%
hydrous minerals observed in quartz eclogite, which
dehydrated between 25 and 30 kbar, let alone of the esti-
mated 20–50 vol.% hydrous minerals that decomposed
during the amphibolite-eclogite transition. Thus, most
water was released from the subducting mafic rocks and
liberated to the mantle wedge. Despite this, coesite eclo-
gite consisting only of NAMs was able to preserve an
H2O amount equivalent to that in 3.6 vol.% amphibole
(or zoisite) and transport it to depths of >100 km during
further subduction. Even if the H2O storage capacity of
omphacite declines at P > 30 kbar, the effect is expected
to be counter-balanced by the ability of natural garnet to
incorporate more H2O with increasing pressure (Lu &
Keppler, 1997).
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