
HAL Id: insu-03690268
https://hal-insu.archives-ouvertes.fr/insu-03690268

Submitted on 8 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution| 4.0 International License

Zoisite in cratonic eclogite xenoliths - Implications for
water in the upper mantle

I. B. Radu, B. N. Moine, N. Bolfan-Casanova, D. A. Ionov, J. L. Devidal, E.
Deloule, A. V. Korsakov, A. V. Golovin, O. B. Oleinikov, J. Y. Cottin

To cite this version:
I. B. Radu, B. N. Moine, N. Bolfan-Casanova, D. A. Ionov, J. L. Devidal, et al.. Zoisite in cratonic
eclogite xenoliths - Implications for water in the upper mantle. Lithos, 2022, 418 - 419, pp.10668.
�10.1016/j.lithos.2022.106681�. �insu-03690268�

https://hal-insu.archives-ouvertes.fr/insu-03690268
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


LITHOS 418-419 (2022) 106681

Available online 24 March 2022
0024-4937/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Zoisite in cratonic eclogite xenoliths - Implications for water in the 
upper mantle 

I.B. Radu a,b,c,*, B.N. Moine b, N. Bolfan-Casanova d, D.A. Ionov e, J.L. Devidal d, E. Deloule f, 
A.V. Korsakov g, A.V. Golovin g, O.B. Oleinikov h, J.Y. Cottin b 

a Department of Geosciences, Swedish Museum of Natural History, SE-104 05 Stockholm, Sweden 
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A B S T R A C T   

A significant portion of the Earth’s water is found at trace levels in nominally anhydrous rock forming minerals in 
the crust and mantle. Its distribution has far-reaching implications in melt-generating processes, mantle rheology 
and the stability of the lithosphere. We report petrographic, major and trace element, Fourier transform infrared 
spectroscopy and secondary ion mass spectrometry data on four eclogite xenoliths from the Obnazhennaya 
kimberlite, Siberia that contain hydrous minerals at upper mantle conditions. Al-rich (>9.9 wt% Al2O3) 
omphacitic clinopyroxene, a major mineral of eclogites, contains crystallographically controlled exsolutions of 
CaO-rich (up to 23.6 wt%) garnet (coronae, lenses), garnet-zoisite (lamellae) or amphiboles (needle/blade-like 
exsolutions). The omphacite hosting the exsolved lamellae shows enrichment or depletion in major (Al, Si, Mg) 
and trace (e.g., HREE) elements compatible with garnet and zoisite, proportional to the abundance of 
exsolutions. 

We argue that zoisite likely formed concomitantly with garnet exsolution from a water- and Al-rich precursory 
omphacite, without any fluid addition. The compositional gradients are consistent with diffusion-controlled 
partitioning in a closed system, and their preservation indicates the exsolution likely took place shortly prior 
to eclogite entrapment by the kimberlite. Large, non-exsolved, omphacite grains contain minimum ~870–1500 
ppm wt. H2O (determined as OH). We infer that intertwined lamellae of hydrous garnet (600–960 ppm wt. H2O) 
and minor (<1%) zoisite (2 wt% H2O) formed at mantle conditions due to progressive exsolution, without 
external fluids. Recalculated whole rock water contents range from ~320 to 970 ppm wt. H2O. These estimates 
exceed by far those for the surrounding peridotitic mantle and suggest that, although a minor component, 
eclogites may locally be an important water reservoir in the cratonic mantle.   

1. Introduction 

Water has been of major importance throughout Earth’s history, 
from influencing the planet’s early evolution to the present-day tec-
tonics and up to the development of life (Peslier, 2010). Water (term 
used hereafter to refer to H2, OH− and/or H2O species) preserved in 
trace amounts in the structure of nominally anhydrous minerals (NAMs) 
was shown to have an important influence on their physical and 

chemical properties (Demouchy and Bolfan-Casanova, 2016; Kolesni-
chenko et al., 2018). Water stored in structural defects in upper mantle 
NAMs is thought to trigger localized melts in the asthenosphere by 
decreasing the melting temperature of peridotite (Green et al. (2010)), 
to decrease the mechanical strength of minerals and favour deformation 
(Mei and Kohlstedt, 2000), properties that govern volcanism, earth-
quakes and crustal destabilization (Li et al., 2008; Libowitzky and Beran, 
2006). 
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Water distribution on Earth is dominated by crust-mantle in-
teractions. Mantle outgassing through volcanic activity releases water 
(Jaffres et al., 2007), while subduction re-introduces water into the 
mantle by crustal recycling (Demouchy and Bolfan-Casanova, 2016; 
Ohtani et al., 2018; Peslier et al., 2002). Zoisite (Ca2Al3Si3O12(OH)) is an 
important hydrous phase in the subducted oceanic crust and may 
significantly contribute to the fluid budget in the mantle beyond the 
amphibole stability field (100–120 km depth) (Feineman et al., 2007; 
Poli and Schmidt, 1995). Due to its high-water content (2 wt%), high- 
pressure stability and relatively high density of 3.35 g/cm3, zoisite has 
the potential to transport water into the upper mantle (Maruyama and 
Okamoto, 2007; Poli and Schmidt, 1998). High-pressure and tempera-
ture experiments constraining phase relation diagrams in the simplified 
CASH (CaO-Al2O3-SiO2-H2O) system demonstrate the stability of zoisite 
up to ~6–7 GPa, above 900 ◦C (Poli (2016) and references therein). A 
number of previous studies focused on zoisite as the by-product of fluid- 
assisted retrogression (Massonne, 2012), and a single study described it 
in a clinopyroxenite xenolith from the lower crust (Xu et al., 2004). In 
this study we evaluate if zoisite could form in eclogite within the lith-
ospheric mantle. 

Eclogite xenoliths sampled by kimberlites are interpreted as the 
oldest remnants of recycled oceanic crust preserved in the cratonic 
lithospheric mantle (Radu et al. (2019) and references therein). 
Omphacitic clinopyroxene, a major mineral of eclogites, may contain up 
to thousands of ppm of water and is thus the NAM with the highest water 
content in the upper mantle (Bell and Rossman, 1992; Li et al., 2008; 
Peslier, 2010; Skogby, 2006). Due to the slow solid-state diffusion of 
structurally bound water in clinopyroxene (Demouchy et al., 2011; 
Ingrin and Skogby, 2000), mantle clinopyroxenes are believed to largely 
preserve the water they had originally (Sundvall and Stalder, 2011) and 
may account for most of the upper mantle water budget (Kovacs et al., 
2016). However, non-metasomatized eclogite xenoliths hosting well- 
preserved, inclusion-free omphacites are rare (Huang et al., 2014), 

and estimates of their water content are scarce and poorly constrained. 
In this study we report non-metasomatised, large omphacite crystals 

hosting crystallographically-controlled (topotactic) exsolutions of 
garnet±zoisite lamellae and amphibole needles/blades, as well as ho-
mogeneous, non-exsolved omphacite grains from four non- 
metasomatized eclogites from Obnazhennaya kimberlite (Siberia). We 
assess the stability of hydrous exsolutions at mantle conditions in an 
isochemical system and quantify the amount of water that can be stored 
in mantle eclogites, in particular in omphacite. Lastly, we attempt to 
retrace the origin of the water stored in mantle eclogites, in the context 
of their petrogenesis as recycled oceanic crust. 

2. Geological background 

The Siberian craton (Fig. 1) occupies most of the Republic of Yakutia 
in the Russian Federation and is the largest (~4 million km2) Archaean 
to Palaeoproterozoic domain on Earth. It is delimited in the north and 
east by Taimyr and Verkhoyansk sedimentary fold belts, and in the west 
and south by the Central-Asian and Mongol-Okhotsk volcanic orogenic 
belts, respectively (Rosen et al., 2005). The craton comprises several 
terranes ranging roughly in age from 3.6 to 2.3 Ga (Pisarevsky et al., 
2008) amalgamated by 2.2–1.9 Ga (Rosen et al., 2005). Three main 
intervals of kimberlite magmatism on the Siberian craton took place at 
367–345 Ma, 245–215 Ma and 160–145 Ma (Alifirova et al., 2012; 
Griffin et al., 1999). 

Obnazhennaya pipe (70◦15′ N–121◦35′ E) is a group I kimberlite, 
located near the NE border of the craton and part of the Kuoyka 
kimberlite field in the Olenek province (Ionov et al., 2018). The 
Obnazhennaya eruption age is poorly constrained (Late-Jurassic to Early 
Cretaceous). Rb–Sr data in phlogopite phenocrysts from the Kuoyka 
field yield 157 ± 2 Ma (Agashev et al., 2004) and paleomagnetic age 
determination indicate 168 ± 11 Ma (Blanco et al., 2013). However, 
most authors agree on an age estimate around ~160 Ma placing it in the 

Fig. 1. Map of the Siberian craton with outcropping Precambrian shields and main kimberlite pipes. Obnazhennaya kimberlite is marked with a yellow star symbol. 
After Taylor et al. (2003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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youngest kimberlite magmatic event. The xenolith suite comprises 
xenocrysts, coarse-grained peridotite, eclogite, websterite and dunite 
mantle fragments (Taylor et al., 2003). Petrographic and geochemical 
data, the absence of sheared mantle lithologies and xenoliths equili-
brated at high pressure conditions suggest a thin lithospheric mantle 
(≤100 km) beneath Obnazhennaya (Ionov et al., 2019). 

3. Analytical methods 

Mineral major element analyses were performed with a Cameca SX- 
100 electron microprobe at the Laboratoire Magmas et Volcans, Uni-
versité Clermont Auvergne, France and with a JEOL JXA-8320 electron 
microprobe at the Geology Department, Rhodes University, South Af-
rica. Operating conditions were 15-kV and a sample current of 15-nA. 
The counting time was 10 s for background and 20 s for all elements, 
except for K and Na – 60s under specific setting (low current intensity 
and background after peak measurement to limit alkali volatilisation) to 
ensure high precision for K in omphacite and Na in garnet. All data was 
processed using full ZAF Cameca PAP corrections. The distribution maps 
were carried out using 15 keV accelerating voltage and 20 nA current, at 
14 × 14 μm (XY) intervals, 1100 × 1750 points and the quantitative 
profiles at 1 μm steps, 2200 points. 

Mineral trace element compositions were acquired by LA-ICP-MS at 
the Laboratoire Magmas et Volcans, Université Clermont Auvergne, 
France, using a Agilent 7500cs ICP-MS associated to a Resonetics M-50 
laser powered by an ultra-short pulse ATL Excimer Ar/F laser system 
operating at 193 nm. Beam diameter was set at 100 μm, with a 6–8 Hz 
repetition rate and 2.8 J/cm2 fluency (detailed description in Müller 
et al. (2009)). NIST612 reference glass was used for instrument tuning 
and as primary standard to calculate concentration; 44Ca measured in 
analogue mode was used as internal standard and for each session BCR- 
2 g was used as secondary standard. Data reduction was carried out with 
the software package GLITTER® (Macquarie Research Ltd., 2001)(van 
Achterbergh et al., 2001). The time resolved signal for each element was 
carefully monitored to discard perturbations related to inclusions, 
fractures or mixing for each analysis. The analyses reproducibility and 
accuracy were estimated through repeated analyses of BCR-2G USGS 
standard at the beginning and at the end of every sequence. Accuracy 
better than 10% is obtained. 

Mineral modes were determined on thin section scans and compo-
sitional maps (~10–20% uncertainty due to variable grain size and 
distribution), using the Adobe®Photoshop® image-editing software. 
Quantification was based on colour contrast between the different 
phases, with negligible errors in surface to volumetric conversions (~5 
%) due to similar densities of the specific minerals. No preferred 
orientation of grains or layering in the rock is observed. Reconstructed 
precursory omphacite and whole rock compositions were calculated 
based on individual mineral analyses and estimated mineral modes. 

Sample preparation for Infrared spectroscopy was done by hand-
picking individual omphacite and garnet crystals under a binocular 
microscope. Between 2 and 3 omphacite crystals were selected from 
each of the four samples, and with the use of cleavage features and 
extinction under the optical microscope, the crystallographic c axis was 
identified. These crystals were oriented parallel to the (100) and (010) 
faces, corresponding to the directions of the main refractive indices (α, β 
and γ) (see detailed procedure in Stalder and Ludwig (2007)). Crystal 
thickness varies between 240 and 570 μm for both (100) and (010) 
orientations. These grains were analysed before and after being heated 
in air, at 500◦C, for 12h. Additionally, between 10 and 22 omphacite 
crystals of random crystallographic orientation were double polished 
and thinned to 450–600 μm for unpolarised analyses. Polarised FTIR 

spectra were acquired in the 700–7500 cm− 1 range, along the directions 
of the main refractive indices, with a Bruker Vertex 70 spectrometer 
coupled with a Hyperion 3000 microscope at the Swedish Museum of 
Natural History, Stockholm. For each analysis, 250 scans were collected 
and averaged, with same number of scans for background, using a 
spectral resolution of 4 cm− 1. Similarly, unpolarised FTIR spectra were 
acquired in the 700–7500 cm− 1 range, on randomly oriented grains, 
with a Bruker Vertex 70 spectrometer coupled with a Hyperion micro-
scope at the LMV, Cézeaux, France. For each analysis, 300 scans were 
collected and averaged, with 100 scans for background, using a spectral 
resolution of 2 cm− 1 and an aperture size of 10 × 10 to 50 × 50 μm. 
Cracks and opaque areas were avoided by adapting the aperture size for 
masking during analysis. All obtained spectra were baseline corrected 
and the characteristic OH bands were fitted with the PeakFit software. 
The water contents were calculated through a modified equation of the 
Beer-Lambert law: c = Atot/(ε x t), where c is the water content in ppm 
by weight, Atot is the sum of the integrated absorbance measured parallel 
to the optical indicatrix directions (α, β, γ) expressed in cm− 2, t is the 
thickness in cm and ε is the specific absorption coefficient. In the case of 
unpolarised radiation a minimum of 10 absorbance measurements per 
sample is required for a ~20% estimated error and the resulting aver-
aged total absorbance must be multiplied by three (Kovacs et al., 2008). 
As garnet is isotropic, no specific number of analyses was statistically 
required for the chosen calibration. Water contents calculated for 
omphacite using different absorption coefficients by Bell et al. (1995), 
Koch-Müller et al. (2007) and the wavenumber-dependent calibration 
by Libowitzky and Beran (2006) were compared. Water calculation in 
garnet was attempted with the pyrope absorption coefficient by Bell 
et al. (1995) and the hydrogrossular calibration of Rossman and Aines 
(1991). 

Total hydrogen determinations and hydrogen profile were acquired 
with a Cameca IMS1280 HR ion microprobe at CRPG-CNRS Nancy, on a 
polished, gold-coated thin section. The analytical conditions for the O−

primary beam were 13 keV, ~10 nA, 30 μm diameter spot, and for the 
secondary beam mass resolution was set at 2000, with an energy win-
dow of 55 eV and no energy filtering. Secondary ions (for 1H+, 2H+, 
28Si+ and 30Si+) were measured by peak switching with 20 min ion 
counting time. Count rates on H+ varied between 1.105 and 2.105 
counts/s and statistical precision ranged from 5x to 10x. The H2+/H+

ratio was always below 103, attesting to a minimal instrumental 
contribution. Water content of the background was inferior to 10 ppm. 
The hydrogen distribution profile was traced in the host omphacite, in- 
between two exsolved lamellae, with a step increase of 20 μm. Sample 
water content was calculated based on the measured secondary 
hydrogen ion intensity (the secondary 1H+ counts with respect to the 
primary ion intensity ratio) of several measurements on the augite 
standard (NSH3–1300 ppm, Xia et al., 2004), as there is currently no 
omphacite SIMS standard, using a working curve of H+/Si+ vs. H2O wt% 
values (1σ = 0.01 wt% H2O). Experimental studies on silicate glasses 
evidence that matrix differences between the reference material and the 
samples due to distinct Na+/Ca2+, causes at most ~30% overestimate in 
water content, calculated based on H+/Si+ ratio (Deloule et al., 1995). 
More details about the analytical conditions and the calculated value are 
found in Moine et al. (2020). 

4. Results 

4.1. Petrography 

Four centimetre-sized eclogite xenoliths (one bimineralic and three 
corundum-bearing) from the Obnazhennaya kimberlite were studied in 
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detail (summary of petrography in Appendix A). Their major primary 
mineral phases are garnet (grt) and omphacitic clinopyroxene (omp), 
occasionally including minor corundum (Fig. 2), with a broad range of 
grain size and modal abundances. All four samples have a fresh aspect 
(Supplementary Fig. 1) and show a sharp contact with the host 
kimberlite. The reaction rim is narrow (~200 μm) and is notably marked 
by white, opaque destabilized omphacite. The samples belong texturally 
to non-metasomatised eclogites (Gréau et al., 2011; MacGregor and 
Carter, 1970), showing none of the characteristics typical for kimberlite- 
derived metasomatism (i.e., serrated grain boundaries, dusty aspect due 
to fluid inclusions, keliphitic textures). Two samples have discordant 
veins intruding from the host kimberlite (Fig. 2b–d), however no min-
erals specific for kimberlitic/carbonatite metasomatism (e.g., phlogo-
pite, spinel, carbonates, amphibole-plagioclase intergrowths) are found 
outside veinlets, suggesting limited interaction with the host magma. 

Bimineralic eclogite Obn108 is dominated by light coloured garnet 
(~77 vol%), with straight grain boundaries (Fig. 2a). Garnet ranges 
from large (~0.7 mm), subhedral crystals, often surrounded by sec-
ondary rims of fine-grained, opaque material, to small (~0.2 mm), lens- 
shaped, exsolved grains (~15% relative modal abundance – rel. mod.). 
The latter occur as discontinuous, iso-oriented exsolutions in omphacite, 
developed along the cleavage planes. Omphacite occurs as anhedral, 
light green, crystals that commonly show strong cleavage planes. In 
addition to the lens-shaped garnet, omphacite also contains fine-grained 
needle/blade-like amphibole (<10 μm, Fig. 3a) exsolutions, oriented 
along one of the main cleavage directions, parallel to the garnet lenses. 
Where present, rutile occurs as interstitial, anhedral grains, associated 

with interstitial carbonate-rich veinlets. This texture corresponds to that 
described by Gréau et al. (2011) for non-metasomatized eclogite 
xenoliths. 

In the corundum-bearing eclogites (Obn110, Obn111, Obn112), 
omphacite is the most abundant mineral (~60 vol%), ranging from 
small (~0.3 cm) rounded grains to large (~2 cm) subhedral light green 
crystals (Fig. 2 b–d). The large omphacite contains strongly distinct 
cleavage planes with oriented garnet (~5% rel. mod.) and garnet-zoisite 
lamellae (~10% rel. mod.) and is predominant. Additionally, garnet 
occurs as subhedral to subrounded grains, with straight grain bound-
aries and of typically light brown colour (Fig. 2b–d). Garnet mode de-
creases from sample Obn110 (40 vol%) to Obn112 (25 vol%), whereas 
corundum (crn) increases from ~4 to 17 vol%. Corundum occurs as 
subhedral to anhedral, pale to intense pink crystals, often surrounded by 
garnet coronae when in contact with omphacite. Rutile is scarce and 
commonly interstitial. 

In summary, five types of microtextures occur in omphacite (Fig. 3): 
(i) fine needle/blade-like amphiboles (<10 μm), garnet ±zoisite as (ii) 
oriented lamellae, (iii) coronae, (iv) lenses and (v) granular clusters. The 
topotaxial lamellae (~50–300 μm) occur as two generations: initial 
garnet and intertwined garnet–zoisite developed along the omphacite 
cleavage planes (Fig. 3b–d), crosscut by another generation of garnet 
lamellae. Both generations extend along the length of the host crystal 
and have sharp boundaries. Zoisite (Supplementary Fig. 2) locally oc-
curs as euhedral crystals (~10% rel. mod.) in garnet-zoisite lamellae, 
and the contact between zoisite and the exsolved garnet as well as the 
host omphacite is sharp, with no apparent breakdown (Fig. 3e–f). There 

Fig. 2. Scanned thin sections of bimineralic (a) and corundum-bearing (b–d) eclogites from Obnazhennaya. Omphacite occurs as subhedral, light green, inequi-
granular large grains that exhibit cleavage planes marked by thin exsolutions. Garnet ranges from subhedral to rounded, with straight grain boundaries and of light 
brown colour. Corundum occurs as intense pink sub- to anhedral grains. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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is a continuity between the lamellae and corona textures, with garnet 
lamellae blending into the coarse coronae (Fig. 3b). The latter are 
developed around corundum and are typically monophasic, consisting 
of garnet. Comparably, lens-shaped (~0.6 mm) and fine-grained (~0.1 
mm) granular clusters (“necklace”) garnet exsolutions are found aligned 
with the main omphacite cleavage planes (Fig. 3a), with the latter 
extending to follow the host omphacite grain boundaries. Similar garnet 
exsolution textures were previously described in eclogite xenoliths (e.g. 
Kaapvaal, (Harte and Gurney, 1975); Tanzanian,; Siberian, Jerde et al. 
(1993), Sun et al. (2020)). 

4.2. Major element mineral chemistry and P-T estimates 

Representative mineral major element compositions are provided in 
Table 1 and full results are given in Appendix B. All four samples have 
low Na2O content in garnet (0.01–0.06 wt%) and low K2O in clinopyr-
oxene (0.01–0.07 wt%), consistent with them being pristine, unaffected 
by kimberlite metasomatism (Huang et al., 2012), (Gréau et al., 2011; 
Radu et al., 2017). Based on cation distribution on the M sites, all cli-
nopyroxene have a jadeite content of 25–27% and the samples are 
eclogites sensu-stricto (Morimoto, 1988). The MgO content in 

Fig. 3. BSE images of representative exsolution textures. Large omphacite grains exhibit topotaxial amphibole needles/blades (a), garnet (a–b) or garnet-zoisite (c–d) 
exsolution lenses and lamellae. Some samples contain crosscutting garnet lamellae in between the cleavage planes. Corundum grains are often surrounded by 
monophasic (garnet) coronae. Zoisite may occur as euhedral crystals (e) and exhibit sharp grain boundaries towards garnet and the host omphacite. 
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omphacite increases by ~2 wt% from the host to the exsolved grains, 
proportional to the amount of garnet ± zoisite expelled. By contrast, the 
Al2O3 content decreases with the degree of exsolution, from ~14.5 wt% 
to ~10.5 wt% and from 16.0–19.4 wt% to 11.9–16.0 wt%, in the 
bimineralic (Obn108) and in the corundum-bearing eclogites, respec-
tively (Fig. 4a). The grossular and pyrope endmembers are dominant 
(Fig. 4b), with the Ca content significantly increasing from large grains 

(CaO ~10.6) to the exsolutions (CaO ~13.3–23.6). Composition profiles 
in the host clinopyroxene show a decrease in the Al content towards the 
exsolved garnet/garnet-zoisite lamellae, and a complementary increase 
in Si and Mg contents (Fig. 5). No variations in the Na, Ca and Fe con-
tents are observed. 

Table 1 
Representative major element (wt%) and cation compositions for garnet, omphacite and zoisite in bimineralic and corundum-bearing eclogite xenoliths from the 
Obnazhennaya kimberlite.  

Sample Obn108 Obn110 Obn111 Obn112  

garnet omphacite garnet omphacite zoisite garnet omphacite zoisite garnet omphacite  

p e p e p e p e e e p e e e p e 

SiO2 41.18 40.62 50.19 52.17 41.53 40.88 49.06 52.19 38.92 40.06 49.14 51.90 39.15 40.00 50.48 50.79 
TiO2 0.09 0.05 0.18 0.31 0.09 0.02 0.11 0.05 0.04 0.04 0.01 0.07 0.02 0.06 0.05 0.05 
Al2O3 23.56 23.17 14.74 10.61 23.66 23.58 19.37 14.84 33.65 23.14 18.66 14.84 32.74 22.71 16.02 15.61 
Cr2O3 0.05 0.15 0.07 0.11 b.d. 0.04 0.07 0.08 0.05 0.07 0.02 0.03 b.d. 0.02 0.05 0.05 
FeOt 8.69 7.38 1.81 2.01 8.05 6.47 1.04 0.94 0.57 5.07 1.09 0.91 0.36 5.99 1.18 1.16 
MnO 0.13 0.06 0.01 0.04 0.19 0.09 0.01 0.00 0.01 0.11 0.02 0.07 0.04 0.08 0.00 0.00 
MgO 15.94 10.95 9.84 11.63 16.50 14.52 8.35 9.53 0.05 8.31 8.50 9.57 0.56 8.18 9.25 9.42 
CaO 10.40 17.65 19.48 19.53 10.77 14.37 18.54 17.81 24.82 23.06 19.10 18.11 24.77 22.91 18.93 18.91 
Na2O 0.03 b.d. 3.73 3.53 0.02 b.d. 3.99 4.34 0.03 b.d. 3.68 4.40 0.03 b.d. 3.94 3.96 
K2O b.d. b.d. 0.02 0.01 b.d. b.d. b.d. 0.01 b.d. b.d. 0.03 b.d. b.d. b.d. 0.01 b.d. 
Total 100.1 100.0 100.1 99.95 100.8 100.0 100.6 99.79 98.14 99.86 100.2 99.90 97.67 99.95 99.91 99.95 
Si 2.96 2.97 1.79 1.87 2.95 2.94 1.74 1.85 2.95 2.94 1.75 1.84 2.98 2.95 1.80 1.81 
Ti 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.99 1.99 0.62 0.45 1.98 2.00 0.81 0.62 3.01 2.00 0.78 0.62 2.94 1.97 0.67 0.66 
Cr 0.00 0.01 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 0.44 0.39 0.01 0.01 0.37 0.27 0.03 0.03 0.00 0.21 0.03 0.03 0.00 0.24 0.04 0.04 
Fe3+ 0.08 0.06 0.05 0.05 0.11 0.12 – – 0.03 0.10 0.00 0.00 0.02 0.13 0.00 0.00 
Fetot 0.52 0.45 0.05 0.06 0.48 0.39 0.03 0.03 0.03 0.31 0.03 0.03 0.02 0.37 0.04 0.04 
Mn 0.01 0.00 – 0.00 0.01 0.01 – 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
Mg 1.71 1.19 0.52 0.62 1.75 1.56 0.44 0.50 0.01 0.91 0.45 0.51 0.06 0.90 0.49 0.50 
Ca 0.80 1.38 0.75 0.75 0.82 1.11 0.70 0.68 2.02 1.82 0.73 0.69 2.02 1.81 0.72 0.72 
Na – – 0.26 0.25 – – 0.27 0.30 0.00 – 0.25 0.30 0.00 – 0.27 0.27 
K – – 0.00 – – – – 0.00 – – 0.00 0.00 – – 0.00 0.00 
Mg# 0.77 0.73 0.91 0.91 0.79 0.80 0.93 0.95 – 0.75 0.93 0.95 – 0.71 0.93 0.93 

The cations for garnet are shown for 12 O per formula unit and for omphacite for 6 O per formula unit, calculated with PET for Mathematica. 
Mg# is molar Mg/(Mg + Fetot). 
b.d. bellow detection limit. 
p - primary; e- exsolved. 

Fig. 4. Compositional diagrams of (a) Na2O vs Al2O3 in omphacite showing a decrease in Al content with the degree of exsolution; and (b) main garnet endmembers 
showing an increase in Ca content from large to exsolved garnet. Non-exsolved grains are marked by circles, whereas exsolved grains (host omphacite or garnet 
exsolutions) are marked with triangles. 
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4.2.1. P-T estimates 
Temperatures were calculated using several garnet-clinopyroxene 

thermo-barometers (Ellis and Green, 1979; Krogh, 1988; Krogh-Ravna, 
2000; Nakamura, 2009) for 1 GPa, 3 GPa and 7 GPa. Pressures were then 
derived from the intercept between the temperature trend lines and the 
local conductive model geotherm (Pollack and Chapman, 1977) corre-
sponding to a surface heat flow of 45 mW m− 2 (estimated at 40 to >50 
mW m− 2, Ionov et al. (2018)). For comparison, pressures were also 
calculated using the (Beyer et al., 2015) temperature-dependent geo-
barometer and the intercept with the 40 mW m− 2 geotherm (estimated 
for Obnazhennaya websterites by Taylor et al. (2003)). All results are 
provided in Appendix C. The temperatures calculated with the (Krogh- 
Ravna, 2000) geothermometer coupled with the 45 mW m− 2 geotherm 
yield equilibrium conditions of 850◦ – 1090◦C and ~3–4 GPa, in good 
agreement with estimates by Sun et al. (2020) (Supplementary Fig. 3). In 
samples where temperatures were determined for both primary and 
exsolved omphacite-garnet pairs, the latter systematically yield higher 
temperatures, regardless of the chosen geothermometer. This is more 
likely due to the variable amount of Mg consumed during garnet growth, 
than a record of PT conditions during the exsolution. 

Pressure and temperature estimates for mantle eclogites face 
numerous limitations, mostly imposed by their simple mineral assem-
blage. Moreover, in the case of samples exhibiting exsolutions, there is 

an obvious disparity between the results based on non-exsolved versus 
exsolved mineral pairs. In the latter case, the relevance and stability of 
equilibrium micro-domains is debatable. Therefore, the calculated 
values should be used with caution. 

4.3. Trace element mineral chemistry 

Representative trace element compositions of individual minerals 
are provided in Table 2 and full results are given in Appendix D. 
Extended element and REE patterns, normalized to the primitive mantle 
(McDonough and Sun, 1995), are shown in Fig. 6. Omphacite covers a 
range of profiles from LREE-rich (La/SmN ~4.41) patterns with strongly 
fractionated HREE (Sm/YbN ~167, bimineralic eclogite Obn108), to 
LREE-depleted (La/SmN < 0.34) and nearly flat to depleted HREE pat-
terns ((Sm/YbN < 15, corundum-bearing eclogites). The abundance of 
HREE in omphacite changes with the degree of exsolution. As the modal 
abundance of exsolved garnet and zoisite increases, the host omphacite 
becomes more depleted in elements such as HREE, Hf, Y which prefer-
entially partition in the exsolved phases. Throughout the set of samples 
omphacite shows positive Eu (Eu* 1.41–2.95) and Sr (Sr* 3.02–33.6) 
anomalies. 

Garnet patterns group similarly, into LREE-rich (Obn108, Fig. 6 a–b) 
and LREE-depleted (Obn110, Obn111, Obn112, Fig. 6 c–h). HREE can 

Fig. 5. Complementary diffusion gradients of Al, Si and Mg preserved in omphacite (green) hosting exsolved lamellae of (a) grossular-rich garnet (red) in sample 
Obn108 and (b) grossular-rich garnet (red) and zoisite (blue) in sample Obn110. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Table 2 
Representative trace element composition (ppm) of garnet, omphacite and zoisite in bimineralic and corundum-bearing eclogites from Obnazhennaya.  

Sample Obn108 Obn110 Obn111 Obn112  

garnet omphacite garnet omphacite zoisite garnet omphacite garnet omphacite  

p e p e p e p e e p e p e p e p e 

Li b.d. b.d. 1.30 0.84 b.d. 0.40 4.63 5.25 31.5 b.d. b.d. b.d. b.d. 0.46 0.09 5.81 4.35 
Sc 30.4 4.49 3.00 0.81 47.2 14.2 3.48 1.66 1.13 57.7 14.7 6.09 2.54 46.1 12.2 3.96 7.33 
Ti 770 394 1791 923 191 220 391 383 121 126 148 278 259 195 172 454 336 
V 156 132 288 183 82.5 105 145 174 132 54.0 69.2 102 119 75.7 102 161 132 
Cr 609 532 421 348 396 471 365 355 354 307 262 280 281 364 313 376 350 
Co 135 50.5 21.8 11.7 125 74.6 24.8 23.7 0.84 95.4 46.6 22.3 22.9 48.7 27.4 14.8 17.5 
Ni 65.9 43.1 426 301 137 86.1 841 866 15.6 91.1 54.3 742 866 21.3 15.0 253 193 
Rb b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.04 b.d. 0.01 b.d. 0.004 0.01 0.01 b.d. b.d. 
Sr 1.11 4.14 476 194 0.11 0.41 11.5 8.96 49.8 0.08 0.15 8.88 7.08 0.14 0.05 5.10 3.94 
Y 4.86 0.56 0.10 0.01 3.59 0.84 0.01 0.01 0.43 3.52 0.67 0.01 0.01 3.09 0.42 0.01 0.15 
Zr 5.06 0.98 1.97 0.45 0.91 0.29 0.11 0.12 0.12 0.31 0.30 0.06 0.06 0.15 0.07 0.03 0.05 
Nb 0.02 0.02 0.38 0.21 0.01 0.38 0.27 0.42 0.53 0.01 0.20 0.01 0.01 0.03 0.003 0.01 0.01 
Ba b.d. b.d. 0.25 0.004 b.d. 0.08 0.03 0.02 93.6 b.d. 0.14 0.01 0.02 0.32 b.d. 0.10 b.d. 
La 0.01 0.05 2.21 0.77 b.d. 0.001 0.003 0.002 0.16 b.d. 0.001 0.002 0.001 0.003 b.d. 0.01 0.005 
Ce 0.27 0.90 9.62 4.02 0.01 0.01 0.03 0.01 0.26 0.01 0.01 0.02 0.01 0.01 0.004 0.02 0.01 
Pr 0.14 0.31 1.47 0.59 0.01 0.01 0.01 0.004 0.05 0.01 0.01 0.01 0.004 0.003 0.003 0.01 0.01 
Nd 1.61 2.32 5.60 1.99 0.19 0.18 0.11 0.03 0.60 0.13 0.14 0.08 0.04 0.08 0.09 0.05 0.07 
Sm 0.65 0.54 0.40 0.11 0.31 0.16 0.03 0.01 0.37 0.17 0.17 0.02 0.01 0.14 0.08 0.02 0.03 
Eu 0.45 0.28 0.14 0.03 0.31 0.15 0.01 0.004 0.30 0.21 0.15 0.01 0.01 0.19 0.08 0.01 0.03 
Gd 0.88 0.40 0.15 0.03 0.54 0.22 0.01 0.01 0.40 0.37 0.21 0.01 0.004 0.39 0.13 0.005 0.05 
Tb 0.15 0.04 0.01 0.002 0.10 0.04 0.002 0.001 0.04 0.07 0.03 0.001 b.d. 0.07 0.02 0.001 0.01 
Dy 1.02 0.19 0.04 0.002 0.71 0.21 0.005 0.004 0.18 0.63 0.17 0.002 b.d. 0.62 0.12 0.005 0.05 
Ho 0.19 0.02 0.004 b.d. 0.14 0.04 b.d. b.d. 0.02 0.14 0.03 b.d. b.d. 0.12 0.02 0.001 0.01 
Er 0.50 0.04 0.01 0.001 0.39 0.08 b.d. b.d. 0.02 0.44 0.06 0.001 0.001 0.39 0.04 0.002 0.02 
Tm 0.06 0.004 0.001 b.d. 0.05 0.01 b.d. b.d. b.d. 0.07 0.01 b.d. b.d. 0.05 0.004 b.d. 0.001 
Yb 0.40 0.02 0.003 b.d. 0.31 0.04 b.d. b.d. 0.01 0.48 0.04 b.d. b.d. 0.34 0.02 b.d. 0.01 
Lu 0.05 0.002 b.d. b.d. 0.04 0.004 b.d. b.d. b.d. 0.07 0.004 b.d. b.d. 0.05 0.002 b.d. 0.001 
Hf 0.13 0.02 0.07 0.03 0.04 0.01 0.02 0.02 b.d. 0.01 0.01 0.01 0.01 0.01 0.004 0.01 0.01 
Ta b.d. 0.001 0.03 0.01 b.d. b.d. 0.002 0.004 0.002 b.d. 0.004 b.d. b.d. 0.001 b.d. b.d. b.d. 
Pb 0.01 0.01 1.39 0.49 0.01 b.d. 0.01 0.04 6.22 0.01 0.01 0.01 0.01 0.06 b.d. 0.08 0.11 
Th 0.001 0.01 0.11 0.04 b.d. b.d. b.d. b.d. 0.01 b.d. 0.01 0.003 b.d. 0.001 b.d. b.d. b.d. 
U 0.01 0.03 0.03 0.01 b.d. b.d. b.d. b.d. 0.005 b.d. 0.002 b.d. b.d. 0.001 b.d. b.d. b.d. 
Eu* 1.83 1.87 1.80 1.70 2.31 2.48 2.10 1.41 2.39 2.54 2.32 2.20 2.95 2.51 2.42 2.38 2.15 

b.d. bellow detection limit. 
p - primary; e- exsolved. 
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range broadly, decreasing in abundance from large garnets with flat 
HREE patterns (Sm/YbN ~1), to exsolved garnets with more fraction-
ated HREE (Sm/YbN >>1). All garnets have positive Eu (Eu* 1.83–2.65) 
and negative Sr (Sr* 0.02–0.35) anomalies. Zoisite patterns are 

significantly enriched in LREE compared to exsolved garnet but with 
similar MREE and slightly lower HREE. It registers similar positive Eu*– 
2.39 and complementary Sr* – 3.77 anomalies. 

Fig. 6. REE and extended trace element patterns in clinopyroxene, garnet and zoisite, normalized to the primitive mantle values (McDonough and Sun, 1995). There 
is a wide variability between primary, non-exsolved omphacite and garnet, and the host omphacite after exsolution and the exsolved garnet, respectively. We observe 
a gradual depletion in HREE proportional to the abundance of exsolutions. 
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4.4. Water content 

4.4.1. Infrared spectroscopy 
Both oriented and unoriented omphacite show typical OH 

vibrational bands at 3620–3613, 3530 and 3440–3430 cm− 1 (Koch- 
Müller et al., 2004; Libowitzky and Beran, 2006), with variations in 
intensity and peak height caused by different grain orientation (Fig. 7 
and Supplementary Fig. 4). The OH band at around 3613 cm− 1 is 

Fig. 7. Infrared spectra of omphacite in the range 3000–3800 cm− 1. Spectra are offset for clarity. Samples Obn108, Obn110 and Obn111 show main absorption band 
at 3620–3613 cm− 1, whereas sample Obn112 shows most intense absorption band at 3485 and 3436 cm− 1. Solid black line corresponds to initial spectra of oriented 
crystals, dotted black line corresponds to spectra after samples were heated at 500◦C for 12h, and red line corresponds to average spectra of unoriented analyses. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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prominent when the polarization of the electric field vector E is parallel 
to the crystallographic c and a axes (E//c (β direction), E//a (α direc-
tion)), while the two bands around 3530 and 3430 cm− 1 dominate 
parallel to the crystallographic b axis (E//b (γ direction)). In all four 
samples, the 3620–3613 and the 3530 cm− 1 bands appear to be strong, 
which is uncommon if compared to most previous studies on omphacite 
(Koch-Müller et al., 2007). This is likely due to omphacite composition, 
such as particularly high Fe3+ content (Bromiley and Keppler, 2004). 
There are no sharp amphibole bands around 3670–3680 cm− 1 and there 
is no marked difference among the absorptions along the three polar-
izing directions to suggest omphacite contains topotactic sheet silicates 
overlapping with the peak at 3610 cm− 1 as it was previously reported for 
similar samples (Koch-Müller et al. (2004) and references therein). The 
oriented grains show no significant difference between the initial 
spectra and the one after the crystals were heated in air, for 12h at 500◦C 
(Fig. 7). 

The water content as OH calculated for the omphacite varies with the 
extinction coefficient used (Table 3). The values calculated with the 
wavenumber dependent calibration of Libowitzky and Rossman (1997) 
range from 864 to 1505 ppm, intermediate between those obtained with 
absorption coefficients of Bell et al. (1995) and of Koch-Müller et al. 
(2007). The contents calculated based on oriented grains is within error 
from those based on unoriented grains, attesting to their reliability. 
These estimates are in general agreement with those of similar samples 
in the literature 675–1496 ppm (Huang et al., 2014), 43–870 ppm 
(Peslier, 2010), 31–514 ppm (Koch-Müller et al., 2004). Most large 
garnet grains do not contain detectable water and only two coarse garnet 
exsolutions from sample Obn110 were large enough for infrared anal-
ysis. These show a distinct, main peak at 3680–3687 cm− 1 (Fig. 8) 
overlapping absorption bands previously described for water-rich 
grossular garnet (Kurka et al., 2005; Phichaikamjornwut et al., 2012; 
Rossman and Aines, 1991). Nevertheless, the overall shape of the spectra 
and the notable absence of more dominant grossular peaks is uncom-
mon. The garnet exsolutions yield 600–956 ppm. Whole rock water es-
timates for the eclogites based on the omphacite content using the 
Libowitzky and Rossman (1997) calibration yield ~320 ppm for bimi-
neralic eclogite Obn108 and ~1015 ppm, 690 ppm and 505 ppm for the 
three corundum-bearing eclogites Obn110, Obn111 and Obn112 
respectively (Table 3). 

4.4.2. Secondary ion mass spectrometry 
The water content estimated for total hydrogen determined by SIMS 

is reported by Moine et al. (2020) to be 4850 ± 340 ppm wt. H2O (n = 6) 
in sample Obn110. This is significantly higher than the FTIR estimates 
and was previously explained by hydrogen being incorporated under 
different forms than OH, such as H2, remaining largely undetected by IR 
spectroscopy (Moine et al., 2020). Such discrepancies were also previ-
ously reported in eclogites and magmatic clinopyroxene by Chen et al. 
(2011), Kovacs et al. (2016). 

The hydrogen profile (Fig. 9) shows a relatively homogeneous H2O 
distribution in the host omphacite (1115–1305 ppm wt. H2O), with a 
significant, localized increase in concentration at the border with the 
exsolved lamellae, caused by the inability of the exsolved phases 
(600–960 ppm wt. H2O) to accommodate all the hydrogen available. 

Table 3 
Estimated water content of omp (omphacite), garnet exsolutions and whole rock, calculated based on the estimated mineral modal abundance (for Obn110 1% zoisite 
and 1% garnet exsolutions are assumed) and ompa. Total hydrogen values are from e - Moine et al. (2020).    

Water Content (ppm weight H2O) 

Sample n ompa ± 20% ompa ± 20%* ompb ± 20% ompc ± 20% calculated whole rock exsolved garnetd Total hydrogen (SIMS)e 

Obn108 14 1379 ± 276 – 1584 ± 317 1333 ± 267 317 

– – 
Obn108–1 oriented 1494 ± 299 1517 ± 303 1375 ± 275 1158 ± 232 344 
Obn108–2 oriented 1317 ± 263 1113 ± 223 1286 ± 257 1083 ± 217 303 
Obn108–3 oriented 1394 ± 279 1323 ± 265 1448 ± 290 1219 ± 244 321 
Obn110 10 1343 ± 269 – 1309 ± 262 1102 ± 220 973 

600–956 4850 ± 340 Obn110–1 oriented 1320 ± 264 1115 ± 223 1229 ± 246 1034 ± 207 960 
Obn110–2 oriented 1505 ± 301 1305 ± 261 1448 ± 290 1219 ± 244 1066 
Obn111 22 1452 ± 290 – 1491 ± 298 1255 ± 251 828 

– – Obn111–1 oriented 1217 ± 243 1111 ± 222 1209 ± 242 1018 ± 204 694 
Obn111–2 oriented 1194 ± 239 844 ± 169 1136 ± 227 957 ± 191 681 
Obn112 16 1013 ± 203 – 1062 ± 212 894 ± 179 588 

– – Obn112–1 oriented 880 ± 156 875 ± 176 849 ± 170 715 ± 143 510 
Obn112–2 oriented 864 ± 153 873 ± 175 1165 ± 233 981 ± 196 501 

n - number of grains analysed. 
a - calibration by Libowitzky and Rossman (1997). 
b - calibration by Bell et al. (1995). 
c - calibration by Koch-Müller et al. (2007). 
d - calibration by Rossman and Aines (1991). 
* after heating sample at 500 ◦C, for 12 h. 

Fig. 8. Representative infrared spectra of exsolved garnet, in the range 
3400–3800 cm− 1. Spectra are offset for clarity and show main peaks at 
3687–3680 cm− 1. 
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5. Discussion 

5.1. Exsolution reactions 

Garnet exsolution textures in pyroxene, similar to those reported 
here, have been previously described in eclogites (Dobosi et al., 2007; 
Harte and Gurney, 1975; Jagoutz, 1988; Jerde et al., 1993; Qi et al., 
1997), grosspydites (Sautter and Harte, 1988; Sautter and Harte, 1990; 
Smyth et al., 1989; Sobolev et al., 1968), websterites (Xu et al., 2004), 
peridotites (Spengler et al., 2012) and xenocrysts (Aoki et al., 1980) 
from kimberlites and orogenic massifs all over the world. The typical 
textural patterns are described as oriented lamellae, lenses, blebs and 
coronae analogous to the ones identified in this study. The orientation of 
the lamellae is crystallographically controlled. Through single crystal X- 
ray diffraction Aoki et al. (1980) determined the topotaxial transition 
between clinopyroxene and garnet (e.g. [001]Cpx || [111]Grt) subse-
quently confirmed by Spengler et al. (2012) through Electron back-
scatter diffraction (EBSD). 

At the core of the garnet-clinopyroxene solid solution is the substi-
tution: 

2Al3+ = Si4+ +M2+ (1) 

within a precursor superaluminous (Tschermak) pyroxene (Spengler 
et al., 2012). Thus, the main mineral reactions responsible for garnet 
exsolution can be formulated as: 

CaMgSi2O6
diopside +

CaAl2SiO6
CaTs =

Ca2MgAl2Si3O12
grossular − rich garnet (2)  

Fig. 10. REE and extended trace elements patterns of large, non-exsolved omphacite (green) and recalculated omphacite (black) from sample Obn108 (a-b) and 
Obn110 (c-d). The reconstructed composition is based on host omphacite and exsolved garnet for Obn108 and host omphacite, exsolved garnet and zoisite for 
Obn110. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Hydrogen SIMS profile as proxy for water content in host omphacite 
marked by green (sample Obn111), in between exsolved hydrogarnet lamellae 
marked by red. Water content locally increases (3×) towards the exsolved 
lamellae, as garnet can accommodate less hydrogen in its structure, than 
omphacite. The horizontal axis corresponds to successive 20 μm steps. The 
vertical axis represents a raw number of counts and not directly H concentra-
tions. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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2CaMgSi2O6
diopside +Al2Si− 1Mg− 1 =

Ca2MgAl2Si3O12
grossular − rich garnet (3) 

Reaction (2) is derived from those suggested by Aoki et al. (1980), 
Gasparik (1984), Gasparik and Lindsley (1980), and reaction (3) from 

those suggested by Qi et al. (1997), (Sautter and Harte, 1988), Sautter 
and Harte (1990). It is inferred that Ca- (grossular-) rich garnet is 
exsolved at the expense of the Tschermak fraction and Al, with limited 
consumption of Si and Mg from the host omphacite (Wood and Banno, 
1973). This is supported by the decrease in Ca-Tschermak from the non- 
exsolved to the demixed omphacite grains (by up to 44% in sample 

Obn110 exhibiting numerous exsolutions, and by 14% in sample 
Obn112 with fewer exsolutions, see Appendix B). 

The solubility of the Tschermak molecule in clinopyroxenes in-
creases with increasing temperature and/or decreasing pressure (Gas-
parik, 1984). Due to this compositional dependency, garnet exsolutions 
may form due to temperature decrease, pressure increase or any com-
bination of the two (Jerde et al., 1993). PT estimates from previous 
studies, based on local equilibrium of the exsolution lamellae with the 
reconstructed and the host pyroxene respectively, indicate that the ex-
solutions formed by slow cooling (from ~1300–1450 ◦C to 
~950–1050 ◦C) at nearly constant pressure (3.5–4.0 GPa, (Aoki et al., 
1980, Dobosi et al., 2007, Harte and Gurney, 1975, Smyth et al., 1989). 

5.1.1. Major and trace element distribution 
Major element analyses show higher Ca-content in the exsolved 

garnet compared to the large, matrix garnet (by up to ~9 wt% CaO). As 
the exsolved garnet grows, it consumes Al and Ca from the host 
omphacite (see reactions (1) and (2)), causing a local increase in Si and 
Mg (Fig. 5). The Al content drops significantly adjacent to the garnet 
lamellae, with a concave-downward chemical gradient towards and in- 
between the exsolutions. Less marked, Si content slightly increases to-
wards the exsolutions, drawing complementary concave-upward diffu-
sion gradients. Similar trends were previously described by Dobosi et al. 
(2007), Jerde et al. (1993), Qi et al. (1997), Xu et al. (2004). Al diffusion 
coefficient in clinopyroxene is lower than for the other cations which 
explains why Al diffusion profiles are partly preserved, whereas varia-
tions of faster-diffusing cations were completely erased by re- 
equilibration within the host omphacite. This is consistent with the 
observed preservation of Al compositional gradients, and further implies 
that the lamellae growth was controlled by the Al diffusion in the py-
roxene (Sautter and Harte, 1990). Assuming a measured distance be-
tween two exsolved lamellae of 160 μm, clinopyroxene diffusion 
coefficient of 3.7 × 10− 21 m2/s for Al (Cherniak and Dimanov, 2010) 
and 10− 19 m2/s (Zhang et al., 2009), it would have taken ~683 Ma and 
25 Ma respectively, for the compositional profiles to be equilibrated 
(“erased”). We therefore infer the preservation of these compositional 
gradients is consistent with eclogites being exhumed by the kimberlite 
shortly after exsolution. 

Contrary to monophasic garnet lamellae, garnet-zoisite exsolutions 

in Al-rich clinopyroxenes have only been previously mentioned by Xu 
et al. (2004) in garnet-clinopyroxenite xenoliths in the Xuzhou region, 
China. Similar to reactions (1) and (3), the exsolution of zoisite can be 
written very simplified as:   

with the simultaneously exsolved garnet acting as the source and 
sink for Si, Al and Mg respectively. Or as:   

case in which preferential endmembers from omphacite are 
consumed along with different hydrogen speciations. It must be noted 
these reactions are oversimplified, as the complexity of the system 
behind the exsolution textures is highly underdetermined. 

The major element net transfer between the exsolved garnet ±
zoisite assemblage and the host clinopyroxene is recorded in the trace 
element patterns with complementary fractionation and anomalies of Sr, 
Ti and Pb (e.g., positive in cpx and negative in grt and zo) (Fig. 6). With 
increasing exsolution degrees, the host clinopyroxene is depleted in el-
ements compatible in garnet and zoisite (e.g., HREE, Y). Similar frac-
tionation during garnet exsolution from clinopyroxene was previously 
described in Obnazhennaya eclogites by Dobosi et al. (2007), who 
argued for a diffusion-controlled nucleation in an isochemical system. 
The trace element composition of the precursory omphacite was calcu-
lated for the bimineralic eclogite Obn108 and corundum-bearing eclo-
gite Obn110 that contains zoisite. The modal abundances assumed for 
the host and exsolved phases were of omp85–gt15 for Obn108 and 
omp85–gt5–zo10 for Obn110, estimated from Fig. 3. The REE and 
extended trace elements patterns for the reconstructed compositions and 
the non-exsolved analysed omphacites are compared in Fig. 10. For both 
samples the compositions are identical within error, in agreement with 
both garnet and zoisite having formed in an isochemical system from an 
initial omphacite, such as it was inferred for similar textures (e.g. 
Jagoutz (1988), (Sautter and Harte, 1988; Sautter and Harte, 1990)). 

5.1.2. Zoisite stability in the upper mantle 
Although zoisite is a common primary mineral in low-pressure 

eclogite facies rocks, associated with Al-rich phases and high water ac-
tivity (Deer et al., 1986), it was previously reported in mantle xenoliths 
only as the low pressure alteration product of lawsonite (Sobolev et al., 
1968). In natural samples, zoisite exsolutions in clinopyroxene were 
described in lower crust xenoliths (Xu et al., 2004), stable at lower PT 
conditions (620◦–780 ◦C, 1.5–2GPa) compared to those recorded by the 
Obnazhennaya eclogites (850–1140 ◦C, 3–4 GPa). 

Multi-anvil experiments coupled with thermodynamic modelling by 
Poli (2016) nevertheless place the zoisite-to-lawsonite transition at 
~6.8 GPa and ~ 950 ◦C, well above, and thus including the calculated 
temperature range for the Obnazhennaya samples. This is further sup-
ported by experimental work of Poli and Schmidt (1998) who showed 

4HAlSi2O6
H − jd (omp) +

10CaAl2SiO6
Ca − Ts +

2CaMgSi2O6
diopside +

CaH2Si2O6
H − di (omp) +Ca3Mg2− + 2(OH) =

8Ca2Al3Si3O12(OH)

zoisite (5)   

2CaMgSi2O6
diopside +

2CaAl2SiO6
CaTs +

Si2AlMg− 1 + (OH)

structural water =
Ca2MgAl2S3O12

garnet +
Ca2Al3Si3O12(OH)

zoisite (4)   
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that zoisite is stable up to 7GPa at ~1050 ◦C under Al2O3 + H2O-satu-
rated experimental conditions. These theoretical and experimental ob-
servations support zoisite stability in the upper mantle, for a specific 
compositional range. The major element composition of the precursory 
omphacite in the corundum and zoisite-bearing sample Obn110 was 
recalculated assuming the average composition of the host omphacite, 
exsolved garnet and zoisite and the same modal abundances as for the 
trace elements. The composition obtained is within 0.1–1.4 wt% in 
agreement with the average composition of the non-exsolved ompha-
cite. The Al2O3 + H2O-saturated prerequisite for zoisite stability at the 
PT conditions where the eclogites are equilibrated in the upper mantle 
are satisfied within the closed omphacite system (18.50–17.10 wt% 
Al2O3, 4850 ± 340 ppm wt. H2O (Moine et al., 2020)). 

5.1.3. Zoisite as product of fluid overprint 
An alternative explanation for the presence of zoisite is that it formed 

at the expense of the exsolved garnet, through fluid overprint. Assuming 
an external hydrous component infiltrated prior to (or during) the 
kimberlite eruption, but postdating garnet exsolution however, raises 
significant issues. The preservation of the major element diffusion gra-
dients at mantle conditions would be highly improbable given the 
accelerated Si–Al diffusion in the presence of OH (Goldsmith, 1986). It 
is equally difficult from a kinetic point of view to explain how this fluid 
was channelled solely along, and overprinted the micrometre-sized 
garnet lamellae, forming an imbricated garnet-zoisite microtexture 
(Fig. 3), without destabilizing the host omphacite and the sample 
throughout. From a mass-balance point of view, any external fluid 
would likely carry other elements in addition to hydrogen, which would 
be observed in trace element composition of the exsolved phases, rela-
tive to the non-exsolved. However, both the major and trace element 
recalculated composition of the precursory omphacite is identical within 
error to that of the non-exsolved omphacite (Fig. 10). This raises a 
question of what would be the nature and source of such a fluid. 
Kimberlite-derived metasomatism, has distinct features, such as inter-
stitial amphiboles, kelyphitic destabilization of the omphacite, intersti-
tial rutile, melt inclusions, K2O > 0.9 wt% in omphacite and enriched 
REE composition (Gréau et al., 2011). None of these features are 
observed in the studied samples. 

Alternatively, hydrogen may have diffused from the host omphacite 
postdating garnet exsolution, and led to zoisite formation. Hydrogen 
solubility in omphacite decreases during decompression (Skogby et al., 
2016), whereas garnet exsolution is favoured by increasing pressure or 
decreasing temperature (Gasparik, 1984). In this model, the major 
element diffusion profiles (Fig. 5) are ‘frozen in’ during garnet growth 
shortly (less than 25 Ma) before the fast exhumation of the eclogites 
(18–92 m/s, Peslier et al. (2008)). Although this model cannot be fully 
ruled out, assuming zoisite growth postdates garnet formation fails to 
account for the euhedral zoisite crystals within the lamellae (Fig. 3e). In 
terms of trace elements balance, assuming garnet was first exsolved from 
an initial omphacite and subsequently transformed into zoisite, the trace 
elements would have been partitioned between two phases, and not all 
the three as it is observed (Fig. 6c–d). 

We posit that unlike in assemblages from crustal settings, the most 
likely explanation for zoisite described in this study is its exsolution 
directly from omphacite in a closed system, with no fluid infiltration 
based on (i) Al, Si and Mg diffusion profiles in-between the exsolved 
garnet+zoisite lamellae showing depletion of Al–Si and enrichment in 
Mg in the adjacent host omphacite, caused by their respective incor-
poration and expulsion from the zoisite structure (Fig. 5); (ii) parti-
tioning of trace elements between host omphacite, exsolved garnet and 
exsolved zoisite indicating that garnet and zoisite exsolutions formed 
concomitantly (Fig. 6 c–d); and (iii) the recalculated precursory 
omphacite matching the non-exsolved omphacite (Fig. 10 c–d). 

5.2. Water in omphacite 

The average water content determined as OH for the oriented grains 
(872–1413 ppm) is within 20% error in agreement with the content 
determined for the unoriented grains (1013–1452 ppm). To verify 
whether there is a contribution to the spectra from minor fluid in-
clusions, the oriented crystals were analysed in the near-Infrared range 
and no molecular water peaks were detected. Additionally they were re- 
analysed after being heated at 500 ◦C in air for 12 h, and the new spectra 
were compared to the initial results (Fig. 7). The estimated water con-
tent after heating (874–1318 ppm) is within the same range as the initial 
estimates. Although it would be possible for some well isolated fluid 
inclusions to be able to survive this experiment, most nanometre-sized 
fluid inclusions wouldn’t have survived and a significant decrease in 
the water content was to be expected. 

Different OH defects may coexist within the structure of NAMs (e.g., 
atomic substitutions, vacancies, dislocations in distorted lattices 
Demouchy and Bolfan-Casanova (2016)), controlled by both internal, i. 
e. chemical, and external factors, such as pressure, temperature, iron 
content, oxygen and water fugacity (Peslier et al., 2002; Skogby et al., 
2016). In the pyroxene structure, the O2 oxygen is the most favourable 
site to incorporate OH, as it is highly under-bonded according to its 
Pauling bond strength (Skogby et al., 2016). The excess charge may be 
compensated by either M2 cation vacancies or charge-deficient sub-
stitutions in the tetrahedral site (Ingrin and Skogby, 2000). 

The presence of two differently pleochroic groups of absorption 
bands indicates that at least two types of hydrogen locations may co- 
exist (Ingrin and Skogby, 2000). When the OH dipole is oriented par-
allel to O2⋅⋅⋅M2 the lower wavenumber bands are strong (e.g. 3460 
cm− 1, Ingrin and Skogby (2000)); when it is oriented parallel to O2⋅⋅⋅O3 
the dominating band shifts to higher wavenumbers (e.g. 3620 cm− 1 

(Skogby, 2006)). Accordingly, it might be that samples Obn108, Obn110 
and Obn111 that have an intense peak for the 3620–3613 cm− 1 band, 
taking into account grain orientation (Fig. 7, Supplementary Fig. 4) 
likely accommodate OH by substituting Si4+ with trivalent cations (e.g. 
Al3+), whereas sample Obn112 that has an intense peak in the 3436 and 
3485 cm− 1 range likely accommodates OH by M2 cation vacancies and 
(e.g. Na+–Ca2+) charge deficient substitutions (Bromiley and Keppler, 
2004; Koch-Müller et al., 2004; Libowitzky and Beran, 2006). Although 
previous studies relate the position and intensity of characteristic peaks 
to vacancies and abundances of certain elements (Al, Fe3+, Ti, Na; 
(Peslier et al., 2002) and references therein), we do not observe direct 
correlations of dominant absorption bands and specific compositions 
(Appendix F). This could be due to significant differences in the PT 
equilibrium conditions and overall composition between our samples 
and omphacites from previous studies. Alternatively, the limited num-
ber of samples might obscure possible correlations. 

The hydrogen distribution profile (Fig. 9) determined by SIMS, was 
taken in the host omphacite in-between two exsolved lamellae. The 
steep increase in hydrogen counts restricted to the vicinity of the exso-
lution is likely caused by the low hydrogen solubility in garnet compared 
to omphacite (Demouchy and Bolfan-Casanova, 2016). This is also seen 
for Si and Mg (Fig. 5). Assuming the same modal abundance used above 
for major and trace elements reconstruction, a minimum of 2035 ppm of 
water (independent of hydrogen configuration) is required to form the 
exsolved garnet and zoisite. The bulk water content for omphacite in 
corundum and zoisite-bearing sample Obn110 was reported by Moine 
et al. (2020) to be 4850 ± 340 ppm determined by SIMS or 4850 ± 260 
ppm by TC/EA-IRMS. Both independent types of analyses detect all 
hydrogen configurations. They argue the difference between the bulk 
water content and that determined as OH is largely accounted for by 
water as H2, detected albeit weakly at 4100 cm− 1. This is supported by 
consistent results in a suit of 8 additional mantle omphacites from the 
Roberts Victor kimberlite (Moine et al., 2020), as well as by similar 
previous studies (Chen et al., 2011; Kovacs et al., 2016). Alternatively, 
the discrepancies between the two analytical techniques could in part be 
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explained by an imprecise calibration of the FTIR spectra. Such high 
water contents could easily account for the hydrogen consumed by the 
garnet and zoisite exsolutions. 

5.3. Water in garnet 

Studies on both synthetic and natural garnet report the presence of 
various OH− absorption bands in the IR spectra, controlled largely by 
the garnet composition (Aines and Rossman, 1984; Bell et al., 1995; Bell 
and Rossman, 1992; Phichaikamjornwut et al., 2012; Rossman and 
Aines, 1991). Such that IR spectra of Mn2+-rich garnets have strong 
absorption bands centred near 3640 and 3600 cm− 1, Fe2+-rich garnets 
near 3540 and 3470 cm− 1, Mg2+-rich garnets near ~3670 cm− 1 (Aines 
and Rossman, 1984) and Ca-rich garnets near ~3660 and 3600 cm− 1 

(Rossman and Aines, 1991). The most common type of OH incorporation 
is the hydrogarnet substitution (H4O4)

4− = (SiO4)
4− (Aines and Ross-

man, 1984). However, the wide range in specific absorption bands of 
different garnet varieties (Rossman and Aines, 1991) indicates that 
additional replacement modes could also account for OH− , such as 
cation vacancies compensated by [SiO3(OH)], (Al3+–H+) = Si4+, 
{H+–H+, Li+–H+} = {Ca2+, Mg2+, Fe2+, Mn2+} (Geiger and Rossman 
(2020) and references therein). The strong, sharp absorption band near 
3680–3687 cm− 1 seen in the exsolved garnet lamellae (Fig. 8) could be 
thus explained by the hydrogarnet substitution (Kurka et al., 2005) and 
{H+–H+} replacing {Ca2+}, but other forms of structural defects and 
combinations cannot be ruled out. Alternatively, peaks at 3687–3688 
cm− 1 in grossular were attributed to defects associate to the substitution 
of Si4+ by (OH+ + 3F+) (Mosenfelder et al., 2022). Although we do not 
have any reason to expect high F concentrations in the analysed garnets, 
this possibility cannot be ruled out. 

Whereas OH-peaks at 3680–3687 cm− 1 were previously reported in 
other grossular-rich garnets (Kurka et al., 2005), the shape of the spectra 
and the absence of other specific peaks are uncharacteristic (Fig. 8). It 
was suggested similar peaks could be due to nanometre-sized inclusions 
of an unknown OH-rich mineral (Geiger and Rossman, 2020). Assuming 
such a hydrous mineral could be found in the garnet lamellae, and 
remain optically undetected, the FTIR spectra would show an overlap 
between the characteristic OH peaks of garnet and those of the unknown 
mineral, which is not the case. Moreover, for a thickness of 500 μm as 
that of the garnets showing the 3680–3687 cm− 1 peak (Fig. 8), a hydrous 
mineral would yield an absorbance significantly higher than 0.4–0.6% 
(likely >2%). Based on these reasons and the intragrain chemical ho-
mogeneity of the exsolved garnet (Table 1, Appendix B), this explana-
tion seems unlikely. 

There is a strong discrepancy between the large anhydrous garnet, 
and garnet exsolved by omphacite, the latter exhibiting high amount of 
water. The large garnet is pyrope-rich (Py56Alm17Grs27 average 
composition), whereas garnet exsolutions are grossular-rich 
(Py36Alm13Grs51 avg. comp). Due to the different occupancy and size 
of the dodecahedron structural site, it has been noted that the hydro-
garnet substitution is less stable in pyrope garnets than in grossular, such 
that pyrope-rich garnets are capable of storing only small amounts of 
water in the upper mantle (Bell and Rossman, 1992; Demouchy and 
Bolfan-Casanova, 2016). Other possible factors that may cause this 
variation are water fugacity, pressure and availability of structural de-
fects. The differences in water content between coexisting garnet and 
omphacite are likely due to different solubility and diffusion coefficients 
of hydrogen in the two minerals. 

5.4. Water in mantle eclogites: Origin and preservation 

Hydrogen concentration in mantle NAMs has been extensively 
studied, mostly in peridotite xenoliths due to their predominance. 
Mantle metasomatism prior to the kimberlite eruption seemed the most 
probable source for water (Doucet et al., 2014), as no correlation was 
found with subduction-zone proximity (Peslier et al., 2002). Mantle 

eclogites are derived from recycled oceanic crust (Radu et al., 2019) and 
can store significantly higher water contents (bulk estimates of 
~320–970 ppm, Table 3), than the surrounding mantle (90–290 ppm for 
Udachnaya peridotites (Doucet et al., 2014)). Trace amounts of water 
can be trapped in NAMs and preserved even at eclogite facies conditions 
(Katayama et al., 2006), or high-pressure hydrous minerals (lawsonite, 
phengite and zoisite-clinozoisite) can be the water source during eclo-
gitisation in the upper mantle (Maruyama and Okamoto, 2007; Poli and 
Schmidt, 1998; Vitale-Brovarone et al., 2014). Additionally, faults and 
fractures of the oceanic slab preceding subduction may serve as conduits 
for hydrothermal fluids, that can introduce significant amounts of water 
into the upper mantle via alteration biproducts (Li et al., 2008). The 
incorporation and preservation of water in omphacite is facilitated by 
increased hydrogen solubility with increasing pressure (Keppler and 
Bolfan-Casanova, 2006) up to ~3.5–4 GPa, overlapping with the PT 
estimates for the Obnazhennaya eclogites. 

Hydrogen rapidly diffuses through NAMs at high temperatures (>
800 ◦C) and water gain from the H2O-rich kimberlite magma, or water 
loss due to decompression can be expected (Demouchy et al., 2006). If 
water was added to the xenoliths from the entrapping magma, higher 
hydrogen contents would be expected for the rims, than in the core of 
the samples. Previous studies of peridotite xenoliths have noticed the 
opposite for olivine crystals, indicating water loss and not water gain, 
while the associated garnets and pyroxene were completely unaffected 
(Demouchy et al., 2006; Doucet et al., 2014; Peslier and Luhr, 2006). 
The fast ascent rate of kimberlite (a few hours (Peslier et al., 2008)) 
combined with the slow hydrogen diffusion rate in pyroxene (Demouchy 
et al., 2011; Ingrin and Skogby, 2000) prevents both water addition from 
the kimberlite and water loss due to decompression. As such, mantle 
omphacites are believed to preserve their initial water content (Kovacs 
et al., 2016; Moine et al., 2020; Sundvall and Stalder, 2011). 

6. Conclusions 

This study describes four non-metasomatized eclogite xenoliths from 
the Siberian craton that contain garnet and garnet-zoisite in exsolution 
textures hosted by omphacite. Water content of non-exsolved ompha-
cites is estimated to be ~870–1415 ppm as OH and 4850 ppm as total 
hydrogen. Specific major and trace elements, together with hydrogen, 
seem to be preferentially consumed by the exsolutions, compensated by 
their depletion in the host omphacite. Related diffusion profiles were 
‘frozen in’ indicating that the exsolution took place shortly (<25 Ma) 
before the kimberlite eruption. Based on the present findings, the zoisite 
formation most likely accompanied garnet exsolution from an Al, water- 
rich omphacite, within the upper mantle. 

Assuming this model, zoisite stability at mantle conditions is 
demonstrated for the first time in natural samples. This opens an avenue 
for more detailed research into modelling the formation of such exso-
lution textures and the importance of hydrogen in NAMs for phase 
transition. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2022.106681. 
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Gréau, Y., Huang, J.-X., Griffin, W.L., Renac, C., Alard, O., O’Reilly, S.Y., 2011. Type I 
eclogites from Roberts Victor kimberlites: Products of extensive mantle 
metasomatism. Geochim. Cosmochim. Acta 75, 6927–6954. 

Green, D.H., Hibberson, W.O., Kovacs, I., Rosenthal, A., 2010. Water and its influence on 
the lithosphere–asthenosphere boundary. Nature 467, 448–451. 

Griffin, W., Ryan, C.G., Kaminsky, F.V., O’Reilly, S.Y., Natapov, L.M., Win, T.T., Kinny, P. 
D., Ilupin, L.M., 1999. The Siberian lithosphere traverse: mantle terranes and the 
assembly of the Siberian Craton. Tectonophysics 310, 1–35. 

Harte, B., Gurney, J.J., 1975. Evolution of clinopyroxene and garnet in an eclogite 
nodule from the Roberts Victor kimberlite pipe, South Africa. Phys. Chem. Earth 9, 
367–387. 
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