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Abstract
Granulites from Holsnøy (Bergen Arcs, Norway) maintained a metastable state until fluid infiltration triggered the kinetically 
delayed eclogitization. Interconnected hydrous eclogite-facies shear zones are surrounded by unreacted granulites. Macro-
scopically, the granulite–eclogite interface is sharp and there are no significant compositional changes in the bulk chemistry, 
indicating the fluid composition was quickly rock buffered. To better understand the link between deformation, fluid influx, 
and fluid–rock interaction one cm-wide shear zone at incipient eclogitization is studied here. Granulite and eclogite consist 
of garnet, pyroxene, and plagioclase. These nominally anhydrous minerals (NAMs) can incorporate  H2O in the form of OH 
groups.  H2O contents increase from granulite to eclogite, as documented in garnet from ~ 10 to ~ 50 µg/g  H2O, pyroxene 
from ~ 50 to ~ 310 µg/g  H2O, and granulitic plagioclase from ~ 10 to ~ 140 µg/g  H2O. Bowl-shape profiles are characteristic 
for garnet and pyroxene with lower  H2O contents in grain cores and higher at the rims, which suggest a prograde water 
influx into the NAMs. Omphacite displays a  H2O content range from ~ 150 to 425 µg/g depending on the amount of hydrous 
phases surrounding the grain. The granulitic plagioclase first separates into a hydrous, more albite-rich plagioclase and 
isolated clinozoisite before being replaced by new fine-grained phases like clinozoisite, kyanite and quartz during ongoing 
fluid infiltration. Results indicate a twofold fluid influx with different mechanisms to act simultaneously at different scales 
and rates. Fast and more pervasive proton diffusion is recorded by NAMs that retain the major element composition of the 
granulite-facies equilibration where hydrogen decorates pre-existing defects in the crystal lattice and leads to OH increase. 
Contemporaneously, slower grain boundary-assisted aqueous fluid influx enables element transfer and results in progressive 
formation of new minerals, e.g., hydrous phases. Both mechanisms lead to bulk  H2O increase from ~ 450 to ~ 2500 µg/g  H2O 
towards the shear zone and convert the system from rigid to weak. The incorporation of OH groups reduces the activation 
energy for creep, promotes formation of smaller grain sizes (phase separation of plagioclase), and synkinematic metamorphic 
mineral reactions. These processes are part of the transient weakening, which enhance the sensitivity of the rock to deform.

Keyword Water in NAMs · Eclogitization · Shear zone formation · Rock weakening · Fluid–rock interaction

Introduction

Convergent plate boundaries reflect Earth’s most dynamic 
systems. Various highly interconnected processes occur 
on a large range of timescales and spatial scales, such as 
metamorphism and deformation. Exposed field examples 
and geophysical imaging reveal that during subduction and 
continental collision dry lower crustal rocks may behave stiff 
and rigid, although they are affected by changing pressure 
(P) and temperature (T) conditions and deformation (e.g., 
Rondenay et al. 2008; Yuan et al. 2000). Such rocks remain 
in a metastable state until fluid infiltration triggers the kineti-
cally delayed transformation from dry to partly hydrous 
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assemblages (e.g., Austrheim 1987; John and Schenk 2003). 
Detailed field studies have shown that brittle deformation 
enables fluid to infiltrate these metastable regions through 
fractures and seismic fault planes (e.g., Austrheim 1987; 
Jamtveit et al. 2019). This fluid supply then provokes the 
rock weakening by progressive mineral transformation, 
which, in turn, favors ductile deformation (e.g., Austrheim 
1998; Kaatz et al. 2021; Putnis and Austrheim 2010). The 
weakening itself is associated with the recrystallization of 
fine-grained metamorphic minerals and reduction of the 
activation energy for creep caused by traces of water in the 
crystal lattices (e.g., Hawemann et al. 2019; Kohlstedt 2006; 
Menegon et al. 2017; Putnis and John 2010). It has been 
shown that under such circumstances widening of the shear 
zone overcomes the effect of stretching during progressive 
fluid–rock interaction and strain accumulation (Kaatz et al. 
2021). A continuous supply of fluid which infiltrates the 
system through, e.g., fractures, can be either ensured by 
numerous repetitive pulses and/or by a substantial amount of 
infiltrating fluid. This fluid infiltration then has a strong posi-
tive effect on shear zone widening (e.g., Kaatz et al. 2021).

What is still missing in this feedback mechanism is a 
good understanding on how fluid infiltrates the rock dur-
ing deformation of the crust at eclogite-facies P–T condi-
tions. To extract this information, a study was conducted 
on rocks that display an early stage of shear zone formation 
accompanied by partial eclogitization likely caused by the 
infiltration of an aqueous fluid. The mineral assemblages 
of dry deep crustal rocks, e.g., of granulite, often consist of 
garnet, pyroxene, and plagioclase. These minerals are nomi-
nally anhydrous minerals (NAMs), but can incorporate tens 
to hundreds µg/g  H2O in the form of OH groups, where H 
substitutes for cations (Bell et al. 1995; Bromiley and Kep-
pler 2004; Johnson 2006; Koch-Müller et al. 2004). This 
study focuses on both the quantification and spatial distribu-
tion of OH in these NAMs as well as minor high-pressure 
hydrous phases to explore the mechanisms leading to hydra-
tion of a dry granulite wall rock during the formation of an 
eclogite-facies mineral assemblage. The hydration of NAMs 
and formation of hydrous phases might highly influence the 
weakening, deformation, rheology, and metamorphism of 
the rock during subduction.

Geological setting and samples

The closure of the Iapetus ocean initiated the collision of 
Baltica and Laurentia at ~ 430 Ma (e.g., Corfu et al. 2014; 
Roberts 2003). Consequently, parts of Baltica subducted 
underneath Laurentia and tectonic nappes were thrust SE-
wards onto the Baltic shield and formed the Bergen Arc 
System (e.g., Andersen et al. 1991; Fossen and Dunlap 1998; 
Jakob et al. 2017). The generated sequence is characterized 

by different thrust sheets collected around Bergen and a crys-
talline basement of middle Proterozoic orthogneisses mainly 
composed of anorthositic granulites, jotunites, mangarites, 
and metagabbros (e.g., Austrheim and Griffin 1985). The 
deformation history of these rocks is coupled with a Caledo-
nian eclogite-to-amphibolite-facies metamorphic overprint 
(e.g., Austrheim 1987) around ~ 430 ± 3.5 Ma (see Glodny 
et al. 2008b) at P–T conditions of ~ 2 GPa and ~ 700 °C (e.g., 
Bhowany et al. 2018; Kühn et al. 2002).

The rocks analyzed in this study are part of the island of 
Holsnøy (Fig. 1b), where brittle deformation fractured the 
granulitic host rock at eclogite-facies P–T conditions (e.g., 
Austrheim 1987; Jamtveit et al. 1990). Fractures and seis-
mic fault planes permitted aqueous fluids to infiltrate into 
the metastable dry granulite-facies anorthosites. To deci-
pher the fluid source Mattey et al. (1994) investigated the 
C, N and Ar isotopic compositions of the infiltrated fluid 
and suggested that it derived from sediments undergoing 
devolatilization. Regarding to Andersen et al. (2012) and 
Jakob et al. (2019) the sedimentary fluids have been released 
during the Caledonian orogeny and probably triggered the 
formation of the eclogite-facies shear zones. During meta-
morphism, the newly forming eclogite was mechanically 
weaker than the surrounding granulite and, thus more sus-
ceptible to accommodate ductile deformation (e.g., Jamt-
veit et al. 2018a, b; Jolivet et al. 2005; Petley‐Ragan et al. 
2018). This mechanism led to an extremely heterogeneous 
distribution of eclogite abundance (e.g., Austrheim 1987; 
Boundy et al. 1992; Schmid et al. 1998) resulting in differ-
ent domains ranging from unaltered granulites and almost 
undeformed, minor eclogitized regions to areas of exten-
sive eclogitization, which are highly deformed (Fig. 1b, e.g., 
Raimbourg et al. 2005; Zertani et al. 2019). Due to ongoing 
fluid infiltration, eclogitization, and deformation the eclog-
ite-facies shear zones evolve from initial single veins to an 
interconnected shear zone network varying in width from 
millimeter to kilometer (Fig. 1c, e.g., Boundy et al. 1992, 
1997; Fountain et al. 1994; Jolivet et al. 2005; Zertani et al. 
2019). The hydrous and temporarily weak eclogite-facies 
shear zones widen during progressive deformation and fluid 
infiltration (e.g., Austrheim and Griffin 1985). Recently, 
Kaatz et al. (2021) showed that either a significant amount 
of fluid and/or numerous repetitive fluid pulses were neces-
sary to recharge the shear zones and to enable shear zone 
widening during progressive deformation. While previous 
work has provided detailed information on how the eclogite-
facies shear zones widen and interconnect during ongoing 
hydration and deformation, the mechanisms for incipient 
hydration are largely unknown.
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Macroscopic sample description

Within the scope of this study, an endmember sample of 
an unaffected granulite and a fully transformed eclogite 
as well as a cross-section thorough an incipient eclogite-
facies shear zone were investigated. The unaltered granu-
litic host rock (GrI) was sampled in a pristine granulitic 
rock body north of a major eclogite-facies shear zone. 
The fully recrystallized eclogite (EcI) was taken from the 
center of the same major shear zone (see Fig. 1b for sam-
ple locations). The third sample is a 21.4 cm long section 
(Fig. 1d) crosscutting a small, cm-wide single shear zone at 
incipient eclogitization, which allows an accurate analysis 
of the mineral paragenesis during shear zone formation. 
The cross-section profile is subdivided into seven succes-
sive thick sections to guarantee continuous analysis of the 
mineral assemblage and textures.

Analytical techniques

Electron microprobe and scanning electron 
microscopy

Major element composition profiles for garnet, pyroxene and 
plagioclase grains were acquired on doubly polished thick 
sections (~ 240 µm) using a JEOL JXA 8800 SuperProbe 
electron microprobe microanalyzer (EMPA) at the Institute 
of Geological Sciences, Freie Universität Berlin. An accel-
erating voltage of 15 kV was used, with a beam current of 
20 nA and a beam diameter of 1 µm. For each element both 
peak and background were measured for 20 s, except for Ti 
and Na with 60 s/30 s, and 10 s/10 s, respectively. The num-
ber of spots for every transect may vary depending on the 
grain size as well as the density of fractures and inclusions. 
The general step size is 40–50 µm. Structural formulae were 

Fig. 1  b Geological map of northwestern Holsnøy (Zertani et  al. 
2020, kilometer-scale) with an inset a showing the location of Hols-
nøy northwest of Bergen, Norway (red box). c Detailed outcrop map 
indicating the eclogite-facies shear zone network in areas manly com-
posed of granulite with minor shear zones (Kaatz et al. 2021, meter-

scale). d Field picture of the analyzed centimeter-wide eclogite-facies 
shear zone (highlighted in green) and the surrounding granulite (elon-
gated coronas define the granulite foliation, red). The white dashed 
line indicates the profile line
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calculated based on 6, 8, 12 and 12.5 oxygens for clinopy-
roxene, plagioclase garnet and clinozoisite respectively.

Additionally, a  Zeiss® Sigma 300 VP Field-Emission 
scanning electron microscope (SEM) of the Institute of Geo-
logical Sciences, Freie Universität Berlin, has been used to 
investigate different textures and mineral assemblages of the 
samples. The SEM is coupled to the  Zeiss® Mineralogic 
system to conduct automated mineralogy using fully quan-
titative energy-dispersive spectroscopy (EDS) performed 
by Quantax Xflash  60mm2 SSD. An accelerating voltage of 
20 kV and a working distance of 9 mm was used to cover 
the entire thick sections.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy measurements were carried out on 
a  Bruker® Tensor II FTIR system at the Institute of Geo-
logical Sciences of the University of Bern. This instru-
ment is coupled with a Hyperion 3000 microscope, a liq-
uid nitrogen cooled mercury cadmium telluride (MCT) 
detector and is equipped with a Plexiglas sample chamber 
with controlled air flow to limit  H2O and  CO2 variations. 
Infrared spectroscopy uses the property of OH groups to 
vibrate (stretching) when exposed to specific frequencies 
of the mid-infrared light (3000–4000  cm−1). Frequencies 
of absorption are mineral, and defect specific. Typical OH-
stretching band frequencies for garnet are in the range of 
3650–3400   cm−1 (e.g., Aines and Rossman 1984a), for 
clinopyroxene at 3650–3300  cm−1 (Skogby et al. 1990) and 
at 3300–3200  cm−1 for plagioclase (e.g., Johnson 2006). 
Doubly polished sample sections of ~ 240 µm thickness were 
used for transmission measurements. The samples were only 
polished down to 6 µm grit size to avoid signal interfer-
ences due to reflection, which may appear when the sample 
is polished down to 1 µm. Subsequently, all sample surfaces 
were glued back on a glass slide and repolished down to 
1 µm for EMPA in order to correlate chemical composition 
and water content of the measured grain transects. The same 
transects were carefully analyzed with both methods, EMPA 
and FTIR. FTIR single spot analyses were obtained with the 
MCT detector, a 50 × 50 µm aperture size, a resolution of 
8  cm−1 and 64 scans.

FTIR data processing

An atmospheric compensation and a baseline correction 
with 64 baseline points and four iterations was applied 
for all spectra using the concave rubber band algorithm in 
the  OPUS® 7.5 software. Afterwards, distinct bands were 
defined to evaluate the OH absorbance area by integrating 
the area below the OH-stretching band, which is specific 
to each mineral. For the pyrope–almandine-rich garnet, the 
region 3620–3500   cm−1 was considered, and the region 

3730–3100  cm−1 was monitored for the clinopyroxene (diop-
sidic–augitic composition and omphacite). As the plagio-
clase spectrum contains only one main band at 3200  cm−1 
but is partially affected by clinozoisite needles, the absorb-
ance areas were calculated with  MATLAB® via spectral 
deconvolution (Reynes et al. 2018). The deconvolution rou-
tine decomposes the signal (made of overlapping peaks) into 
single Lorentzian peaks and gives absorption area, height, 
width, and wavenumber position (see an example of a super-
posed spectrum for granulitic plagioclase and clinozoisite in 
supplementary material S1).

All single spot spectra were integrated with the B integra-
tion method of  OPUS®. The water content ( wc ) is given in 
µg  H2O per g of mineral and is linearly proportional to the 
total absorbance ( TotAbs ) following the Beer–Lambert law.

The absorption coefficient ( k
abs

in cm2 ) is mineral spe-
cific and based on a constant c  (106) for conversion from 
µg to g, the molar mass of  H2O ( M

H2O
 ), the mineral den-

sity d , and a calibration coefficient � (l  mol−1  cm−2) deter-
mined for a specific mineral by an independent method. 
For garnets the calibration coefficient of Bell et al. (1995) 
for pyrope of 6700 l  mol−1  cm−2 was used. For pyroxene, 
the coefficient of 83,400 l  mol−1  cm−2 from Katayama 
et al. (2006) was used. To avoid overestimation of the 
calculated water contents this coefficient was used for 
omphacite as well because it leads to conservative esti-
mates, as it is the highest coefficient provided in the liter-
ature for clinopyroxene (Bell et al. 1995; Katayama et al. 
2006). The calibration coefficient for plagioclase is given 
by Johnson and Rossman (2003), 10,700 l  mol−1  cm−2. 
As the measurements were done using unpolarized light, 
an average  H2O content for pyroxene and plagioclase is 
computed by firstly calculating an average absorbance 
on multiple randomly oriented grains and then multiply-
ing this measured average total absorbance by three (e.g., 
Kovács et al. 2010).

Results

Detailed sample description

The granulite endmember sample (GrI, host rock) has a 
weak lineation defined by flattened coronas, which con-
sist of clinopyroxene (pyx, diopsidic to augitic composi-
tion, Table 1) surrounded and mixed with garnet (grt) of 
homogeneous composition (~  Alm28Pyr54Grs18). The sam-
ple is coarse grained (1–3 mm) and consists of 70 vol.% of 
granulitic plagioclase (~  An45Ab54). Plagioclase (plg) grain 

(1)wc = TotAbs × k
abs

; with k
abs

=
c × M

H2O

d × �
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boundaries are occasionally surrounded by a few clinozoisite 
needles (czs, ~ 1 vol.%) due to the phase separation of granu-
litic plagioclase into symplectites consisting of an albite-rich 
plagioclase and clinozoisite during high-pressure metamor-
phism. The eclogite endmember (EcI) consists of a fine-
grained (< 1 mm) matrix composed of garnet, omphacite 
(omph), phengite, clinozoisite, and accessory phases, e.g., 
quartz, kyanite, and amphibole (amph). A representative 
omphacite composition is given in (Table 1). The eclogite 
foliation is produced by the alignment of the matrix miner-
als. Garnet is highly fractured and has a core of the pristine 
granulite-facies composition (~  Alm28Pyr54Grs18) and an 
eclogite-facies, Fe-rich rim (~  Alm42Pyr37Grs21).

Figure 2a shows thick sections of one side of the cross-
section sample from the mm-wide eclogite-facies shear zone 
(left part) towards the granulitic host rock (right part). The 
analyzed profile is oriented perpendicular to the shear zone 

to examine the lateral distribution of  H2O infiltration out of 
the shear zone.

Figure 2b displays how the phase abundances change 
along the profile. This was obtained by SEM phase map data 
of the thick sections. Due to changing phase abundances 
and microscopic textural characteristics, the profile can be 
separated into three different zones. Zone I is farthest away 
from the shear zone center (Fig. 2a, right side). This part 
represents the most pristine granulite and is less affected 
by fluid. This granulitic host rock is strongly foliated with 
elongated coronas as highlighted in (Fig. 1d). The outer-
most right part of Zone I is macroscopically characterized by 
the typical granulitic texture with coarse-grained (1–2 mm) 
granulitic plagioclase (~ 60 vol.%, ~  An45Ab54) with distinct 
grain boundaries and very small amounts of clinozoisite 
(~ 1.5 vol.%, Fig. 2e). In lateral direction towards the shear 
zone the plagioclase grain boundaries start to vanish, and the 

Table 1  Representative mineral chemical data of garnet (granulitic 
core and eclogite-facies rim), clinopyroxene (granulitic pyroxene and 
omphacite), granulitic plagioclase, and clinozoisite (Zone I, III, and 

EcI) for the analyzed samples (in wt.%). Structural formulae were cal-
culated on the basis of 12, 6, 8, and 12.5 oxygens, respectively

Note: Clinopyroxene nomenclature is given after Morimoto (1988), which includes the composition of magmatic relicts.  Fe3+ and  Fe2+ were 
recalculated using a fixed cation sum of 8 (grt) and 4 (pyx)

grt core grt rim Granulitic pyx omph Granulitic plg czs EcI czs Zone III czs Zone I

SiO2 41.09 39.67 47.30 55.03 56.58 39.42 39.33 41.08
TiO2 0.12 0.06 1.06 0.20 0.03 0.03 0.04 0.05
Al2O3 22.30 21.55 11.86 12.81 27.43 31.94 31.88 32.28
Fe2O3 – – – – – 2.52 2.47 0.67
FeO 14.55 22.20 5.42 4.36 0.00 – – –
MgO 14.55 9.84 11.04 7.70 – 0.09 0.04 –
MnO 0.22 0.43 0.03 0.06 – – – –
CaO 7.17 6.35 21.44 12.86 9.56 23.99 23.68 23.52
Na2O – – 1.79 7.00 6.16 0.01 0.03 –
K2O – – – – 0.20 – – –
∑ 100.0 100.1 99.9 100.0 99.9 98.0 97.47 97.6
Si 3.01 3.01 1.73 1.95 2.54 6.11 6.12 6.24
Ti 0.01 0.00 0.03 0.01 0.00 0.02 0.00 0.00
Al 1.93 1.93 0.51 0.54 1.45 5.84 5.85 5.78
Fe3+ 0.04 0.05 0.10 0.03 – 0.22 0.20 0.19
Fe2+ 0.85 1.36 0.06 0.10 – 0.02 0.02 0.02
Mg 1.59 1.11 0.60 0.41 – 0.02 0.01 –
Mn 0.01 0.03 0.00 0.00 – – – –
Ca 0.56 0.52 0.84 0.49 0.46 3.97 3.95 3.83
Na – – 0.13 0.48 0.54 0.02 0.01 –
K – – – – 0.01 – – –
∑ 8.0 8.0 4.0 4.0 5.0 16.2 16.1 16.0
Pyr 52.7 36.9 Jd 2.3 44.8 An 45.6
Alm 28.2 45.0 Ae 10.4 3.3 Ab 53.2
Gro 18.3 16.7 WEF 87.3 51.9 Or 1.2
Sps 0.4 0.9
Uva – –
And 0.4 0.5



 Contributions to Mineralogy and Petrology          (2022) 177:72 

1 3

   72  Page 6 of 20

entire plagioclase converts more and more into a symplectite 
made up of the albite-rich plagioclase and clinozoisite. This 
symplectite is pseudomorphically replacing the granulitic 
plagioclase. Therefore, the amount of clinozoisite (~ 5 vol.%) 
and of albite-rich plagioclase (~ 3 vol.%) increases towards 
the shear zone. Pyroxenes are homogenous in composition 
and constant in size. Zone II is defined as the outer rim of the 
shear zone. This part is characterized by a very fine-grained 
matrix (< 50 µm) mainly composed of granulitic plagioclase 
relicts (~ 35 vol.%), clinozoisite (~ 9 vol.%), albite-rich pla-
gioclase (~ 16 vol.%), and omphacite (~ 5 vol.%), commonly 
accumulated around garnets (Fig. 2a). Almost no distinct 

plagioclase grain boundaries are left, and individual sin-
gle grains can hardly be identified (Fig. 2d). Some pristine 
pyroxene relicts are still present. Zone III is the eclogite-
facies shear zone. The fine-grained matrix (~ 50 µm) con-
sists of omphacite (~ 9 vol.%), clinozoisite (~ 10 vol.%), 
albitic plagioclase (~ 17 vol.%), granulitic plagioclase relicts 
(~ 17 vol.%), and others including amphibole, phengite and 
kyanite. During metamorphic transformation the garnet rims 
become more irregular on a first glance but on a closer view 
an eclogite-facies rim forms indicating equilibrium condi-
tions with its adjacent phases on the µm to tens of µm scale. 
The thickness of this rim increased towards the shear zone 

Fig. 2  a Thick-section images of the analyzed profile. The top indi-
cates the transition from granulite-facies (white, right side) to eclog-
ite-facies mineral assemblage (green, left side), relating to the modal 
abundances of mineral phase (in vol.%) shown in (b). The profile is 
subdivided into 3 different zones: Zone I, is furthest away from the 
eclogite-facies shear zone and characterized by distinct plagioclase 
grain boundaries and smaller amounts of clinozoisite; Zone II, is 
the shear zone rim, and the transition between granulite and eclog-
ite; Zone III, is the mm-wide eclogite-facies shear zone composed 
of omphacite, garnet and higher amounts of czs and amphibole com-

pared to Zone I. b All granulite-facies phases are grouped in reddish 
to yellowish colors, including garnet (grt), granulitic plagioclase 
(pg1) and pyroxene (pyx). Eclogite-facies phases are grouped in 
green to blue colors, where green represents anhydrous phases, e.g., 
omphacite (omph) and albitic plagioclase (plg2), and blue illustrates 
hydrous phases, e.g., clinozoisite (czs) and amphibole (amph). Gray 
depicts minor phases, e.g., kyanite, phengite, quartz. Representa-
tive BSE photographs of Zone III c, Zone II d and Zone I e show the 
microstructural differences, e.g., grain-size reduction of plagioclase



Contributions to Mineralogy and Petrology          (2022) 177:72  

1 3

Page 7 of 20    72 

from Zone I to Zone III (compare Fig. 2c, e). Additionally, 
the garnets are highly fractured due to brittle deformation.

Reaction progress from Zone I to Zone III is visible in 
the abundance of eclogite-facies phases and hydrous phases, 
as well as textural changes, e.g., significant reduction of the 
average grain size for plagioclase.

Garnet

Thirty-five rim-to-core-to-rim transects were acquired, 
including samples GrI and EcI. Four representative tran-
sects are shown in the (Fig. 3a–d), where mineral chemistry 
profiles (EMPA data) are combined with the determined 
 H2O content profiles (calculated from FTIR data). Garnet 
of Zone I (Fig. 3d) shows the typical homogenous granu-
litic composition of ~  Alm29Pyr52Grs19 without any com-
positional variations. The grains shown in (Fig. 3a, b) are 
located within the shear zone (3a) and directly next to it (3b) 
showing the granulitic composition within the garnet core, 
whereas the composition of the outermost rim changes to 
eclogite-facies garnet composition of ~  Alm45Pyr36Grs19, on 
average (Table 1). The BSE images displayed in (Fig. 3a, 
d) show one representative garnet grain boundary of Zone 
III and Zone I, respectively. The bright eclogite-facies rim 
is present in all garnet grains but expanded in Zone III (3a) 
compared to Zone I (3d). The garnet rims are enriched in 
FeO compared to the garnet core and become more irregular 
towards the shear zone. The insets in (Fig. 3a, d) displays 
the shape of the garnet grain boundary and the surrounding, 

newly formed omphacite grains. At high-spatial resolution 
the garnet grain boundaries of Zone III are regular, distinct, 
and partially form angles of 120° (Fig. 3a). The ones of Zone 
I are at all scales often regular and very sharp (Fig. 3d).

Representative spectra of granulite-facies garnet cores 
of Zone I (red), Zone III (light blue), and of the eclogite 
endmember sample EcI (violet) are shown in (Fig. 4a). 
Additionally, a typical spectrum of the eclogite-facies gar-
net rims, Zone III, is given in dark blue. The shape of all 
garnet spectra is characterized by a prominent broad absorp-
tion band around 3565  cm−1. The eclogite-facies garnet rim 
from Zone III has an additional band at 3650  cm−1. Tran-
sects of  H2O contents through garnet grains reveal that the 
granulite-facies cores display a plateau whereas the eclog-
ite-facies rim concentrations are higher (Fig. 3). The  H2O 
contents in the cores of the garnet furthest away from the 
shear zone (Fig. 3d) are the lowest and constantly between 
5 and 10 µg/g. On average, the water contents of the granu-
lite-facies garnet cores moderately increase from Zone I to 
Zone III up to ~ 50 µg/g (Fig. 3a). Especially in Zone II and 
III the  H2O content increases towards the garnet rim still 
within the parts characterized by the granulite-facies com-
position (Fig. 3b), but also within the eclogite-facies garnet 
rim (Fig. 3a). The garnet rims partially have about three 
times more  H2O than determined for the granulitic garnet 
cores within 200 µm distance and independent of any other 
possible compositional changes (Fig. 3a, b). This bowl-shape 
water profile is characteristic for garnet. No constant  H2O 
plateau values were detected for the eclogite endmember 

Fig. 3  Representative garnet composition transects with  H2O content 
profiles and the average plateau water contents of each zone. BSE 
images are given for the associated grains. a Zone III, b Zone II, c, 
d are parts of Zone I with increasing distance to eclogite-facies shear 
zone, respectively. Plots have an x-axis showing the transect length 
in µm, left y-axis indicates the endmember compositions (in mol. %), 

and the right y-axis the  H2O content (in µg/g). Abbreviations used: 
Alm almandine, Pyr pyrope, Gro grossular, H2O water content, n 
datapoints of one transect, and g number of measured grains. Insets 
in a, d highlight the increasing irregularity of the garnet rims with 
decreasing distance to the eclogite-facies shear zone
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sample (EcI), probably due to the high number of cracks 
observed in this sample. The EcI sample is highly deformed 
and garnet cores are partly fractured, which affects the water 
supply into the grain core causing  H2O values ranging from 
25 to 85 µg/g (9 grains). The garnet cores of sample GrI 
show  H2O contents varying between 10 and 25 µg/g (5 
grains), resembling the values of Zone I of the shear zone 
profile. These  H2O contents are similar to what has been 
reported in granulite garnets by Malvoisin et al. (2020).

Clinopyroxene

For the granulitic pyroxene, 23 suitable transects have been 
measured, including sample GrI. The pyroxene has a diop-
sidic to augitic composition with  Jd1–Jd5. The granulitic 
pyroxene composition remains constant except for a small 
increase in the average jadeite component  (NaAlSi2O6) and 
in aluminum beside a slight decrease of the  NaFe3Si2O6 

Fig. 4  Single representative IR 
absorption spectra for a garnet 
cores and rim of Zone I, Zone 
III and sample EcI with a main 
OH-stretching band around 
3565  cm−1; b IR spectra of the 
granulitic pyroxenes of Zone 
I–III with two OH-stretching 
bands around ~ 3515  cm−1 
and ~ 3615  cm−1; c Omphacite 
spectra with its characteristic 
OH band at 3460  cm−1; d Pla-
gioclase of Zone II with a main 
OH band occurring between 
3180 and 3210  cm−1, and a 
mixed spectra of plagioclase 
and clinozoisite (~ 3360  cm−1) 
of Zone I
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component from Zone I to III (Table 2). Altogether, the 
sample GrI and EcI fit this trend.

Three pyroxene IR spectra are shown in (Fig. 4b) with the 
strongest absorption at ~ 3515  cm−1, which is very similar 
to one main band described for diopside (e.g., Skogby et al. 
1990). Additionally, all granulitic pyroxenes display a sec-
ond and lower band around 3615  cm−1, which increases with 
decreasing distance to the eclogite-facies shear zone. Moreo-
ver, pyroxene spectra of Zone II and III exhibit a shoulder 
around 3460  cm−1. This was not observed for pyroxenes in 
Zone I or GrI. Figure 5a–d shows representative  H2O con-
tents and mineral chemistry profiles of four single pyroxene 
grains. Almost every grain shows a  H2O increase from the 
core towards the rims, as shown in (Fig. 5c) (Zone I). Mostly 
all pyroxene grains display this bowl-shape type water pro-
files. Although, the rise is not as steep in all grains, almost 
every grain shows a  H2O plateau around the lowermost val-
ues within the grain core. The  H2O concentration of pyrox-
ene in each zone was calculated from pooling the absorption 

values of the cores in each zone together to account for dif-
ferences in absorbance due to different orientations of the 
pyroxenes. Subsequently, the average of these absorption 
values was multiplied by 3 to obtain the total absorbance 
(Kovács et al. 2010). The  H2O concentrations within the 
pyroxene cores increase from Zone I, on average 140 µg/g, 
to Zone III, approximately 310 µg/g. One pyroxene grain 
of the GrI displays the lowest water contents for pyroxene 
of ~ 50 µg/g, but the average plateau  H2O content for the GrI 
pyroxenes is ~ 100 µg/g.

Newly formed omphacite grains within the eclogite-facies 
shear zone center are too small to be analyzed in detail. 
Therefore, 12 omphacite transects of the EcI sample were 
investigated. The composition of omphacite ranges from  Jd41 
to  Jd47.

One representative IR spectrum of the omphacite is 
given in Fig. 4c and displays two bands between 3400 and 
3550   cm−1 with the strongest absorption at 3460   cm−1. 
Occasionally, omphacite has a third band at 3630  cm−1 (e.g., 

Table 2  Jadeite and 
Ca-Tschermakite endmembers 
calculated for clinopyroxene 
using Cawthorn and Collerson 
(1974) for n data points and 
each zone, including the 
endmember samples

Area OH (µg/g  H2O) NaAlSi2O6 Na (apfu) CaAlAlSiO6 Al (apfu) NaFe3Si2O6 n

GrI 65 0.031 0.122 0.209 0.510 0.092 62
Zone I 140 0.013 0.117 0.205 0.457 0.113 123
Zone II 200 0.021 0.113 0.200 0.467 0.108 44
Zone III 310 0.068 0.129 0.171 0.462 0.068 26
EcI (omph) 230 0.443 0.469 0.033 0.522 0.026 108

Fig. 5  Representative  H2O content and mineral composition profiles 
of single pyroxene grains from Zone III (a), Zone I (b, c), and sample 
GrI (d). X-axis showing the transect length in µm, left y-axis displays 
the endmember compositions (in mol. %), and right y-axis the  H2O 
content up to 450 µg/g. Abbreviations for endmembers: Jd jadeite, Ac 
actmite, WoEnFs wollastonite/enstatite/ferrosilite, H2O water content, 

n datapoints of one transect, and g number of measured grains. BSE 
images show the associated pyroxene grains and insets in a, d dem-
onstrate that amphibole, phengite and clinozoisite are likely to form 
directly at pyroxene grain boundaries, commonly where in contact 
with plagioclase
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Skogby 2006), which is almost negligible to absent in the 
analyzed omphacites. Contrary to the granulitic pyroxene, 
in most of the omphacite transects the  H2O content either 
slightly decreases towards the rim or water contents are 
approximately constant within one grain (Fig. 6). Omphacite 
shows  H2O contents from 150 µg/g to 425 µg/g.

Plagioclase

The granulite-facies plagioclases of Zone I and the granulite 
endmember sample GrI have in general a composition of 
 An45Ab54Or1 (Table 1, Fig. 7a, b). During the metamorphic 
rock transformation, the granulitic plagioclase underwent an 
almost isochemically (only  H2O has been added) phase sepa-
ration forming symplectites (Wayte et al. 1989) consisting of 
clinozoisite and a more albite-rich plagioclase (~  An28Ab71). 
The plagioclase grains of the outermost part of Zone I 
appear very clean with rare clinozoisite needles (1–2 mm) 
mostly at their grain boundaries (Fig. 7a). With decreasing 
distance to the shear zone, the former granulitic plagioclase 
(~  An45Ab54) converts into a fine-grained matrix, ~ 50 µm on 
average (Fig. 7c, d), consisting of granulitic plagioclase rel-
icts and symplectites (czs + albitic plagioclase, ~  An28Ab71). 
In Zone III, less pristine plagioclase grains are left (Fig. 7e). 
The clinozoisite needles change their composition and have 
higher iron contents with decreasing distance to the shear 
zone (Table 1).

IR spectra of the granulite-facies plagioclase display 
a characteristic OH-stretching band between 3180 and 

3210  cm−1 (Fig. 4d). Additionally, almost all plagioclases 
show a shoulder around 3280  cm−1. Towards the eclogite-
facies shear zone, this minor band vanishes. One result 
of phase separation is the increasing volume of clinozo-
isite needles. The characteristic OH absorbance of clino-
zoisite superposes the plagioclase spectra (Fig. 4d). The 
OH-stretching band for clinozoisite is at 3360  cm−1. Both 
OH bands were differentiated by deconvolution (method 
described in Reynes et al. 2018). The water contents of the 
granulitic plagioclase increase from Zone I towards the shear 
zone from, ~ 10 µg/g up to a maximum of ~ 144 µg/g and the 
water profiles are usually flat. Due to the phase separation 
Zone II is the area closest to the eclogite-facies shear zone 
where water can be measured in the plagioclase grains by 
minimizing the possibility that the measurements reflect a 
mixture of both plagioclases, the precursor high-An plagio-
clase and the newly formed high-Ab plagioclase. The aver-
age water content detected here is approximately ~ 74 µg/g, 
with some few maximum values around 140 µg/g.

Discussion

OH incorporation in nominally anhydrous minerals

Garnet

The spectra of both granulitic garnet core and eclogite-
facies garnet rim have a single band around 3565  cm−1. 

Fig. 6  Mineral composition 
and  H2O content profiles of two 
representative omphacite grains 
of sample EcI. X-axis shows 
the length of the transect (µm); 
left y-axis displays the lateral 
endmember compositional 
variations of omphacite (in mol. 
%); and the right y-axis the 
 H2O content (in µg/g). a Is an 
omphacite grain with the low-
ermost water contents detected 
(~ 150 µg/g), and b is a grain 
with one of the highest water 
contents (~ 350 µg/g). Abbrevia-
tions as described in Fig. 5
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There is no shift in the OH-stretching band even though 
the garnet composition changes from ~  Alm28Pyr53Grs18 
to ~  Alm45Pyr37Grs17. The most widely recognized point 
defect for OH incorporation in garnet is the hydrogarnet 
substitution where  Si4+ is replaced by  4H+ in the tetrahedral 
site (e.g., Cohen-Addad et al. 1967). This defect produces 
a different IR-band depending on the garnet composition 
(Aines and Rossman 1984b). In the measured garnet, the 
OH band is neither characteristic of pure pyrope (3623  cm−1, 
e.g., Geiger et al. 1991) nor for almandine (3550  cm−1, e.g., 
Aines and Rossman 1984a). The broad OH band, between 
the two OH band positions, might suggests a solid-solution 
of the endmembers causing an intermediate band position at 
3565  cm−1. The observed spectra are similar to mantle gar-
nets having a band at 3570  cm−1 (e.g., Aines and Rossman 
1984b; Bell and Rossman 1992), which are usually pyrope-
almandine solid solutions with a minor grossular content. 
A second hypothesis is that the absorption is related to an 
andradite  (CaFe3+) component in garnet (Amthauer and 
Rossman 1998; Geiger and Rossman 2020), which shows a 
single peak at 3565  cm−1. The microprobe analysis (Table 1) 

reveals a minor andradite component in the analyzed garnets 
(< 1 mol.%), which might be enough to explain incorpora-
tion of OH in such a micro-environment. The observation 
that there is no shift in absorption bands from granulite to 
eclogite-facies garnet despite major element composition 
shift supports this second hypothesis.

The  H2O contents of the eclogite-facies garnet are gener-
ally up to 30 times higher (> 150 µg/g) than the  H2O con-
tents of the granulite-facies garnet (~ 10 µg/g). The newly 
formed eclogite-facies garnet rims grew in the presence of a 
free fluid phase (e.g., Raimbourg et al. 2007), and thus likely 
represent the equilibrium value for this composition at the 
given P–T conditions. The water contents of the granulite-
facies garnets are more intriguing. They show two main fea-
tures. Firstly, the concentrations of  H2O in the core increases 
from Zone I (5–10 µg/g) to Zone III (50 µg/g) by a factor 
of five to ten, while major element concentrations remain 
the same. Secondly, transects through single grains show 
a plateau  H2O content in the core and then a pronounced 
increase towards the rim. Both features occur in the granu-
litic garnet composition (Fig. 3b) and hence, are not related 

Fig. 7  BSE images are shown to compare plagioclase characteristics 
of Zone I to Zone III. At the outermost part of Zone I a, b the plagio-
clase is almost unaltered with much less clinozoisite. The clinozoisite 
mainly occurs at the plagioclase grain boundaries but also inside the 

plagioclase core. In Zone I c nearer to the shear zone and Zone II d 
phase separation is visible throughout the entire plagioclase grain. As 
a result of ongoing phase separation almost no granulitic plagioclase 
is left in Zone III e, and the matrix average grain size is reduced
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to recrystallization. Instead, these features are characteristic 
of diffusive processes that must have occurred during the 
fluid influx into the previously dry granulite. The  H2O con-
tent increase from core to rim provides strong evidence that 
no modification of the  H2O occurred during exhumation of 
the rocks, as this would result in decreasing  H2O contents 
from core to rim. Therefore, the observed increase of  H2O 
contents in the granulitic garnets is interpreted to relate to 
diffusive  H2O intake during the formation of the hydrous 
eclogite-facies shear zone. To obtain a plateau concentration 
of  H2O contents, fast diffusion is required.

Reynes et al. (2018) have revealed that the fastest H dif-
fusion (out) mechanism in garnet is likely related to iron 
oxidation. The reverse mechanism might enable a fast hydra-
tion mechanism, with reduction of a  Fe3+ into  Fe2+ charge 
balanced by the incorporation of H as described by the fol-
lowing generalized equation:

The available amount of  Fe3+ in the granulite-facies gar-
net places then an upper limit of how much hydrogen can be 
incorporated with this mechanism. This “proton–polaron” 
exchange (Mackwell and Kohlstedt 1990) is orders of mag-
nitude faster than vacancy or cation diffusion in silicates 
(Jollands et al. 2021) and able to “decorate” pre-existing 
defects with hydrogen. In H decoration experiments of oli-
vine, Tollan et al. (2018) observed similar shaped profiles 
as found in the garnets here, with a plateau  H2O concentra-
tion in the cores and a small rim with increased  H2O. They 
could show that plateau concentrations were related to a fast 
proton–polaron reaction, while the increase in the rims was 
probably related to  H2O incorporation due to metal vacancy 
diffusion. Therefore, the assumption is that the  H2O increase 
towards the rims is governed in a similar way by a slower 
diffusion mechanism that involves metal vacancies. The two 
different hydration processes for the analyzed garnet can be 
described by the following equations:

Fast hydrogen proton diffusion

which corresponds to 1∕4 of a hydrogrossular substitution.
Slower diffusion involving also movement of hydrogen 

associated to cation vacancies

In a different eclogite-facies shear zone in the Hols-
nøy granulite, Malvoisin et al. (2020) observed granu-
litic garnets with higher  H2O contents of 150 µg/g in the 
core and ~ 50 µg/g in the rims. The particular zoning of 
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the garnet was interpreted as decoration of pre-existing 
defects in garnet during a fluid influx event, followed by 
diffusional loss and recrystallization of minerals around 
garnet immediately after the H uptake. It is interesting to 
note that the rim  H2O contents of Malvoisin et al. (2020) 
approximately correspond to the plateau concentrations 
of garnet within the eclogite-facies shear zone analyzed 
in this study.

Clinopyroxene

The analyzed granulitic pyroxene shows diopsidic to augitic 
compositions. Recently Balan et al. (2020) indicated that 
diopside mainly shows three different OH-bearing defects 
at the T-, M2-, or M1-site of the crystal lattice. Among the 
most common substitutions H-substitutions are associated 
to trivalent cations (e.g., Ingrin et al. 1989).

There is a difference between the OH absorption in 
augitic to diopsidic pyroxene with bands at 3515  cm− 1 (sim-
ilar to that reported in Skogby et al. 1990) and 3615  cm−1, 
and omphacite with a main band at 3460  cm−1 with a shoul-
der at 3515  cm−1. The 3460  cm−1 is typical for omphacite 
(Koch-Müller et al. 2004) and likely related to the substitu-
tion of  H+ for  Na+ in the jadeite component (Bromiley and 
Keppler 2004). The band at 3615  cm−1 can be attributed to 
a coupled substitution of  Al3+ and  H+ for Si on the tetra-
hedral site (e.g., Balan et al. 2020; Smyth et al. 1991). The 
interpretation of the 3515  cm−1 is not straightforward and 
is potentially related to the coupled substitution of  H+ on 
M2-site and Ti on M1-site charge balanced by an Al on the 
tetrahedral site (Balan et al. 2020).

As observed for the garnet grains, the granulitic pyroxene 
grains display average plateau core water contents increas-
ing from Zone I (140 µg/g) to Zone III (310 µg/g, Fig. 5) 
without showing any compositional changes and changes 
in the absorption bands. Additionally,  H2O contents within 
one single grain increases from core to rim with different 
gradients for each grain. However, this  H2O increase is 
again not accompanying a compositional change. Hence, 

these findings imply that neither the water increase from 
Zone I to III nor from core to rim is a result of recrystalliza-
tion. Consequently, this is another indication for a prograde 

hydrogen diffusive process forming hydroxyl groups inside 
the crystal lattice and decoration of pre-existing defects. A 
possible mineral reaction equation for the fast hydrogen dif-
fusion is as follows:
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This reaction reduces the amount of ferric iron in pyrox-
ene, in agreement with the observed trend in the pyroxene 
compositions (Table 2). Putnis et al. (2021) showed that the 
granulite pyroxene host amphibole lamellae along the cleav-
age planes. This mechanism has been discussed by several 
scientists and identified as another possibility to incorpo-
rate OH within a pyroxene grain (e.g., Maresch et al. 2009; 
Veblen and Buseck 1980, 1981). Nevertheless, the granu-
litic pyroxenes measured in this study do not show any high 
wavenumber OH features (typically at 3670  cm−1, Buseck 
et al. 1980) that could be related to amphibole lamellae.

The omphacite in EcI hosts ~ 150 µg/g up to a maximum 
of ~ 425 µg/g  H2O. Using SEM phase maps and examining 
the mineral phases directly surrounding the omphacites the 
 H2O contents retained in one omphacite grain can be inversely 
correlated with the amount of hydrous phases (Fig. 8). For 
cases where > 90 vol.% of the surrounding minerals are 
hydrous phases (e.g., clinozoisite, amphibole, phengite) 
about 150 µg/g  H2O was measured in omphacite. Contrary, 
for a grain with approximately 10 vol.% of adjacent hydrous 
phases a maximum of 425 µg/g  H2O have been measured. 
The  H2O transects indicate that water contents either slightly 
decrease toward the rims or remain similar from core to rim. 
As described above the OH incorporation in clinopyroxenes 
is dependent on the crystallographic orientation. The analyzed 
omphacites crystallized during local strain and consequently, 

(5)Ca
(

Fe3+
)

AlSiO6 + 0.5 H2 → Ca
(

Fe2+
)

HAlSiO6

Clinopyroxene + 0.5 H2 → H − clinopyroxene

are likely aligned in the matrix of the newly formed eclogite-
facies shear zone. Additionally, the omphacites are picked ran-
domly and IR absorption spectra are comparable. The data 
might indicate, that newly formed omphacite grains have a 
maximum  H2O storage capacity of 425 µg/g at a very small-
scale (hundreds of µm) local and temporary equilibrium when 
a free aqueous fluid is present. Low water contents of 150 µg/g 
would represent the  H2O concentrations at equilibrium condi-
tions with hydrous phases.

Plagioclase

Several studies showed that plagioclase can incorporate water 
in the form of OH groups, on a range from less than 10 to 
more than 500 µg/g  H2O without a clear classification or trend 
for different plagioclase compositions and sources (e.g., Beran 
1987; Johnson and Rossman 2004). It has been suggested that 
hydrogen is bonded to the oxygen adjacent to M-site vacan-
cies (e.g., Mosenfelder et al. 2020; Wenk et al. 1980).

The spectra of the granulitic plagioclase have a well-defined 
absorption band at 3180  cm−1 resulting in a maximum  H2O 
concentration ranging from approximately 10 µg/g for clean 
granulitic plagioclase in Zone I and GrI to ~ 140 µg/g  H2O in 
Zone II.  H2O transects through one single plagioclase grain 
show irregularities in the  H2O contents from 5 to 10 µg/g in 
a spot step size of 50 µm, within range of the FTIR accuracy.

Contrary to the data of garnet and granulitic pyroxene, 
there are no measurement spots for granulitic plagioclase 
in Zone III, less in Zone II (n = 22), and most in Zone I 
(n = 81) and GrI (n = 156), which is the result of the phase 
separation. The modal abundance of clinozoisite and albite-
rich plagioclase increases from Zone I–III and decreases for 
granulitic plagioclase (Fig. 2). The findings imply that the 
granulitic plagioclase is the first phase that equilibrated at 
eclogite-facies P–T conditions once the fluid infiltrated the 
system. Granulitic plagioclase does not contain any ferric 
iron and thus,  H2O incorporation cannot operate in the same 
way as in pyroxene and garnet. However, there is possibly 
some hydrogen uptake due to the decoration of pre-existing 
defects as seen for the garnet and pyroxene. Nevertheless, a 
key observation is that in Zone I clinozoisite forms within 
the plagioclase without any additional quartz and kyanite. 
At the same time the  H2O content in plagioclase increases. 
These observations require the presence of an aqueous fluid 
and can be explained by the following reaction:

The conversion of the anorthite component of plagioclase 
into clinozoisite results in a shift of the plagioclase to a more 
albite-rich, hydrous composition. As soon as the solubility 

(6)4 CaAl2Si2O8 + 2 H2O → 2 Ca2Al3Si3O12(OH) + H2Al2Si2O8

4 Anorthite + 2 aq.fluid → 2 Clinozoisite + H − plagioclase
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Fig. 8  Correlation of the average water contents for each measured 
omphacite grain (y-axis) and the percentage of hydrous phases sur-
rounding this grain (x-axis). The trend implies the more hydrous 
phases are formed next to an omphacite grain during equilibration the 
less water is stored or remained in the omphacite in 2-dimensional 
manner



 Contributions to Mineralogy and Petrology          (2022) 177:72 

1 3

   72  Page 14 of 20

limit for hydrogen in this plagioclase is reached, ongoing 
hydration will result in symplectite formation according to 
the reaction

where quartz and kyanite are found as reaction products in 
Zone II and III. This fluid-induced mineral reaction caused a 
recrystallization to grain sizes of about three orders of mag-
nitude smaller, which probably significantly influenced the 
rock strength and hence, the ongoing rock transformation.

Bulk water

To evaluate how much  H2O was approximately absorbed by 
the dry granulite system the changes in the mineral assem-
blage from Zone I to Zone III have been correlated with the 
water contents of the individual phases. Average water con-
tents for the NAMs are given in Fig. 9b. The bulk water was 
calculated using the modal phase abundances (Fig. 2b) for 
the NAMs and hydrous phases multiplied by their specific 
average water contents. For the hydrous phases, clinozo-
isite and amphibole, 2 wt.%  H2O are used (e.g., Deer et al. 
1997). Accordingly, the calculated bulk  H2O content in the 
outermost part, Zone I, is around ~ 400 µg/g and increases 
up to ~ 2600 µg/g  H2O within the eclogite-facies shear zone, 
Zone III. Furthest away from the shear zone (Zone I), about 

(7)4 CaAl2Si2O8 + 2 H2O → 2 Ca2Al3Si3O12(OH) + Al2SiO5 + SiO2

4 Anorthite + 2 aq. fluid → 2 Clinozoisite + Kyanite + Quartz

35% of the bulk water is stored in NAMs, whereas in Zone 

Fig. 9  a Microscopic thick-section images of the analyzed profile, 
separated in Zone I–III. (b) Distribution of the average water con-
tents for garnet, granulitic pyroxene, and granulitic plagioclase grains 
(y-axis on the left side). Error bars indicate variations for minimum 

and maximum values of the water contents. Calculated bulk water 
contents are given as yellow circles (y-axis right side). The values 
represent Zone III, Zone II, and three sections of Zone I

III nearly all of the water (~ 98%) is stored in clinozoisite 
and amphibole.

Fluid influx into a metastable dry crustal rock: 
mechanism of hydration

Taking into account all the findings described above, 
it becomes evident that the granulites were most likely 
hydrated within three different time and length scales, 
including various interconnected processes occurring 
simultaneously. Figure 10 shows a systematic sketch of 
the hydration and contemporaneous eclogitization and 
weakening of the system:

T0: Initial stage

Starting from the initial stage at which the granulite precur-
sor rock is pristine, an aqueous fluid enters the system in 
a highly localized fracture-like structure (e.g., Austrheim 
1987; Jamtveit et al. 2019; Kaatz et al. 2021). Aqueous 
fluids at elevated P–T conditions as such applicable for 
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the eclogite-facies shear zones on Holsnøy (~2 GPa and 
~700 °C; e.g., Bhowany et al. 2018) consists predominantly 
of  H2O but also contain trace amounts of  H+ and  H2 (e.g., 
Hermann et al. 2006; Manning 2004; Manning and Frezzotti 
2020). Somehow, the rocks did not reach full equilibrium, 
which precludes the possibility to quantify the speciation 
within the infiltrating fluid. Nevertheless, according to their 
specific properties such as mobility and diffusivities, the 
influxes of the  H2O and the hydrogen develop with clearly 
distinct characteristics.

T1: First stage—diffusion of hydrogen

The first key observation is that garnet and granulitic pyrox-
ene incorporate OH up to 10 cm away from the locus of fluid 
influx even though no direct hints of metamorphic mineral 
reactions are observed. Increasing core  H2O contents within 
the grain interiors were detected as a function of distance 
from Zone I to Zone III (Fig. 9b). This indicates that the 
grains incorporated more hydrogen as trace element in their 
crystal lattice the closer they have been to the fluid source, 
without any changes of their major element composition nor 
reaction with neighboring phases. The overall increase of 
 H2O contents in garnet and granulitic pyroxene cores has 
been, thus, most probably ensured by the uptake of hydro-
gen  (H+ or  H2), bonded to the oxygen inside the crystal lat-
tice (Padrón-Navarta et al. 2014; Stalder et al. 2007). No 

diffusion profiles have been observed related to the decora-
tion of defects even in minerals formed in Zone I, indicating 
that this process is very fast. Defects are likely formed dur-
ing high-temperature granulite-facies metamorphic condi-
tions under which the wall rock was formed. Decoration of 
defects by hydrogen diffusion  (H+/H2) in NAMs is easily 
achieved in laboratory experiments (Mackwell and Kohlstedt 
1990; Tollan et al. 2018) but is rarely documented in natu-
ral subduction zone rocks. So far, decoration of defects in 
orthopyroxene has been described in fore-arc mantle xeno-
liths, e.g., by Tollan and Hermann (2019).

To get first-order constraints for the minimum duration of 
the fast hydrogen diffusion and the OH incorporation, e.g., 
for the garnet core plateau uplift from ~8 µg/g (Zone I) to on 
average 40 µg/g (Zone III), a diffusional hydrogen transport 
was modeled based on the hydrogen diffusion coefficient 
determined experimentally for garnet in the study of Reynes 
et al. (2018). Assuming a garnet grain of 1 mm in diameter 
at 700 °C with a starting concentration of 8 µg/g  H2O, a dif-
fusivity of  10-15  m2/s, a constant garnet composition and a 
 H2O concentration of 40 µg/g at the garnet outermost rim, 
an equilibration of the garnet cores occurs within approxi-
mately two years. This minimum duration needed to produce 
the plateau  H2O concentrations in garnet is in agreement 
with results of studies that aimed to determine the duration 
of rock transformation due to interaction with external fluid 
influx (e.g., Taetz et al. 2018).

Fig. 10  Schematic sketch of the fluid influx into the systems. The 
initial stage  T0 is characterized by the infiltration of an aqueous fluid 
via a fracture-like structure. This fluid provides both  H2O and  H+/
H2. Due to fast hydrogen diffusion  H+/H2 pervasively propagates 
into the system  (T1), loads the NAMs, induced the first formation of 
symplectites (albite-rich plagioclase + clinozoisite), and initiated the 

equilibration of the metastable dry granulite. The slower diffusion of 
 H2O  (T2) promotes mineral reactions and pushes the synkinematic 
formation of eclogite-facies minerals, e.g., omphacite and hydrous 
phases including omphacite and probably additional clinozoisite. This 
finally, allowed the ductile deformation to develop the shear zone as 
well as Zone I to III
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With the currently available data, it is difficult to assess 
whether diffusion was dominated by  H+ or  H2. The neutral 
pH at 2 GPa and 600 °C is about 4 (Manning 2004) while 
 H2 in aqueous fluids depends on the oxygen fugacity (Pic-
coli et al. 2019). An interesting side effect of extracting  H2 
by diffusion out of the aqueous fluid into the dry granulite 
is that this process will drive the dissociation reaction  H2O 
 H2 + ½  O2 to the right, thus leading to an increase in oxy-
gen fugacity in the infiltrating fluid (e.g., Tollan and Her-
mann 2019). It is expected that this process is coupled to 
an increase of ferric to ferrous iron ratio (see Eq. 2), which 
in turn is then available for the formation and stabilization 
of clinozoisite (which only incorporates  Fe3+ into its lat-
tice) within and adjacent to the eclogite-facies shear zone. 
The clinozoisite displays a low ferric iron content, which 
slightly increases towards the shear zone (Table 1) while its 
abundance increases too (Figs. 2, 7). This observation pro-
vides evidence for a link between the hydration of NAMs via 
hydrogen diffusion in the granulite with the formation of a 
hydrous phase (clinozoisite) in the close vicinity of the shear 
zone. Additionally, the formation of clinozoisite as a result 
of the granulitic plagioclase breakdown lowers the average 
grain size of the granulitic matrix (Fig. 10).

A slightly slower process of hydrogen incorporation into 
NAMs is documented at the rims of granulitic pyroxene and 
garnet. Both minerals display bowl-shaped enrichment of 
 H2O contents towards the rim. Dohmen and Milke (2010) 
showed that volume diffusion combined with a highly effi-
cient grain boundary diffusion generate such profiles and 
Tollan et al. (2018) reproduced them in decoration experi-
ments for olivine, where they were interpreted to represent 
hydrogen incorporation related to slower diffusion of metal 
vacancies. At 700 °C, this process is about 2–3 orders of 
magnitude slower than the diffusion of protons (Jollands 
et al. 2019). The bowl-shape water content profiles in granu-
litic garnet and pyroxene suggest that  H2O did not diffuse out 
during exhumation and retrogression of the rocks.

T2: Second stage—influx of  H2O as aqueous fluid

In contrast to garnet and pyroxene, the granulitic plagioclase 
does not contain any ferric iron to facilitate the hydrogen 
uptake and thus, a different process is responsible for the 
hydration of plagioclase. Based on the given data and obser-
vations the suggestion is that the first fluid which arrives at 
the grain boundaries of the granulitic plagioclase in Zone 
I diffuses into the grain interiors to hydrate the plagioclase 
by the uptake of hydrogen due to pre-existing defects con-
comitant to the formation of isolated clinozoisite needles 
(Eq. 6). This process does not require any additional phase 
and is likely to proceed until the capacity of the plagioclase 
to absorb  H2O is reached. During further aqueous fluid infil-
tration, newly formed hydrous minerals control the  H2O 

uptake of the bulk system. The formation of additional hydrous 
phases, e.g., amphibole and additional clinozoisite, is restricted 
to narrow grain boundaries in Zone I and rather well distributed 
in close vicinity to the shear zone (Zone III). This shows that the 
influx of an aqueous fluid transforms the system from a diffu-
sion- to a reaction-dominated regime. Based on a detailed study 
of isotopic resetting of micas during the partial re-equilibration 
of a similar rock association slightly further north within the 
Western Gneiss Region, Glodny et al. (2008a) concluded that 
the grain boundaries of the dry precursor rocks have been too 
dry to allow for a sufficient grain boundary-assisted element 
transport. Jonas et al. (2014) demonstrated that a diffusive fluid 
influx along formerly dry grain boundaries reflects an efficient 
transport mechanism for aqueous fluids into a metastable sys-
tem. That leads to mineral reactions that progressively affected 
more and more of the grain interior by dissolution–precipitation 
as the fluid influx proceeds.

During the equilibration process the incorporation of OH 
groups either occurs in mineral phases that contain an OH-
group in their structure, i.e., hydrous phases, or according to a 
high number of point defects that can be generated by rather fast 
precipitation of minerals during dissolution–precipitation reac-
tions. This may explain, not only the  H2O content increase from 
the granulitic garnet cores to the eclogite-facies garnet rims but 
also why omphacite is able to incorporate high amounts of OH 
(maximum of ~425 µg/g  H2O).

It appears that four mechanisms have been controlling 
the fluid influx processes: (1) fast  H+/  H2 grain boundary 
and volume diffusion, (2) decoration of pre-existing lattice 
defects with  H+ or  H2, and (3) slower grain-boundary dif-
fusion of  H2O causing (4) OH incorporation during reac-
tion induced recrystallization of granulite minerals into a 
hydrated, new eclogite-facies mineral assemblage.

The findings of this study concerning the different length 
scales and rates of processes associated with an aqueous 
fluid infiltration are similar to those described in the context 
of contact metamorphism. Oxygen and hydrogen diffusion 
fronts show that the hydrogen always proceeded further 
compared to the oxygen (e.g., Andrew and O’Neil 1988; 
Joesten 2018; Shieh and Taylor 1969). The oxygen is exclu-
sively transported by an aqueous fluid  (H2O) while hydro-
gen  (H+/H2) by both, via an aqueous fluid and additional 
hydrogen influx. Accordingly, at bulk rock scale hydrogen 
proton influx is much faster and more pervasive than grain-
boundary-assisted influx of an aqueous fluid, especially in 
a previously dry system (e.g., Dohmen and Milke 2010).

Summary and conclusions

This study shows that NAMs play a major role in the water 
uptake of a dry and metastable system and are key phases 
to initiate, in this case, the metamorphic transformation 
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from granulite to eclogite while enhancing the sensitivity 
for ductile deformation of a rigid highly viscous bulk sys-
tem. The fluid-driven eclogitization of the dry granulites on 
Holsnøy is mainly controlled by two distinct diffusional pro-
cesses occurring contemporaneously but at different scales 
and rates. At first hydrogen  (H+/H2), which is very fast and 
pervasively transported through intergranular boundaries 
and mineral interiors, is bonded to oxygen inside the crys-
tal lattice of a grain. Hence, OH groups are formed, which 
causes a “H2O-loading” of the NAMs and a  H2O increase 
towards the eclogite-facies shear zone (fluid source) without 
leading necessarily to any mineral reaction. Average water 
contents of the garnet cores increase from ~ 10 to ~ 50 µg/g, 
for granulitic pyroxene from ~ 100 to ~ 310 µg/g, and for 
granulitic plagioclase from ~ 10 to ~ 144 µg/g. Such “H2O-
loading” leads to a weakening of the granulite as well as 
assisted in the widening of eclogite-facies shear zones dur-
ing ongoing deformation. Secondly, the influx of  H2O via 
an aqueous fluid is mainly grain-boundary-assisted and pro-
motes fluid–rock interaction, like the formation of hydrous 
phases,  H2O-rich omphacite and eclogite-facies garnet rims. 
The bowl-shape type  H2O profiles of garnet and granulitic 
pyroxene indicate that no hydrogen loss occurred during 
the exhumation of the rocks. Newly formed omphacite has 
a maximum  H2O content of ~ 425 µg/g. Omphacite that is 
surrounded by a high abundance of hydrous phases has a 
lower  H2O content of ~ 150 µg/g. The former may represent 
maximal water uptake capacities while the latter likely indi-
cates the equilibrium water content within a larger volume 
of bulk equilibrium.

Granulitic plagioclase constitutes approximately 60 vol.% 
of the analyzed cross-section granulite and highly dominates 
the rheology, the deformation behavior, and stress resist-
ance of the bulk system. The “H2O-loading” of the granulitic 
plagioclase induced by hydrogen influx triggers a two-step 
phase separation. In the initial step, clinozoisite needles and 
hydrous plagioclase form simultaneously. With ongoing 
hydration, plagioclase recrystallizes to an albite-rich pla-
gioclase, kyanite and quartz with grain sizes which are about 
three orders of magnitude smaller. This significantly reduces 
the activation energy for creep mechanisms (e.g., Kohlstedt 
2006), and enhances the sensitivity for ductile deformation 
and strain localization according to grain-size-sensitive flow 
laws (e.g., De Bresser et al. 2001; Hawemann et al. 2019). 
This temporary weakening of the system due to grain-size 
minimization of the plagioclase enhances the potential of 
new eclogite-facies shear zones to nucleate (e.g., Thielmann 
et al. 2015; Tullis and Yund 1985).
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