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Abstract
Fluid flow in crystalline rocks in the absence of fractures or ductile shear zones dominantly occurs by grain boundary diffu-
sion, as it is faster than volume diffusion. It is, however, unclear how reactive fluid flow is guided through such pathways. We 
present a microstructural, mineral chemical, and thermodynamic analysis of a static fluid-driven reaction from dry granulite 
to ‘wet’ eclogite. Fluid infiltration resulted in re-equilibration at eclogite-facies conditions, indicating that the granulitic 
protolith was out of equilibrium, but unable to adjust to changing P–T conditions. The transformation occurred in three 
steps: (1) initial hydration along plagioclase grain boundaries, (2) complete breakdown of plagioclase and hydration along 
phase boundaries between plagioclase and garnet/clinopyroxene, and (3) re-equilibration of the rock to an eclogite-facies 
mineral assemblage. Thermodynamic modelling of local compositions reveals that this reaction sequence is proportional to 
the local decrease of the Gibbs free energy calculated for ‘dry’ and ‘wet’ cases. These energy differences result in increased 
net reaction rates and the reactions that result in the largest decrease of the Gibbs free energy occur first. In addition, these 
reactions result in a local volume decrease leading to porosity formation; i.e., pathways for new fluid to enter the reaction site 
thus controlling net fluid flow. Element transport to and from the reaction sites only occurs if it is energetically beneficial, 
and enough transport agent is available. Reactive fluid flow during static re-equilibration of nominally impermeable rocks 
is thus guided by differences in the energy budget of the local equilibrium domains.
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Introduction

Metamorphism in orogenic roots or deeply subducting 
plates substantially impacts the geodynamic evolution of 
convergent plate boundaries because it results in consid-
erable changes in the physical properties of the involved 
rocks (e.g., Austrheim 1991; Bedford et al. 2020; Dewey 

et al. 1993; Hetényi et al. 2007; Klemd et al. 2011; Ronde-
nay et al. 2008; Zertani et al. 2022). These transformations 
reflect the changing P–T conditions; however, many other 
factors play an essential role to facilitate and/or maintain 
metamorphic re-equilibration. Arguably, the most important 
factor is the availability of fluids during mineral reactions. 
Recently, for example, fluid-driven densification of the Phil-
ippine Sea slab has been invoked as a potential trigger for 
the swinging of the subducting plate preceding the magni-
tude 9.0 Tohoku-oki earthquake, illustrating the substantial 
impact that rapid fluid-mediated metamorphism may have on 
hazardous seismic events (Bedford et al. 2020). It has been 
demonstrated convincingly that these metamorphic reac-
tions can be significantly overstepped in dry systems (e.g., 
Austrheim 1987; Jackson et al. 2004; Jamtveit et al. 2016; 
John and Schenk 2003; Wayte et al. 1989). However, when a 
fluid phase is introduced, reaction rates are accelerated, and 
mineral reactions occur to re-establish equilibrium between 
the rock composition, the fluid composition, and the prevail-
ing P–T conditions (Jamtveit et al. 2000; John and Schenk 
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2003; Taetz et al. 2018). In this context, the efficiency of 
a fluid phase in driving metamorphic reactions forward is 
unequivocally linked with the generation of fluid pathways. 
However, most of the crustal rocks subjected to high-grade 
metamorphism consist of crystalline and nominally imper-
meable rocks (e.g., Manning and Ingebritsen 1999).

In this context, there is a consensus that brittle failure 
causes fluid pathways and that these often evolve into ductile 
shear zones that localize strain and channelize fluid flow 
(e.g., Austrheim 1987; Fusseis et al. 2009; Jamtveit et al. 
2019; Mancktelow and Pennacchioni 2005; Menegon et al. 
2017). Within these shear zones, fluid flow can be promoted 
by dynamically created permeability, where viscous grain-
boundary sliding leads to the formation of porosity along 
grain boundaries (creep cavitation) thus providing a self-
sustained mechanism for a granular fluid pump (Fusseis 
et al. 2009). Additionally, fluid flow in shear zones can be 
promoted by dissolution–precipitation creep (Wassmann and 
Stöckhert 2013), or possibly by fluid-pressure fluctuations 
(Kaatz et al. 2021).

However, fluid flow in those examples is intimately linked 
with ductile deformation. Nevertheless, it has been dem-
onstrated that fluid migration through crustal rocks also 
occurs without associated deformation by viscous creep 
processes (e.g., Jamtveit et al. 2000; John and Schenk 2003; 
Mørk 1985; Plümper et al. 2017a; Putnis et al. 2021). In 
essentially impermeable rocks fluid flow is attributed to the 
generation of permeability by hydraulic or reaction-induced 
fracturing, densification reactions, diffusion along grain and 
phase boundaries, and interface-coupled dissolution and 
precipitation reactions (e.g., Ague and Axler 2016; Harlov 
et al. 2011; Hövelmann et al. 2010; Jamtveit et al. 2000; 
John and Schenk 2003; Oliver 1996; Plümper et al. 2012, 
2017b; Putnis 2009; Putnis and Austrheim 2010; Putnis and 
John 2010). Recently, Wirth et al. (2021) detected partially 
open grain boundaries that can act as fluid conduits that 
were interpreted to result from an anisotropic thermoelastic 
response caused by the cooling of the rock. Similarly, fluid 
migration in feldspar has been linked with transient porosi-
ties that ensure that fluids are provided to the reaction front 
(Plümper et al. 2017a). Further, fluid migration into dry 
rocks was suggested to be driven by mineral reactions that 
cause disturbances in the local stress field leading to micro-
fracturing (Jamtveit et al. 2000) or local pressure variations 
(Putnis et al. 2021).

It remains an important task to understand how fluid flow 
in such rocks is driven because it has been shown to affect 
large volumes of crustal rocks (e.g., John and Schenk 2003; 
Zertani et al. 2019), and occur on short timescales (Taetz 
et al. 2018; Beinlich et al. 2020), and thus has large-scale 
tectonic implications (Bedford et al. 2020). To tackle this 
issue, we present detailed microstructural investigations of 
an eclogitization front preserved within dry lower crustal 

granulites from Holsnøy (Bergen Arcs, Western Norway). 
This sample was not affected by viscous deformation even 
during ongoing regional deformation, and the transformation 
is entirely static. We evaluate how the fluid-induced reaction 
front progressed into the dry granulite using mineral chemi-
cal data. Subsequently, we establish the succession in which 
the mineral reactions must have occurred, based on domains 
related to the availability of reactants at the grain and phase 
boundaries. These local compositions are then used to calcu-
late the differences in Gibbs free energy between the dry and 
wet equilibrium assemblages for each characteristic reaction. 
We then compare the differences in Gibbs free energy to 
the sequence in which these reactions occur. In the context 
of reaction kinetics, these energies represent the reduction 
of the energy barrier. As a result, we demonstrate that the 
macroscopic fluid flow pattern in a static metamorphic set-
ting is governed by the thermodynamics of local equlibria.

Geological context

The exposures on the island of Holsnøy are part of the 
Lindås nappe, which belongs to the Bergen arc system (e.g., 
Austrheim 1987; Corfu et al. 2014). The island exposes pre-
Caledonian granulite-facies basement rocks of the Baltica-
affiliated Jotun microcontinent, which have been partially 
eclogitized during the Scandian phase of the Caledonian 
collision (e.g., Austrheim and Griffin 1985; Corfu et al. 
2014; Jakob et al. 2019). Peak P–T-conditions were reached 
at ~ 430 Ma (Glodny et al. 2008) and were determined to be 
650–750 °C and 1.7–2.1 GPa (e.g., Bhowany et al. 2018; 
Jamtveit et al. 1990; Zhong et al. 2019).

Eclogitization was intimately linked with the availability 
of fluids and thus occurred locally, most prominently along 
shear zones (Austrheim 1987; Boundy et al. 1997; Raim-
bourg et al. 2005). The exposures feature shear zones on 
various scales ranging in width from a few centimeters to a 
few hundred meters, and the exposures can be regarded to 
represent a large-scale shear zone network established dur-
ing high-pressure (HP) metamorphism in an orogenic root 
(Austrheim 1987, 1991; Jolivet et al. 2005; Zertani et al. 
2019). Altogether, this shear zone network is a few kilom-
eters wide and indicates overall top-E to top-NE kinematics 
(Raimbourg et al. 2005). The area between the shear zones 
preserves low-strain domains on variable scales, the largest 
of which is kilometer-sized (Zertani et al. 2019, Fig. 1).

The low-strain domains are composed either of pre-
served granulite or eclogite that has formed statically; 
however, in most cases, they feature a mixture of the two 
covering the entire spectrum from non-eclogitized to com-
pletely eclogitized. When eclogitization occurs statically 
(see Zertani et al. 2019 for details on static vs. dynamic 
eclogitization in Holsnøy) the reacted volume typically 
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forms finger-like domains, that are often parallel to the 
pre-existing granulite foliation (e.g., Jamtveit et al. 2000; 
Putnis et al. 2021; Zertani et al. 2019). Similar to the 
shear zones exposed in the same area the fluid is thought 
to initially enter the rock volume along fractures and be 
channelized along shear zones. However, when the eclog-
ites are formed statically they display no signs of ductile 
deformation. With increasing size of these ‘eclogite fin-
gers’, they interconnect and have nondescript and irregu-
lar shapes. However, it has been shown that the volume 
of statically formed eclogite on Holsnøy is substantial 
and thus an integral contribution to the overall volume of 
eclogitization (Zertani et al. 2019).

Although these exposures have been the target of a sub-
stantial number of studies, the source of the infiltrating 
fluids remains unclear. However, the dominant fluid must 
have been H2O-rich to produce the hydrous phases that 
are part of the eclogite-facies mineral assemblage (Jamt-
veit et al. 1990) and it has been suggested that they had 
a sedimentary source (Jamtveit et al. 2021; Mattey et al. 
1994). In addition, it has also been demonstrated that the 
overall volume of infiltrating fluid must have been substan-
tial (Kaatz et al. 2021).

Methods

Our analyses were carried out on a sample approximately 
30 × 10 × 8 cm in size composed of granulite, eclogite, and 
the transition between the two (Fig. 2). Six thin sections 
were prepared perpendicular to the reaction front cover-
ing the entire evolution from granulite to eclogite (Fig. 2).

Quantitative measurements of major element composi-
tions of the rock-forming minerals were obtained using a 
JEOL JXA 8200 SuperProbe at Freie Universität Berlin, 
Germany. The beam was operated at an acceleration volt-
age of 15 kV, a beam current of 20 nA, and a beam diam-
eter of 1 μm for garnet (Grt) and clinopyroxene (Cpx), 
5 µm for zoisite (Zo)/clinozoisite (Czo), plagioclase (Pl), 
and amphibole (Amp) and 10 µm for phengite (Ph; mineral 
abbreviations throughout this study follow Whitney and 
Evans (2010) unless stated otherwise).

Each thin section (TS) was additionally mapped in the 
ZEISS automatic mineralogy lab at the Freie Universität 
Berlin using a ZEISS Gemini Sigma 300 Vp scanning 
electron microscope integrating two energy dispersive 
X-ray silicon drift detectors (Bruker Quantax XFlash 

Fig. 1   Geological map of northwestern Holsnøy. a The location of 
Holsnøy in western Norway. b The main structural and lithological 
associations that dominate the exposed shear zone network. c Magni-
fication of the area where the sample was collected, providing folia-

tion measurements (from Zertani et al. 2019) and the sample location 
(red star). a and b are modified from (Zertani et al. 2020). The grid 
refers to UTM zone 32 N
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6|60). The measurements were carried out with an accel-
eration voltage of 20 kV, an aperture size of 120 µm, and 
a dwell time of 100 ms. A pixel size of 10 × 10 µm was 
used for thin sections B, C, D, and E; thin sections A and 
F were analyzed with a pixel size of 40 × 40 µm (Fig. 2).

Thermodynamic calculations were conducted using 
Thermolab (Vrijmoed and Podladchikov 2015, 2022) in 
the system. Compositions were input in mol consider-
ing the system Na–Ca–K–Fe–Mg–Al–Si–H–O. For the 
calculations, the following solution models were used: 
feldspar (Furman and Lindsley 1988), epidote, omphacite, 
garnet (Holland and Powell 1998), mica (Auzanneau et al. 
2010; Coggon and Holland 2002), and amphibole (Dale 
et al. 2005).

Sample description

Outcrop description

The sample was collected from the Hundskjeften area on 
northwestern Holsnøy (Fig. 1c; 32 N 281122 5723676). 
The main feature of the area is the Hundskjeften shear zone 
network (e.g., Boundy et al. 1997; Raimbourg et al. 2005; 
Zertani et al. 2019), which preserves several low strain 
domains within. The sample was collected from one of 
these low strain domains (Fig. 2), characterized by a large 
(~ 250 × 100 m in size) block of preserved granulite that 
exhibits only minor signs of eclogite-facies metamorphism 

Fig. 2   a Photograph of the sample location. The eclogite finger that 
was sampled is outlined with the black line and the granulite-facies 
foliation (S1) is traced by the thin black lines. Blue lines in the eclog-
ite finger indicate extension fractures perpendicular to the long 
axis of the eclogite finger (see text for details). A hammer is in the 
center of the picture for scale. The red box shows the location of the 
extracted sample. b Sample location (red box in a) after sampling 

showing the granulite (pink, bottom) and eclogite (green, top). Safety 
glasses are on the right side for scale. c Original slice of the sam-
ple used for analysis before thin section preparation. A–F indicates 
the thin sections that were prepared. The orientation of the granulite-
facies foliation is indicated by S1. The labels ‘Granulite’, ‘Transition’, 
and ‘Eclogite’ refer to the macroscopically visible rock features
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by a static overprint. We extracted the sample from one of 
the exposed ‘eclogite fingers’ (Fig. 2). This eclogitization 
feature extends parallel to the granulite-facies foliation 
and contains perpendicularly spaced extension fractures 
(Fig. 2). As these fractures are not associated with any 
mineral reactions and are only present within the eclogite, 
they are interpreted as late features unrelated to the eclogi-
tization process itself, caused by mechanical differences 
between the eclogite and the granulite during decompres-
sion. The sample covers both the granulite and eclogite 
and preserves a macroscopically ~ 3 cm thick transition in 
between (Fig. 2b). On the outcrop scale, the main growth 
direction of this eclogitization feature is parallel to the pre-
existing granulite foliation. A slice adjacent to the sample 
presented here was recently described in detail by Putnis 
et al. (2021), and our sample description thus focuses on 
those features relevant to our results.

Granulite (thin sections A and B)

Thin sections A and B contain Pl (~ 60  vol%), Grt 
(~ 25 vol%), Cpx (~ 10 vol%), and minor spinel (Spl). They 
represent the unreacted (non-eclogitized) granulite, which is 
coarse-grained with grain sizes ranging from 0.5 to 2.0 mm. 
The granulite has a foliation formed by alternating, prefer-
entially oriented aggregates of Grt and Cpx (Fig. 2). The 
thin sections also contain minor Zo/Czo, and kyanite (Ky; 
together ~ 5 vol%) that are the first products of the incipient 
eclogitization reaction.

Pl (~ An42–45) is pinkish to white, and grain sizes range 
from 0.5 to 2.0 mm. Pl compositions are uniform throughout 

both thin sections (Fig. 3). However, at the phase bounda-
ries and along fractures the Pl is overgrown by symplectites 
of Zo/Czo needles (up to ~ 100 µm long) intergrown with 
K-feldspar (Kfs; Fig. 4a) while the adjacent Pl is more albitic 
(Fig. 3). The abundance of this overgrowth increases from 
thin section A to B.

Grt grains are typically isometric with grain sizes 
between 1.0 and 1.5  mm. The composition of the Grt 
in thin sections A and B is very homogeneous with 
Prp53–59Alm22–26Grs12–17Sps0–1 (Fig. 3) in the following 
Grt1. However, Grt boundaries are often frayed and sur-
rounded by coronas of fine-grained (10–100 µm wide zones) 
omphacite (Omp) intergrown with Ky, Zo/Czo, and minor 
quartz (Qz) (Fig. 4a). Grt is zoned with thin Fe-rich rims 
around Grt1-type cores where these coronas occur. Grt 
boundaries are often straight at Fe-rich rims and sometimes 
feature 120° angles. These features are more commonly 
developed in Grt that shares phase boundaries with Pl rather 
than Cpx or other Grt.

Cpx occurs intergrown with Grt, forming coronas. Cpx 
grains are angular and euhedral to subhedral, ranging from 
0.5 to 1.5 mm. Cpx has diopside (Di) to augite composi-
tion and is often fractured. Spl only occurs as a few single 
grains surrounded by corundum in thin section A, which are 
arranged along a ‘string’ parallel to the trend of the foliation.

Transition zone (thin section C)

Thin section C covers the ~ 3  cm thick transition zone 
between the granulite and the eclogite (Fig. 5). Its domi-
nant mineral assemblage is Grt (35 vol%) + Pl (25 vol%) + 2 

Fig. 3   Results from electron microprobe analysis. a Triangular plot 
of Cpx1 measurements normalized to the end-members wollastonite 
(Wo), enstatite (En), and ferrosilite (Fs). b Triangle plot of Cpx2 
measurements normalized to Q (Wo, En, Fs), jadeite (Jd), aegirine 
(Aeg) end-members. Classifications shown in a and b follow the rec-

ommendations of Morimoto (1988). c Triangle plot of Pl measure-
ments. d Triangle plot of Grt measurements normalized to grossu-
lar + andradite (Grs + And), almandine + spessartine (Alm + Sps), and 
pyrope (Prp) components. Representative microprobe measurements 
are shown in Table 1. The color scheme from a–d is consistent
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Cpx (25 vol%) + Ph (5 vol.%) as well as Ky + Qz + Amp 
(all < 5 vol%) and Zo/Czo (< 1 vol%).

Macroscopically, it is mainly characterized by white 
Pl instead of the typical pinkish Pl of the granulite in thin 
sections A and B (Fig.  2). Microscopically, the abun-
dance of tiny Zo/Czo and Ky needles with the addition 
of minor Qz grains associated with the Pl is significantly 
increased and not restricted to the grain boundaries but 
pervasively affects the Pl (Fig. 4b). Within the Pl grains, 
the symplectites composed of Zo/Czo needles intergrown 

with Kfs (XEp = 0.02–0.10) form a distinctive checkered 
pattern or occur as bundles associated with Ky needles; 
in rare cases tiny (< 2 µm) interstitial Qz is present. The 
reaction further causes the formation of more albitic Pl 
(XAn = 0.4–0.2). The interior of Pl grains that are within or 
close to Grt–Cpx aggregates tend to be slightly less effected 
(Fig. 4b). These small mineral phases are heterogeneously 
distributed throughout the transition zone, and their abun-
dance increases toward the eclogite. With this increase, the 
An-component of the Pl decreases down to An11 (Fig. 3c).

Table 1   Representative electron microprobe analysis of Pl, Grt, and Cpx. Measurements are given in wt%, and mineral formulas were calculated 
based on 8 (Pl) and 12 (Grt) oxygen or 4 cations (Cpx)

End-members were calculated using the procedure provided by Morimoto (1988) for pyroxene and Locock (2008) for Grt. End-members for 
feldspar were calculated by normalizing to total Na + K + Ca. Fe3+ is calculated using the charge balance

Pl Grt1 Grt2 Cpx1 Cpx1/2 Cpx2

Thin section A C A F B C F

Analyses 110 145 102 291 63 141 103

SiO2 56.46 63.36 41.27 39.52 48.45 53.10 55.32
Al2O3 27.45 23.36 22.16 20.96 10.87 8.60 13.18
Cr2O3 – – b.d.l b.d.l b.d.l b.d.l b.d.l
FeO 0.03 0.05 13.55 21.72 5.38 3.62 3.73
MnO – – 0.14 0.82 0.07 b.d.l b.d.l
MgO b.d.l b.d.l 15.49 9.02 11.79 11.75 7.74
CaO 9.54 3.63 7.46 7.79 21.06 19.53 12.90
TiO2 b.d.l b.d.l 0.08 b.d.l 0.54 0.33 0.16
Na2O 5.82 8.74 b.d.l b.d.l 1.76 3.14 6.85
K2O 0.33 0.42 b.d.l b.d.l b.d.l b.d.l b.d.l
BaO 0.11 0.07 – – – – –
Total 99.74 99.62 100.15 99.83 99.90 100.08 99.86

Normalized to 8 oxygens Normalized to 12 oxygens Normalized to 4 cations

Si 2.54 2.81 3.00 3.01 1.77 1.91 1.96
Al 1.46 1.22 1.90 1.88 0.47 0.37 0.55
Cr 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.00 0.00 0.74 1.30 0.07 0.10 0.11
Fe3+ 0.00 0.00 0.09 0.09 0.10 0.01 0.00
Mn – – 0.01 0.05 0.00 0.00 0.00
Mg – – 1.68 1.03 0.64 0.63 0.41
Ca 0.46 0.17 0.58 0.64 0.82 0.75 0.49
Ti – – 0.00 0.00 0.01 0.01 0.00
Na 0.51 0.75 0.00 0.00 0.12 0.22 0.47
K 0.02 0.02 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00  –  – – – –
Sum 4.99 4.97 8.00 8.00 4.00 4.00 4.00
Ab 51.47 79.34 55.70 32.28 10.2
An 46.61 18.19 24.42 43.29 39.3
Or 1.93 2.48 0.29 1.77 50.5

14.58 16.88 77.2 51.7
4.34 4.35 22.2 48.3
0.66 1.44 0.7 0.0
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Grt grains are associated with coronas of Omp, Ky, Zo/
Czo, and Ph, and thin Fe-rich rims, especially when the Grt 
is in contact with Pl, a feature that also increases toward 
the eclogite. In general, the Grt grain size decreases with 
increasing thickness of the surrounding corona. Grt compo-
sitions are, with the exclusion of the increasing thickness of 
Fe-rich rims, the same as in thin sections A and B (Fig. 3d).

Cpx has two distinct compositions: Di (Cpx1) and Omp 
(Cpx2). Cpx2 is significantly smaller than Cpx1, and Cpx1 
dominantly occurs in aggregates with Grt, i.e., in the same 
microstructural position as in thin sections A and B, while 
Cpx2 occurs throughout the rock. However, Cpx2 prefer-
entially also occurs associated with Grt as coronas around 
Grt grains (Fig. 3d). Additionally, Cpx1 is locally charac-
terized by small (~ 10 µm) pores close to the boundary to 
newly formed Cpx2 (Fig. 4e). Thin rims of Amp (pargasite) 
are occasionally present where Cpx1 is in contact with Grt. 
Cpx2 compositions are variable but, a clear trend to higher 
Jd-contents is evident up to Jd53 (Fig. 3b). Cpx–Pl phase 
boundaries are also lined by fine-grained Ph, Cpx2, and 
Czo with accessory rutile (Rt). All newly formed minerals 
have grain sizes < 100 μm. Ph occurs associated with Cpx2 
around Grt or within the matrix associated with Czo and Ky 
and has low-celadonite contents of Si = 3.1–3.2 p.f.u.

Eclogite (thin sections D, E, and F)

The dominant mineral assemblage of the eclogite is Grt 
(25 vol.%, Grt1 cores with Grt2 rims) + Omp (35 vol%, 
Cpx2) + Ky (10 vol.%) + Ph (10 vol%) + Qz (5 vol%) + Czo 
(< 5 vol%). Additionally, the thin sections contain ~ 15 vol% 
Cpx1. Accessory phases include Rt, pyrite, and apatite. The 
eclogite preserves traces of the granulite-facies foliation, 
defined by relicts of the Grt-Cpx aggregates, which are pre-
served but form no new foliation. Grain sizes are in the range 
of 10–200 µm, except for Grt and preserved Cpx1 grains, 
which are 0.3–1.2 mm in diameter.

Grt is zoned with the core composition resembling 
the composition of Grt1 (granulite facies) and the rims 
(40–80 µm thick) having higher Fe and lower Mg contents 
(Figs. 3d, 4). When in contact with Cpx2, Grt2 boundaries 
can be angular with ~ 120° angles.

Cpx2 is the most abundant mineral of the eclogite and 
occurs around remnants of large Cpx1 grains, coronas 
around Grt grains, and throughout the matrix. Cpx2 grain 
sizes range from 100 to 200 μm, and they can have small 
(< 3 µm) Rt inclusions. Their composition can reach values 
of up to ~ Jd55 (Fig. 3). Cpx1 is partly preserved in the eclog-
ite as large grains associated with the Grt-Cpx aggregates. 
At their rims, however, the Jd-composition increases. Some 
Cpx1 grains also have fine amphibole lamellae that are too 
thin for precise microprobe measurements. The abundance 
of Cpx1 in sections D, E, and F seems to be unaffected by 

the distance from the transition zone but is controlled by the 
abundance of Grt, i.e., where there is more Grt, more Cpx1 
is preserved (Fig. 5). Symplectites of Pl and Amp commonly 
line the boundaries of Cpx2.

Czo occurs as elongate grains 100–500  μm long 
and ~ 50 μm wide. In the eclogite, Czo is zoned with increas-
ing Fe and decreasing Ca contents outward. Their composi-
tion is in the range XEp = 0.01–0.14.

Low-celadonite Ph (Si = 3.1–3.2) occurs in the eclogite 
between Grt and Omp or as part of the eclogite matrix. Grain 
sizes are up to ~ 850 µm long and ~ 250 μm wide but are 
typically smaller when they occur within the matrix (grain 
size ~ 300 × 100 μm).

Ky occurs as round or elongated angular grains with a 
maximum long axis grain size of ~ 200 μm. Minor Qz occurs 
interstitially between all phases in the eclogite. Those parts 
of the fine-grained matrix closer to Grt are typically domi-
nated by Cpx2, while Ph, Qz, and Czo occur as anastomo-
sing aggregate trails in between.

Thermodynamic modelling

The initially dry granulites of the lower crust are metastable 
at eclogite-facies conditions (e.g., Austrheim 1987; Jackson 
et al. 2004), and to overcome the energy barrier for re-equili-
bration to proceed requires sufficient time, additional energy 
such as heat, or an additional reactant that increases the rate 
at which the reactions occur, such as a fluid. To estimate the 
effect of the fluid on the local energy budget, we performed 
thermodynamic calculations using Thermolab (Vrijmoed 
and Podladchikov 2015, 2022). The stable mineral assem-
blage is calculated for each grain/phase boundary compo-
sition (two adjacent phases at each grain/phase boundary; 
Pl–Pl, Pl–Grt, Pl–Cpx, Grt–Grt, Grt–Cpx, and Cpx–Cpx) 
at 2 GPa and 700 °C (e.g., Bhowany et al. 2018) at dry (no 
H2O) and wet conditions (H2O in excess). For each calcula-
tion, the composition of the two adjacent grains/phases was 
considered as the bulk composition of the local system. One 
formula unit (e.g., 1 × Pl; K0.02Na0.52Ca0.46Si2.54Al1.46O8) per 
phase as normalized from the EMPA measurements was 
used as an input for the calculations (Fig. 6). As equilib-
rium thermodynamic calculations are size-independent, we 
can assume that considering local equilibrium at the grain/
phase boundaries leads to a reasonable approximation above 
those scales where the surface energy of the crystal plays a 
significant role. For each calculated stable assemblage (dry 
and wet) and assuming a closed system, we calculate the 
Gibbs free energy (G). The difference between the two (ΔG) 
is considered as the energy benefit of the system for each 
specific reaction. The results reported in the following refer 
only to the energies and densities of the solids.
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The calculated stable assemblages for each grain/phase 
boundary agree with those observed in the thin section 
(Table 2). The calculated change of G (ΔG, solid) from the 
dry to the wet case at the specific grain/phase boundaries is 

between zero, for grain/phase boundaries that do not include 
Pl and do not form hydrous phases, and − 246.7 kJ × mol−1 
for those that form hydrous phases. The absolute value of 
ΔG is most significant for the Pl–Pl (− 246.7 kJ × mol−1) 
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local compositions, followed by Pl–Cpx (− 191.0 kJ × mol−1) 
and Pl–Grt (− 4.5  kJ × mol−1) local compositions, pro-
portional to the amount of hydrous phases being formed 
(Ep + Ph).

Similarly, the dry and wet cases result in different densi-
ties (only solid considered) of the stable mineral assemblage. 
This difference in density is most significant for the Pl-Pl 
local composition, with the density of the wet case being 
46 kg × m−3 lower than for the dry case. For the Pl–Cpx 
and Pl–Grt local compositions, this difference is minor with 
1.8 and − 1.1 kg × m−3, respectively. Important is also the 
density change associated with the reaction itself (initial 
assemblage to stable assemblage). Considering the wet case 
only, the density of the Pl–Pl local composition increases 
most during the reactions (492.7 kg × m3), followed by the 
Pl–Grt (303.4 kg × m−3), Pl–Cpx (255.5 kg × m−3), Grt–Cpx 
(73.1 kg × m−3), Cpx–Cpx (27.8 kg × m−3), and Grt–Grt 
(1.2 kg × m−3) local compositions. The results from the 
thermodynamic calculations are summarized in Table 2 
and Fig. 6.

Discussion

Ahead of the main reaction front—initial stages 
of hydration

The first stage of hydration is characterized by the break-
down of Pl and the replacement by symplectites of Zo/
Czo + Kfs along Pl grain boundaries, resulting in the for-
mation of more albitic Pl (Figs. 4a, 5, 7). Here, Ca from Pl is 
released to form Zo/Czo by the reaction (Wayte et al. 1989):

In our example, the minor K stored in the granulitic Pl 
is used to form Kfs, reducing the amount of Ky and Qz 
predicted by the reaction. Subsequently, the remaining Pl 
becomes progressively more albitic.

Such symplectites occur far ahead of the reaction front 
and are described in various studies on Holsnøy and else-
where (e.g., Moore et al. 2019; Mørk 1985; Petley-Ragan 
et al. 2018; Putnis et al. 2021; Wayte et al. 1989), and have 
also been produced experimentally (Incel et al. 2019). Their 
abundance increases drastically with decreasing distance 
from the hydration front, and with increasing abundance, 
they also more frequently occupy the inner part of granu-
litic Pl grains forming a checkered pattern mimicking the 
Pl lattice structures (Fig. 4b). These observations agree 
with detailed studies of Pl breakdown in the presence of a 
fluid and the formation of Zo/Czo + albititc Pl from the Pl 
with < 10% of reaction progress (Wayte et al. 1989). The 
presence of these symplectites throughout most of the rock 
volume suggests that the entire rock was hydrated at least to 
some extent and subsequently that fluids were not restricted 
to those regions where eclogites have formed. However, 
the amount of fluid distributed throughout the rock volume 
must have been low compared to the fully eclogitized areas, 
resulting in only little reaction progress. This is supported 
by the observation that Kfs is present only in this part of 
our sample. Our models for the dry case that use Pl phase 
and grain boundaries all produce minor amounts of Kfs 
(Table 2), while all models for the wet case produce Ph. 
It follows, that the transient formation of Kfs indicates an 
initially limited availability of aqueous fluid. Additionally, 
we observe that the symplectites become more abundant and 
that they not only affect grain boundaries and fractures but 
also the interior of Pl grains closer to the eclogitization front. 
All of these symplectites are formed by dissolution–pre-
cipitation reactions between Pl and fluid. This indicates 
that the nearing eclogitization front progressively supplies 
more fluid that drives the reaction forward. The occurrence 
of the symplectites along grain boundaries suggest that the 
fluid preferentially infiltrates along there, while increasing 
abundance and the occurrence of the symplectites within 
Pl, closer to the reaction front suggests that the fluid content 
increases. The checkered pattern of symplectites inside the 
grains presumably mimics crystal planes of the Pl.

At the reaction front—eclogitization

We define the beginning of the reaction front where the first 
Cpx2 grains occur along Pl grain boundaries. Cpx2 is most 
abundant at Pl-Grt phase boundaries forming from the Pl 
and the Mg and Fe-content of the Grt as illustrated in a 
simplified way by the reaction:

4CaAl2Si2O8 + H2O → 2Ca2Al3Si3O12(OH) + Al2SiO5 + SiO2
Fig. 4   Mircoprobe BSE images representative of the microstructures 
that characterize the fluid-driven transformation from granulite to 
eclogite. The thin section from which the images are derived is indi-
cated in the lower right corner as ‘TS’. a Mostly unaffected granu-
lite containing Pl and Grt. Pl is primarily unaffected except for Zo/
Czo-Kfs-symplectites along grain boundaries. Grt features fine inter-
growths at the contact to the Pl and a thin Fe-rich rim. b Pl close to 
the transition zone strongly perforated by Zo/Czo needles. Note the 
Zo/Czo has two preferential growth directions possibly mimicking the 
cleavage planes of the Pl. Zo/Czo-Kfs aggregates line Pl grain bound-
aries. c The width of the coronas surrounding Grt grains is increased 
(compared to a). Note that Cpx1-Pl and Grt-Pl phase boundaries are 
strongly affected by newly forming phases while the Cpx1-Grt phase 
boundary is not. d Omp corona around Grt (outlined by red dashed 
line) typical for the eclogite. The width of the Fe-rich rim of the Grt 
has increased slightly (compared to a and c). Grt has irregular bound-
aries, but locally they are straight (see right side). e Gradual transi-
tion from Cpx1 to Omp lined by holes (porosity). Bright spots are 
Rt grains that presumably filled the previously established porosity. f 
The upper right corner is completely converted to eclogite (above the 
dashed red line), while the lower-left corner preserves Cpx1 (below 
the yellow dashed line). Open pores line the contact between Cpx1 
and Grt in the Cpx

◂
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(Mg,Fe)3Al2
[

SiO4

]

3
+ 6Ca0.5Na0.5Al1.5Si2.5O8

→ 6Ca0.5Na0.5(Mg,Fe)0.5Al0.5Si2O6 + 4Al2SiO5 + 2SiO2

Under the prevailing P–T conditions equilibration leads to 
more Fe-rich garnet compositions compared to the granulite-
facies core, and the Cpx2 is thus more Mg-rich.

Fig. 5   Evolution of the abun-
dance of granulite and eclogite 
with respect to distance through 
the thin section series (center). 
Dashed horizontal lines show 
the transition between thin 
sections (TS A-F). For TS 
B-E, mineral distribution maps 
produced by SEM mapping are 
shown
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Cpx2, however, is also present along Pl–Pl and Cpx–Pl 
grain and phase boundaries (Figs. 5, 7c). At Pl–Pl grain 
boundaries Cpx2 is formed by the breakdown of the 

remaining (now) albite-rich Pl by a reaction such as (Wayte 
et al. 1989):

Fig. 6   Calculated mineral assemblages for each grain boundary type at 700 °C as a function of pressure. The composition (in mol) used for each 
calculation is given in the white box in each diagram. Exc. – in excess. Mca – white mica
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However, this reaction would produce pure jadeite, which 
is not present in the sample, and thus transport of Fe and 
Mg to the reaction cite is required. This stepwise break-
down of Pl agrees with increasing reaction progress during 
eclogitization observed elsewhere (e.g., John and Schenk 
2003; Mørk 1985; Wayte et al. 1989). Subsequently, the 
breakdown of Pl results in a sharp increase in reaction pro-
gress (Fig. 5). Local equilibrium calculations show that 
the reaction at Pl–Pl grain boundaries is associated with 
the highest absolute value of ΔG from the dry to the wet 
case (− 246.7 kJ × mol−1; i.e., the most significant energy 
gain) and that this is followed by Pl–Cpx and Pl–Grt phase 
boundaries (− 191.0 and − 4.5 kJ × mol−1; Table 2). This 
reaction sequence agrees well with our microstructural 
observations that the Pl–Pl grain boundaries are the first to 
react to the availability of aqueous fluid (i.e., ahead of the 
main fluid front, Fig. 5), and after sufficient reaction pro-
gress, Cpx1 and Grt are increasingly incorporated into the 
eclogite equilibration.

At the Cpx-Pl phase boundaries, Cpx2 is produced by the 
dissolution of Cpx1 and precipitation of Cpx2. During this 
process, the Cpx2 is supplied with Na from the neighboring 
Pl (as well as some Al and Si), while Fe, Mg, and Ca are 
transported away from the reaction site (see also John and 
Schenk 2003).

The microstructural observations indicate that the 
grain/phase boundaries that do not feature Pl are involved 
in the reaction last, after which reaction progress rapidly 
reaches > 90% (Figs. 5, 7). These reactions are not associated 
with changes in G (ΔG = 0 kJ × mol−1) because the stable 
assemblages calculated for the dry and wet case are identi-
cal. These reactions occur as the last step during eclogiti-
zation as they require the transport of Na to the reaction 
site to produce Cpx2, which leads to an energy benefit that 
makes these reactions favorable. It should be noted that the 
bulk reaction certainly results in minimized G compared to 
the metastable granulite assemblage. Similarly, the calcula-
tions of Grt-Grt local compositions indicate that Grt is the 
most stable phase at that particular local composition, and 
no reaction would occur. Especially, because the eclogite-
facies Grt (higher Fe) can only form if a reaction partner 
allows Mg exchange such as Cpx2. As also the grain size of 
the re-equilibrating Grt decreases it follows that these grain 
boundaries have a low tendency to react if they are not sup-
plied by Na to form Cpx2.

ΔG varies significantly depending on the local composi-
tions, resulting in a stepwise reaction guided by the energy 
benefit provided by specific local reactions. Subsequently, 
the eclogite has a strongly inhomogeneous distribution of 
the newly formed phases that generally agrees with the local 
assemblages expected from thermodynamic calculations 

NaAlSi3O8 → NaAlSi2O6 + SiO2

Ta
bl

e 
2  

R
es

ul
ts

 o
f t

he
rm

od
yn

am
ic

 c
al

cu
la

tio
ns

, i
nc

lu
di

ng
 th

e 
in

iti
al

 a
ss

em
bl

ag
e 

an
d 

th
e 

ca
lc

ul
at

ed
 st

ab
le

 a
ss

em
bl

ag
es

. V
al

ue
s f

or
 G

 a
re

 in
 k

J ×
 m

ol
−

1 . S
ta

bl
e 

as
se

m
bl

ag
es

, G
, a

nd
 ρ

 w
er

e 
ca

lc
u-

la
te

d 
fo

r 2
 G

Pa
 a

nd
 7

00
 °C

 (e
cl

og
ite

 fa
ci

es
)

In
iti

al
 a

ss
em

bl
ag

e
ρ [k

g/
m

3 ]
St

ab
le

 a
ss

em
bl

ag
e

G [k
g/

m
ol

]
Δ
G

[k
g/

m
ol

]
H [k

g/
m

ol
]

Δ
H

[k
g/

m
ol

]
ρ [k

g/
m

3 ]
Δ
ρ (

st
ab

le
-in

iti
al

)
[k

g/
m

3 ]
Pl

G
rt

C
px

H
2O

K
fs

Ep
Q

z
K

y
A

m
p

G
rt

Ph
C

px

[m
ol

]
[v

ol
%

]

Pl
–P

l
2

27
10

.4
3

22
9

13
54

−
 23

22
.3

−
 24

6.
7

−
 20

56
.2

−
 21

6.
6

32
49

.1
53

8.
7

Pl
–P

l
2

in
 e

xc
27

10
.4

26
20

3
5

47
−

 25
69

.0
−

 22
72

.8
32

03
.1

49
2.

7
Pl

–G
rt

1
1

32
33

.8
1

5
12

43
39

−
 35

51
.6

−
 4.

5
−

 31
25

.0
−

 3.
8

35
38

.2
30

4.
5

Pl
–G

rt
1

1
in

 e
xc

32
33

.8
5

12
42

1
39

−
 35

56
.1

−
 31

28
.8

35
37

.1
30

3.
4

Pl
–C

px
1

1
30

25
.8

2
13

4
2

80
−

 25
83

.5
−

 19
1.

0
−

 22
75

.2
−

 16
9.

8
32

79
.4

25
3.

7
Pl

–C
px

1
1

in
 e

xc
30

25
.8

10
11

4
2

73
−

 27
74

.5
−

 24
45

.0
32

81
.2

25
5.

5
G

rt–
C

px
1

1
35

49
.1

68
32

−
 49

32
.6

0.
0

−
 43

21
.8

0.
0

36
22

.2
73

.1
G

rt–
C

px
1

1
in

 e
xc

35
49

.1
68

32
−

 49
32

.6
−

 43
21

.8
36

22
.2

73
.1

G
rt–

G
rt

2
37

57
.1

10
0

−
 63

33
.4

0.
0

−
 55

46
.2

0.
0

37
58

.3
1.

2
G

rt–
G

rt
2

in
 e

xc
37

57
.1

10
0

−
 63

33
.4

−
 55

46
.2

37
58

.3
1.

2
C

px
–C

px
2

33
41

.1
6

94
−

 33
59

.1
0.

0
−

 29
46

.1
0.

0
33

68
.9

27
.8

C
px

–C
px

2
in

 e
xc

33
41

.1
6

94
−

 33
59

.1
−

 29
46

.1
33

68
.9

27
.8



Contributions to Mineralogy and Petrology (2022) 177:61	

1 3

Page 13 of 18  61

(Figs. 5, 6), indicating that element transport was limited to 
those instances (discussed above) where it was energetically 
beneficial for the product assemblages.

In the wake of the reaction front

Some remnants of the granulite protolith are still preserved 
after the main reaction front has passed. This observation 
mainly concerns large grains of Cpx1. Similarly, John and 
Schenk (2003) reported that the last remnants of gabbros 
in the Zambezi Belt (Zambia) are Cpx, indicating the gen-
eral validity of this reaction sequence. However, lamellae of 
amphibole (see Putnis et al. (2021) for detailed description) 
and remnants of porosity (Fig. 4) found in the remaining 
Cpx1 indicate that Cpx1 is not at bulk equilibrium condi-
tions. Such grains are preserved in association with abun-
dant Grt, which acts as a barrier against the advancing fluid 
front due to their low reactivity. Preserved Cpx within Grt-
coronas with open pores has recently also been described 
from the eclogite type locality at Hohl (Eastern Alps, Aus-
tria; Rogowitz and Huet 2021). The Grt rim is partially dis-
solved and enriched in Fe, and this new Grt composition 
establishes local equilibrium conditions with the adjacent 
minerals, evidenced by straight boundaries at 120° angles 
(Fig. 4d). Afterwards, the compositional change within the 
Grt grains is likely dominated by volume diffusion, which 
was too slow to affect the Grt cores (Pollok et al. 2008; 
Raimbourg et al. 2007). Using diffusion modeling of Grt 

profiles Raimbourg et al. (2007) estimated the timescales of 
eclogite re-equilibration on Holsnøy to be on the order of 
hundreds to thousands of years.

Furthermore, the propagation of finger-like structures 
(Fig. 2) has been described to occur dominantly parallel to 
the granulite-facies foliation (Jamtveit et al. 2000; Putnis 
et al. 2021; Zertani et al. 2019). Our results show that this 
is caused by the Grt–Cpx aggregates that form the foliation. 
Essentially, the reaction front propagation is slowed down 
by Grt forming barriers with low reactivity for the given P, 
T, X conditions. Consequently, the reactivity of the phases 
present along grain and phase boundaries guides the fluid/
reaction progress toward the energetically most beneficial 
direction, and the local energy budget is thus crucial in 
determining its path.

Control on reaction progress

Our results suggest that the eclogitization reaction takes 
place in three steps (Fig. 8): (1) The entire rock volume is at 
least partially hydrated, as is evidenced by the widespread 
occurrence of Zo/Czo-Kfs symplectites along Pl grain 
boundaries and within the interior of granulitic Pl closer to 
the main reaction front, and the concurrent increase in albite 
content of Pl. (2) The complete breakdown of Pl, which 
results in the growth of Cpx2 (Omp) along grain bounda-
ries. (3) The remaining reactions to complete the conversion 
into an eclogite. While step 1 occurs without any element 

Fig. 7   Sketch showing the initial grain/phase boundaries (a–c) and 
the resulting reaction progress of step 1 of the reaction sequence 
(d–f) described in the text. ΔG (in kJ × mol−1) and Δρ (in kg × m−3) 
for each grain/phase boundary assemblage are provided in panels d–f. 

Blue dashed arrows symbolize grain boundary diffusion of the infil-
trating fluid, the yellow area represents a reaction halo along the pre-
ferred reaction pathway, and the solid blue arrow symbolized further 
fluid flow enabled by reaction-induced porosity
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redistribution, transport of mainly Na, Mg, and Fe becomes 
increasingly important in steps 2 and 3.

The growth of metamorphic minerals depends on the 
changes in the free energy of the reaction (ΔGr), the inter-
facial energies (ΔGinf), and the strain energy (ΔGstrain; 
Philpotts and Ague 2022). As the transformation described 
here is static ΔGstrain is negligible. Furthermore, Gaidies 
and George (2021) quantified ΔGinf for garnet nucleation. 
They conclude that ΔGinf can play a significant role in that 
reaction rates are higher at smaller grain sizes. However, 
they also conclude that ΔGinf becomes a controlling factor 
if the driving force for nucleation is small, and the system 
is close to equilibrium. Additionally, ΔGinf is typically on 
the order of J × mol−1, while the ΔG calculated here is on 
the orders of kJ × mol−1 (Gaidies et al. 2011; Gaidies and 
George 2021). It follows that interfacial energies will not 
play a significant role in our step 1 and step 2, as the reac-
tions are highly overstepped. It is likely that this influence 
increases in step 3, which is supported by the observation 
that the last remnants that survive are generally large Cpx1 

grains. Consequently, ΔGinf seems to only have a signifi-
cant effect after the reaction pattern in our example has 
already been established.

The infiltration of the fluid causes ΔGr to become more 
negative (increase in magnitude) by the ΔG calculated in 
the present study. These calculations indicate that the reac-
tion sequence is controlled by the energy benefit associ-
ated with the individual reactions leading to eclogitization 
and the required element transport. In general, we esti-
mate the local decrease in G to be ~ 250 kJ × mol−1 for step 
1, ~ 5–200 kJ × mol−1 for step 2, and > 0 kJ × mol−1 for step 
3. Before the reactions occur, the granulite is metastable, 
and reactions are highly overstepped. The observation that 
the reactions occur only after fluid infiltration indicates 
that the fluid reduces the energetical barrier to overcome, 
i.e., the activation energy. We consider an Arrhenius-type 
relationship (Philpotts and Ague 2022):

(1)Reaction rate ∝ exp

(

−ΔGa

RT

)

,

Fig. 8   Sketch of the initial granulite and the changes associated with 
each step of the reaction. a Initial granulite microstructure. b Incipi-
ent hydration with symplectites of Zo/Czo-Kfs + albitic Pl along Pl–
Pl grain boundaries and later throughout the Pl grains. For simplicity, 
the Zo/Czo-Kfs symplectites within the grains are only shown in b, 
where they form and are omitted in the following images. c Incipi-

ent eclogitization indicated by the nucleation of Omp along all grain/
phase boundaries adjacent to Pl. d Eclogitization by the formation of 
symplectites containing Cpx2 (Omp) along the remaining grain/phase 
boundaries and Cpx2 coronas around Grt. For the final microstructure 
of the eclogite the reader is referred to Fig. 5
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where ΔGa is the Gibbs free energy of activation, R is the 
gas constant, and T is the temperature.

Additionally, in the framework of the growth of metamor-
phic minerals, i.e., metamorphic reactions, ΔGa is propor-
tional to the ratio of ΔGinf

3/ΔG2 (e.g., Philpotts and Ague 
2022; Gaidies et al. 2011). That means for the given case 
where ΔGinf is negligible and ΔG is highly negative, ΔGa 
becomes smaller and the reaction rate thus increases. Fur-
thermore, the Gibbs energy in the final stage of the wet case 
is lower than in the dry case. With reference to the same 
initial stage, i.e., the metastable dry granulite, it follows that 
more energy is released during the reaction, by an amount 
proportional to ΔG (see ΔH in Table 2). Note that the ΔH 
given in Table 2 refers to the enthalpy difference between 
the dry and the wet case, but not to the change from ini-
tial to product assemblage. This later latent heat release has 
been estimated for the reaction with the largest ΔG (Pl–Pl) 
to be ~ 10–13 kJ × mol−1 (Incel et al. 2019; Holland 1980). 
Assuming a heat capacity for Pl at 700 °C of ~ 250 J × mol−1 
(Berman and Brown 1985) this results in a local tempera-
ture increase of ~ 40–50 °C at the site where the symplec-
tites form. In the Arrhenius-type equation (Eq. 1) both the 
increase in temperature and the reduction of the activation 
energy will lead to higher reaction rates. Clearly, the energy 
budget will be modified by element transport (e.g., Na, Mg, 
Fe). However, our microstructural and mineral chemical 
observations suggest that element transport, apart from the 
aqueous fluid, was limited to the extent necessary to pro-
vide the most effective energy gain and the calculated values 
can thus be considered as minimum estimates. Additionally, 
previous studies indicate that the overall transformation to 
eclogite on Holsnøy occurs without significant change in the 
bulk chemical composition (Centrella 2019), and the neces-
sary elements must, therefore, be derived locally.

With the local energy budget at the grain and phase 
boundaries as a guide for fluid flow in the deep crust it 
remains to answer what drives the fluid forward. Assuming 
a system like the one described here an aqueous fluid along, 
for example, a Pl–Pl grain boundary and a Cpx–Cpx grain 
boundary will most likely facilitate reactions at both sites. 
However, because the reaction at the Pl–Pl grain bound-
ary is more beneficial it occurs more rapidly while leading 
to a density increase (i.e. porosity formation) leaving room 
for new fluid to enter the site driving the reaction forward 
by continuously providing an interface between fluid and 
unreacted material. Over time this leads to significantly 
more reaction progress than at other sites, as observed here 
(Fig. 5). Additionally, the increase in density associated 
with the Pl–Pl grain boundary is significantly larger than 
for the others. The density increase at the different grain/
phase boundaries also follows a similar trend as it does for 
ΔG (Table 2). This local density increase results in reaction-
induced porosity formation along grain/phase boundaries 

within the dissolving Pl (Plümper et al. 2017a; Hövelmann 
et al. 2010).

These results provide a model for how fluid flow is guided 
through the rock volume. In itself, this model is dependent 
on the availability of a fluid. The exact fluid source on Hols-
nøy is still a matter of debate but fluid inclusion evidence 
indicates a sedimentary source (Mattey et al. 1994). The 
fluids have infiltrated along (seismic) fractures and caused 
re-equilibration of the rock along shear zones (Austrheim 
1987). Oliver (1996) suggested that if deformation termi-
nates abruptly this can lead to pervasive fluid flow away 
from the shear zones. Similarly, considering that the ductile 
shear zones are weak zones an established pressure gradient 
(Mancktelow 2002) would cause fluids to be expelled from 
the shear zones, and could explain the formation of eclogite 
fingers (Jamtveit et al. 2000). Further, Putnis et al. (2021), 
recently suggested that the local pressure in the eclogite fin-
ger itself could be higher than in the surrounding. All of these 
possibilities are compatible with the model we present here.

The presented model further opens potential implications 
for other hydration scenarios. Serpentinization reactions 
for example have also been described to occur in distinct 
sequences (e.g., Schwarzenbach et  al. 2016). Similarly, 
minor hydration of seismic faults in ophiolitic peridotite and 
gabbro show that hydration occurs along fractures in the Pl, 
while Cpx has escaped re-equilibration (Pennacchioni et al. 
2020). These are only two examples that highlight that our 
model can potentially be applied to other settings.

In summary, the energy budget of the individual mineral 
reactions along grain/phase boundaries has a strong influ-
ence on the reaction progress. Accordingly, the local reac-
tions that are energetically most beneficial occur first. Sub-
sequent reactions are then regulated by the energy budget in 
conjunction with the availability of the necessary elements 
to reach the most stable local mineral assemblage. This sug-
gests that reactive fluid flow may be guided by differences in 
the energy balance between local compositions.

Conclusions

This study presents a detailed microstructural analysis of a 
preserved reaction front. From these results the following 
conclusions are drawn:

1.	 The transformation from granulite to eclogite studied 
here is entirely static and does not involve any defor-
mation. The eclogitization reaction takes place in three 
steps: (i) Initial hydration along Pl grain boundaries by 
the formation of Zo/Czo-Kfs symplectites and increas-
ing albite-content in Pl. (ii) Complete breakdown of Pl 
and growth of symplectites containing Omp (Cpx2), 
first along Pl phase and grain boundaries and then 
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increasingly also affecting the interior of Pl. (iii) The 
complete transformation to the eclogite mineral assem-
blage. These steps are controlled by the local energy 
gain associated with the reaction between the infiltrating 
fluid and the local mineral assemblages directly adjacent 
to the grain and phase boundaries; i.e., reactions that are 
energetically more favorable occur first.

2.	 Element transport is limited to those sites where it 
results in an energy benefit during the reaction and 
becomes increasingly important in steps 2 and 3. At the 
same time, the release of elements (Na, Mg, Fe) nec-
essary for these reactions is controlled by the energy 
benefit of the releasing reaction.

3.	 The density increase associated with the reactions sup-
ports the established reaction sequence by the forma-
tion of transient porosity. An interface between fluid and 
unreacted material is thus continuously provided driving 
the reaction forward.

4.	 As the energetically more beneficial reactions occur first 
and the same reactions are associated with the largest 
formation of porosity they further provide new sites for 
the fluid to facilitate reactions. The net fluid flux is thus 
guided by the sequence of reactions. As a result, small 
differences in the energy balance within a rock can act 
as a guiding mechanism for reactive fluid flow.
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