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Abstract
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High-pressure (HP) and ultra-high-pressure (UHP) terranes are often associated with the pres-
ence of fluids (e.g. hydrous mineral assemblages, pegmatite veins or melts).  However, exam-
ples of progressive conversion of anhydrous mineral assemblages, to hydrous ones, are rare.  
Holsnøy Island is host to a unique setting whereby hydrous eclogite domains are perfectly 
preserved juxtaposing anhydrous granulite domains.  The structural evolution of the system 
on Holsnøy Island can be observed via different stages, each indicated by an increase in fluid 
availability and degree of ductile deformation.

This thesis identified 5 stages of deformation, based on structural cross-cutting relationships, 
and P–T condition estimations for four of the stages (1, 3, 4 and 5), using forward phase 
equilibria modelling.  Stage 1 is the formation of pseudotachalytes and fractures in the granu-
lite domains, which provide the initial pathway for the infiltration of fluid.  The metamorphic 
overprint of the pseudotychylytes limit the occurrence of stage 1 of deformation to maximum 
P–T conditions of 15.2–15.7 kbar and 675–685 °C.  Stage 2 of deformation is the formation 
of small-scale discrete shear zones along the partially hydrated domains.  Mineralogically, 
this stage of deformation is indicated by the breakdown of garnet grains to form omphacite–
kyanite–zoisite–plagioclase symplectites.  Stage 3 of deformation is the formation of peak, 
sheared eclogite domains at P–T conditions of 21–22 kbar and 670–690 °C.  Stage 4 of defor-
mation is the formation of a retrogressed-eclogite (R-eclogite), a phengite-rich domain at P–T 
conditions 16–17 kbar and 680–700 °C. Lastly, is stage 5 of deformation, which is the retro-
gression of the system to amphibolite-facies at P–T conditions 11.8–12.8 kbar and 720–732 
°C.  Combined, these different stages of deformation illustrate the first calculated P–T path 
experienced by the Holsnøy domains (presented in Chapters 2 and 5).

Systematic sampling of altered domains and their closest granulite protolith provided a com-
parative study, thus allowing the geochemical characterisation of the fluid infiltrating the 
Holsnøy granulites.  Stage 3 of deformation has been interpreted to be rock-buffered based 
on whole-rock δ18O analyses, trace element chemistry, and Sm–Nd chemistry. In contrast, 
a fluid-buffered system was interpreted for stage 4 of deformation.  Calculated δ18O and δD 
values for the fluid based on measured mineral isotopic values are consistent with a metamor-
phic fluid reservoir, interpreted in Chapter 2. Trace element analyses and Sm–Nd systematics, 
presented in Chapter 3, suggest the possibility of a sedimentary unit, with mafic components 
as a likely source of fluids for the eclogitisation of granulite domains on Holsnøy Island.

Lastly, this thesis investigated the exhumation rates of the peak eclogite-facies altered domain 
(stage 3 of deformation).  Calculated minimum exhumation rates of 41– 6122 mm/yr were 
obtained based on diffusion durations in zoned garnet grains, and constraints on pressure de-
crease from eclogite-facies to amphibolite-facies (stage 5).   These extreme exhumation rates 
experienced by the HP terranes on Holsnøy Island cannot be explained by known exhumation 
mechanisms.  Therefore, this highlights the need to reassess the general scientific consensus 
that pressure can be used as a proxy for depth in the Earth’s crust, and propose new mecha-
nisms for the emplacement of HP and UHP terranes. 

Combined, the chapters provide a series of new datasets for the eclogitisation process on Ho-
slnøy Island.  This ulstimately contributes to the better understanding of deep crustal metam-
somatism and metamorphic processes at HP and UHP conditions.
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1. INTRODUCTION

Deep-seated processes in the Earth’s crust are 
crucial as they affect its dynamics, rendering 
them important in geology.  While it is not pos-
sible to sample the present deep crust, exhumed 
high-pressure (HP) and ultra-high-pressure 
(UHP) terranes and their mineral assemblages 
(i.e. blueschist and eclogites) help geologists un-
derstand the possible processes that occur at great 
depths in different tectonic settings.  These under-
standings can then be applied to tectonic and geo-
dynamic models to predict the displacement of 
specific crustal unit, which is especially important 
in industries such as mining and petroleum where 
locating targeted units/beds in the crust is critical 
to their success.

This thesis focuses on metasomatism owing to 
fluid infiltration — a process that potentially 
affects domains at crustal scales (Oreskes & Ein-
audi, 1992; Smit & Van Reenen, 1997; Tumiati 
et al., 2007; Raimondo et al., 2011).  The under-
standing of deep crustal metasomatism is crucial 
as this process changes the geochemistry, rhe-
ology, geodynamics, and as later demonstrated, 
the interpretation of tectonic settings for an area 
(Austrheim, 1987; Engvik et al., 2000; Jolivet 
et al., 2005; Pollok et al., 2008; Centrella et al., 
2016; Petley‐Ragan et al., 2018).   The presented 
chapters focus on the progressive conversion of 
an anhydrous granulite to eclogites, enhanced by 
fluid infiltration on Holsnøy Island.  This study 
area is an ideal natural laboratory to study the 
process of fluid infiltration in a comparatively 
anhydrous crust, as the granulite and altered 
domains are perfectly preserved next to each 
other.  Moreover, the stage-wise evolution of the 
system can be observed in the field, only a few 
kilometres apart (Boundy et al., 1992; Jolivet 
et al., 2005; Austrheim, 2013; Chapter 2), thus 

providing an ideal framework for any geological 
studies. 

There are three main foci to the following chap-
ters and overall thesis.  Firstly, a pressure – tem-
perature (P–T) framework is set up by identify-
ing the significant stages of deformation in the 
structural evolution on Holsnøy Island.  Robust 
constraints on the P–T conditions for the differ-
ent stages of deformation provides the first P–T 
path for the domains.  Second, is to investigate 
the most likely source for the fluid that infiltrated 
the granulite domain.  While multiple previous 
studies have characterised the potential signa-
tures of the fluid that infiltrated the Holsnøy 
system (e.g. Andersen et al., 1989; Andersen et 
al., 1990; Jamtveit et al., 1990; Andersen et al., 
1991; Andersen et al., 1993; Mattey et al., 1994; 
Van Wyck et al., 1996), the provenance of the 
fluid remains unknown. The addition of dataset 
to the literature can assist in further constraining 
the provenance of fluids in the Holsnøy system.  
Lastly, the overpressure hypothesis is investigated 
as an alternative model for the formation of the 
eclogite domains on Holsnøy Island.  Further-
more, the validity of the current tectonic model 
for the Lindås Nappe and emplacement of the 
Holsnøy HP terrane is evaluated. 

2. GEOLOGICAL SETTING AND BACK-
GROUND

Each chapter in this thesis includes its individual 
detailed geological background.  However, below 
is a summary of previous findings related to this 
study.

Holsnøy Island is situated in western Norway, 
approximately 45 km north-west of Bergen (Fig-
ure 1a).  The rocks that are observed on Holsnøy 
Island form part of the Lindås Nappe, which 
along with the Bergen Minor and Major Arcs 
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form the Bergen Arcs, an arcuate structure around 
Bergen (Figure 1b).  The study area for this thesis 
is located in the north of Holsnøy Island (Figure 
1c).  The main domain that outcrops on Holsnøy 
Island is an anorthosite granulite composed of an 
anhydrous interpreted peak metamorphic mineral 
assemblage of garnet–plagioclase–clinopyroxene 

± orthopyroxene, with garnet, clinopyroxene and 
orthopyroxene forming eye-shaped coronae or 
bands.  The metamorphism of the anorthosite to 
granulite-facies mineral assemblages occurred 
during the Scandonorwegian Orogeny at c. 950 
Ma (Austrheim & Griffin, 1985), at interpreted 
peak metamorphic conditions of 10 kbar and 
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800–900 °C (Austrheim, 1987; Boundy et al., 
1997).  The granulite then cooled and was sub-
sequently buried during the Caledonian Oroge-
ny at c. 450 Ma, during the collision of Baltica 
and Laurentia (Austrheim, 1987; Boundy et al., 
1997; Bingen et al., 2004).  Two generations 
of fluid have previously been identified for the 
modification of the granulite to hydrous mineral 
assemblages.  A first instance of infiltration of a 
H2O-rich fluid resulted in the formation of eclog-
ite-facies mineral assemblages (Jamtveit et al., 
1990; Andersen et al., 1993; Kühn, 2002), and 
a succeeding H2O-poor fluid initially infiltrated 
at eclogite-facies and continued throughout the 
amphibolite-facies (Andersen et al., 1991; Mattey 
et al., 1994; Kühn, 2002).  While the formation 
of hydrous mineral assemblages is enhanced by 
fluid availability, the preservation of the different 
stages of rehydration in the system’s evolution is 
due to the shortage of fluid (Austrheim, 2013). 

The rehydration of the granulite to form eclog-
ite-facies mineral assemblages is progressive and 
can be observed stage-wise in different locations 
on Holsnøy Island (Boundy et al., 1992; Aus-
trheim, 2013; Chapter 2).  The petrology for the 
eclogite domains has been described in detail by 
multiple previous authors (Boundy et al., 1992; 
Kühn, 2002; Raimbourg et al., 2007; Austrheim, 
2013; Chapter 2).  Briefly, the interpreted peak 
metamorphic mineral assemblage for the peak 
eclogite consists of garnet, omphacite, zoisite, 
phengite and depending on the rock composi-
tions, varying abundances of kyanite, rutile and 
quartz.   The peak metamorphic conditions for the 
eclogite domains has previously been estimated 
to occur at 15–21 kbar and 650–800 °C, based on 
conventional thermobarometry (Austrheim, 1987; 
Boundy et al., 1992).  These peak metamorphic 
conditions are interpreted as the burial of the 
domains on Holsnøy Island, to depths > 70 km in 

a subduction zone (Austrheim, 2013), based the 
current tectonic model.  The amphibolite-facies 
retrogression due to the second pulse of fluid re-
sulted in an interpreted peak mineral assemblage 
of garnet–plagioclase–hornblende–muscovite–
zoisite ± quartz ± rutile.  The peak metamorphic 
conditions for this alteration have previously been 
constrained by conventional thermobarometry, 
with estimates of 8–12 kbar and 600–700 °C 
(Kühn, 2002; Glodny et al., 2008).

A number of previous authors have investigated 
the potential source of the fluids that infiltrated 
the Holsnøy system.  Understanding the fluid 
provenance has important implications for the 
overall understanding of the tectonic setting of 
the area.  Previous authors used different isotopic 
systems to deduce the potential fluid signatures, 
and fluid provenance responsible for the rehy-
dration of the granulite.  Using O, C and N in 
fluid inclusions in garnet, Andersen et al. (1991; 
1993) and Kühn (2002) concluded that the first 
fluid pulse was likely derived from the granulite 
protolith.  Andersen et al. (1990) and Mattey et 
al. (1994) used C, N and Ar isotopic constraints 
in fluid inclusions and mineral separates to sug-
gest the devolitilisation of metasediments as the 
likely source of the second pulse of fluid.  This 
thesis adds to the existing literature the system-
atic isotopic analyses of δ18O and δD within the 
P–T framework depicted in Chapter 2, as well 
as whole-rock and mineral trace elements and 
Sm–Nd systematics.  Innovative methods such as 
in–situ δ18O analysis and trace element mapping 
in garnet grains are also employed to investigate 
grain-scale isotopic variations caused by fluid 
infiltration.

Another aspect of the HP terrane on Holsnøy 
Island, which is investigated,in this thesis is 
the exhumation rates of the Lindås Nappe from 
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eclogite-facies to amphibolite-facies.  Raimbourg 
et al. (2007) previously used forward diffusion 
modelling on zoned garnet grains in peak eclogite 
samples to determine rapid exhumation rates for 
Holsnøy Island.  While no quantitative estimates 
was given in the study for the exhumation rates, 
the durations obtained by Raimbourg et al. (2007) 
would result in a minimum rate of 10344 mm/
yr, for an ascension of 30 km (i.e. eclogite to 
amphibolite-facies) in the Earth’s crust.  Chapter 
5 of this thesis quantifies a series of minimum 
exhumation rates experienced by the eclogite 
domains on Holsnøy Island, and uses the extreme 
decompression rates as a test for the overpres-
sure hypothesis for the emplacement of this HP 
terrane.

Combined, the studies in this thesis provides an 
insight in the feasibility of the current tectonic 
model for the Bergen Arcs.  Moreover it high-
lights the necessity for alternative interpretations 
and explanations for pressure changes recorded 
by HP/UHP terranes.

Details of each chapter are outlined below.

3. THESIS OUTLINE

Chapter 2: Structural and P–T evolution of the 
Holsnøy Island system.

Chapter 1 presents a series of detailed maps of the 
key structural deformation stages during the pro-
gressive eclogitisation of the granulite domains 
during fluid infiltration.  Four stages of deforma-
tion (stages 1, 2, 3 and 4) depict the evolution 
of the system from brittle deformation to ductile 
deformation, as fluid became increasingly more 
available.  Moreover, P–T conditions are estimat-
ed for samples from stages 1, 3 and 4 of deforma-
tion, using forward phase equilibria modelling, 
to establish the first framework for the burial and 
decompression of the domains.  These are then 

combined to depict the P–T path experienced by 
the Holsnøy system.

Chapter 3: δ18O and δD isotopic constraints on 
the fluid infiltrating the system.

This chapter focuses on the most fluid affected 
domains; i.e. stages 3 (eclogite) and 4 (a ret-
rogressed-eclogite).  Systematic sampling and 
analysis of the fluid altered domains and their 
corresponding closest anhydrous protolith gran-
ulite provide constraints on isotopic shifts that 
occurred owing to fluid infiltration.  Whole-rock 
and mineral separates δ18O and δD analyses, as 
well as in-situ δ18O analyses in garnet grains, are 
used to constrain the isotopic signatures of fluid 
that infiltrated the granulite.  The dataset from 
this chapter constrains the type of fluid that trig-
gered the conversion of the anhydrous granulite 
to the hydrous eclogite. 

Chapter 4: Radiogenic (Sm–Nd) and REE 
evolution of the Holsnøy eclogites.

This chapter builds onto both Chapters 2 and 
3 and utilises the same samples from Chapter 
3.  However, in this chapter, trace element and 
Sm–Nd analyses were performed on the samples 
to constrain shifts that occurred during the influx 
of fluid.  Combined with Chapter 3 this provides 
a potential constraint on the source of the fluid.  
Moreover, the first trace element mapping of 
garnet grains for the Holsnøy eclogites were ac-
quired to observe potential changes in the distri-
bution during fluid infiltration. 

Chapter 5:  Constraints on the exhumation 
rate of the eclogite on Holsnøy Island.

Chapter 5 builds onto the P–T framework pre-
sented in Chapter 1. To constrain the exhuma-
tion rate experienced by the peak metamorphic 
eclogite (stage 3) on Holnøy Island, a pressure 
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decrease is calculated based on P–T constraints 
obtained from a fifth stage of deformation (added 
in this chapter), using forward phase equilibria 
modelling for the amphibolite-facies domain.  
This pressure decrease is then combined with 
exhumation durations, determined by the forward 
diffusion modelling between zoned garnet cores 
and rims, to obtain the minimum exhumation 
rates for the Holsnøy system.  

Chapter 6: Discussion and conclusion

This chapter provides a summary of the findings 
in this thesis.  Moreover, a short discussion link-
ing chapters 2, 3, 4 and 5 is presented, highlight-
ing the necessity of considering the feasibility of 
tectonic models and processes when dealing with 
pressure in the Earth’s crust.  Final comments and 
conclusions are also included in this chapter.
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1.	 INTRODUCTION 

A number of studies have explored the way in 
which fluids can be generated during pro-
grade dehydration accompanying subduction 
(e.g. Groppo & Castelli, 2010; Liu, Bohlen, 
& Ernst, 1996; Peacock, 1990, 1993; Schmidt 
& Poli, 1998; Spandler, Hermann, Arculus, 
& Mavrogenes, 2003).  Using calculated 
mineral modal proportions and compositions, 
Hacker, Abers, and Peacock (2003) demon-
strated that subducted (and exhumed) lith-
ologies generally retain less water than their 
less buried equivalents.  It follows that for the 
most part, the record of fluid expulsion is an 
inverse one, where the formation of compara-
tively anhydrous co-product assemblages are 
the record of fluid generation and loss (Baxter 

& Caddick, 2013; Guiraud, Powell, & Rebay, 
2001).   For example, Dragovic, Samanta, 
Baxter, and Selverstone (2012) and Baxter 
and Caddick (2013) showed that the forma-
tion of garnet-bearing assemblages during 
subduction could be used to make estimates 
of the amount fluid released during increas-
ing temperature, and demonstrated that 
rates of fluid generation are not steady state, 
but rather are punctuated around prograde 
mineral reactions.  More generally, similar 
models have been formulated for fluid release 
during prograde metamorphic dehydration 
in non-subduction settings (e.g.  Philippot, 
1993; Stüwe, 1998; Vry, Powell, Golden, & 
Petersen, 2010).  A consequence of punctuat-
ed fluid generation is that fluid flow events in 
subducting systems are probably also punc-

ABSTRACT

Exhumed eclogitic crust is rare and exposures that preserve both protoliths and altered do-
mains are limited around the world. Nominally anhydrous Neoproterozoic anorthositic granu-
lites exposed on the island of Holsnøy, in the Bergen Arcs in western Norway, preserve differ-
ent stages of progressive prograde deformation, together with the corresponding fluid-assisted 
metamorphism, which record the conversion to eclogite during the Ordovician-Silurian 
Caledonian Orogeny.  Four stages of deformation can be identified: 1) brittle deformation 
resulting in the formation of fractures and the generation of pseudotachylites in the granulite; 
2) development of mesoscale shear zones associated with increased fluid–rock interaction; 3) 
the complete large-scale replacement of granulite by hydrous eclogite with blocks of granulite 
sitting in an eclogitic ‘matrix’; and 4) the break-up of completely eclogitised granulite by con-
tinued fluid influx, resulting in the formation of  coarse-grained phengite-dominated mineral 
assemblages.  P–T constraints derived from phase equilibria forward modelling of mineral 
assemblages of the early and later stages of the conversion to eclogite document burial and 
partial exhumation path with peak metamorphic conditions of ~ 21–22 kbar and 670–690 °C.  
The P–T models, in combination with existing T–t constraints, imply that the Lindås Nappe 
underwent extremely rapid retrogressive pressure change.  Fluid infiltration began on the 
prograde burial path and continued throughout the recorded P–T evolution, implying a fluid 
source that underwent progressive dehydration during subduction of the granulites.  How-
ever, in places limited fluid availability on the prograde path resulted in assemblages largely 
consuming the available fluid, essentially freezing snapshots of the prograde evolution. These 
were carried metastably deeper into the mantle with strain and metamorphic recrystallisation 
partitioned into areas where ongoing fluid infiltration was concentrated. 
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tuated, resulting in comparatively short-lived 
fluid–rock interactions.  

While recrystallisation and dehydration 
of subducted fluid-bearing rocks leads to 
predictable mineral assemblages and fluid 
generation, the fate of subducted, nominally 
anhydrous, rocks such as continental granu-
lites is less predictable.  From an equilibrium 
thermodynamic standpoint, the conversion 
of granulite across a wide range of compo-
sitions to compositionally equivalent eclog-
ite should occur in response to changes in 
pressure and temperature (Ghent, Dipple, 
& Russell, 2004; Lardeaux & Spalla, 1991; 
Ridley, 1984).  However, studies have shown 
that anhydrous granulitic rocks are relatively 
stable, and hence their conversion to eclogite 
is not kinetically favourable, with the result 
that large tracts of dry granulitic crust can be 
transported into the mantle and returned to 
the surface with little mineralogical modifi-
cation (e.g. Austrheim, Erambert, & Engvik, 
1997; Ellis & Maboko, 1992; Jackson, Aus-
trheim, McKenzie, & Priestley, 2004).  On 
the other hand, the conversion of dry gran-
ulite to eclogite can be catalysed by interac-
tion with fluids (e.g.  Austrheim & Griffin, 
1985; Erambert & Austrheim, 1993; Jolivet 
et al., 2005; Martin, Rubatto, Brovarone, & 
Hermann, 2011; Terry & Heidelbach, 2006). 
Such catalysis leads to the development of 
hydrous mineral assemblages that may result 
in changes in the rheology and bulk density 
of the deeply buried crust (e.g.  Connolly, 
2009; Engvik, Austrheim, & Andersen, 2000; 
Erambert & Austrheim, 1993; Pollok, Lloyd, 
Austrheim, & Putnis, 2008; Rockow, Haskin, 

& Fountain, 1997).  While the generation of 
fluids in hydrous subducted rocks will leave a 
dehydrated mineralogical record, anhydrous 
granulites can potentially record fluid release 
events via the formation of hydrous mineralo-
gies that mark the absorption of fluid released 
elsewhere by dehydration.  Given the impor-
tance of fluid in catalysing reactions in pre-
viously anhydrous rocks, the product mineral 
assemblages are likely to be frozen in when 
the fluid pulse is exhausted or consumed by 
the product assemblages.  These hydrous 
mineral assemblages, therefore, have the 
potential to record the pressure–temperature 
(P–T) conditions at which fluid was able to 
migrate from a dehydrating source region(s) 
during the subduction and exhumation of 
granulitic crust and the P–T path of otherwise 
unreactive rocks.

In the Lindås Nappe in the Bergen Arcs, 
western Norway, white mica- and epi-
dote-group-bearing (i.e. hydrous) high-P 
amphibolite and eclogite occur extensively 
within granulitic protolith (Figure 1). The 
granulites are early Neoproterozoic in age 
(c. 950 Ma), whereas the eclogites are Or-
dovician-aged (c. 450 Ma; Austrheim, 2013; 
Bingen, Austrheim, Whitehouse, & Davis, 
2004; Bingen, Davis, & Austrheim, 2001; 
Van Wyck, Valley, & Austrheim, 1996). The 
formation of the high-P mineral assemblag-
es is interpreted to have occurred during 
H2O-rich fluid infiltration—a form of deep 
crustal metasomatism—along fractures and 
shear zones during the Caledonian Oroge-
ny (Andersen, Austrheim, & Burke, 1990; 
Austrheim, 2013; Austrheim & Griffin, 1985; 
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Boundy, Fountain, & Austrheim, 1992). Min-
eralogically and geochemically, the evidence 
for fluid infiltration is confirmed by the pres-
ence of potassium-rich mica, epidote-group 
minerals and the presence of quartz veins 
within the host plagioclase–clinopyroxene–
orthopyroxene–garnet anorthositic granulite 
(Andersen et al., 1990; Andersen, Austrheim, 
& Burke, 1991b; Austrheim, 2013; Austrheim 
& Griffin, 1985; Boundy et al., 1992; Raim-
bourg, Jolivet, Labrousse, Leroy, & Avigad, 
2005). 

Numerous studies have investigated the 
development of the fluid–rock system in the 
Lindås Nappe (e.g. Andersen et al., 1991b; 
Austrheim, 2013; Austrheim & Griffin, 1985; 
Bingen et al., 2001; Raimbourg et al., 2005; 
Russell et al., 2012). However, there are 
comparatively few robust constraints on the 
P–T conditions at which fluid–rock interac-
tion occurred. Existing constraints of 15–21 

kbar and 650–800 °C have been derived 
from conventional thermobarometry (Fe–Mg 
exchange between garnet and omphacite and 
garnet and amphibole; Austrheim & Griffin, 
1985; Boundy, Essene, Hall, Austrheim, & 
Halliday, 1996; Boundy, Mezger, & Essene, 
1997; Jamtveit, Bucher-Nurminen, & Aus-
trheim, 1990).  More recently, Raimbourg, 
Goffé, and Jolivet (2007) used Gibbs energy 
minimisation methods to derive rudimentary 
phase diagrams in concert with average P–T 
calculations (Holland & Powell, 1990, 1998; 
Powell & Holland, 1988), and derived P–T 
conditions of 20 kbar and 720 °C.  However, 
there are little systematic P–T information for 
the different stages of fluid–rock interaction 
recorded in the Lindås Nappe, particularly 
the stages that led to the development of the 
eclogitic assemblages.  Better constrained 
P–T information will provide a framework 
in which to understand the origins of the 
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Figure 1. (a) Location of Holsnøy Island relative to Bergen in western Norway.  The Lindås Nappe is also highlighted in 
grey.  (b) Geological map of northern Holsnøy island, modified from Austrheim et al. (1996) and Boundy et al. (1992).  Sam-
ple locations are indicated as red stars.
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metasomatising fluids.  In this study, field 
structural relationships on the island of Hol-
snøy were used to identify different stages 
of deformation and recrystallization during 
modification of the granulite protolith to 
eclogite.  Samples from these different stages 
were then used in phase equilibria forward 
modelling to constrain the framework for the 
evolving P–T conditions under which eclogi-
tisation occurred. 

2.  GEOLOGICAL SETTING

2.1  Study area

Holsnøy is located in south-western Norway, 
approximately 45 km north-west of Bergen. 
The outcropping rocks on Holsnøy form part 
of the Lindås Nappe, which is one of the 
major domains of the Bergen Arcs (Austrhe-
im, 2013; Centrella, Austrheim, & Putnis, 
2015). It is arguably one of the best locations 
in the world to study metasomatism in deeply 
buried crust, as both the protolith (granu-
lite) and metasomatic product (eclogite) are 
superbly preserved, and a number of studies 
have documented the fluid–rock interactions 
in this area (e.g. Austrheim, 2013; Centrella 
et al., 2015; Jolivet et al., 2005; Mattey, Jack-
son, Harris, & Kelley, 1994; Raimbourg et 
al., 2005). This study focuses on north-east-
ern Holsnøy (Figure 1), where the main 
eclogitised granulite can be found along with 
distinct stages of deformation and mineral 
assemblage development associated with the 
transformation of granulite to eclogite.

2.2  Structural features and stages of de-

formation

The granulite facies anorthositic protolith 
was metamorphosed at approximately 950 
Ma (Austrheim & Griffin, 1985; Krogh, 
1977; Pollok et al., 2008) during the Grenvil-
lian-aged Sveconorwegian Orogeny (Aus-
trheim, 1987; Austrheim & Griffin, 1985). 
The granulite is dominated by plagioclase 
with lesser clinopyroxene, garnet and or-
thopyroxene.  Garnet and clinopyroxene 
commonly form coronae around orthopyrox-
ene, and are aligned with the foliation in the 
granulite (Austrheim, 2013; Raimbourg et 
al., 2005). P–T estimates from convention-
al thermobarometry for the granulite facies 
peak metamorphic conditions are 10 kbar and 
800–900 °C (Austrheim, 1987, 2013; Boundy 
et al., 1997).

The anorthositic granulites were subsequently 
deeply buried during the Caledonian Oroge-
ny at c. 450 Ma and partially to completely 
converted to high-P amphibolite and eclog-
ite (Austrheim & Griffin, 1985; Boundy 
et al., 1996; Glodny, Kühn, & Austrheim, 
2008; Van Wyck et al., 1996).  There has 
been less focus on the high-P amphibolite 
facies assemblages that preceded the eclog-
ite assemblage.  However, petrology of the 
eclogite has been previously described in 
detail (Austrheim et al., 1997; Austrheim & 
Griffin, 1985; Bingen et al., 2001; Boundy et 
al., 1992; Jamtveit et al., 1990; Pollok et al., 
2008; Raimbourg et al., 2005).  The essential 
mineralogy of the eclogites consists of garnet, 
omphacite and zoisite. Depending on rock 
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composition, the eclogites may also contain 
varying amounts of phengite, kyanite, rutile 
and quartz as well as retrograde amphibole. 
Previous P–T constraints for their formation 
(15–21 kbar and 650–800 °C) suggest burial 
depths of approximately 50–70 km, assuming 

no deviatoric stress contribution (Austrheim, 
1987, 2013; Boundy et al., 1996; Boundy 
et al., 1997; Jamtveit et al., 1990; Pollok et 
al., 2008). Later reworking of the eclogite 
is interpreted to be associated with partial 
exhumation at amphibolite facies conditions 
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Figure 2. Detailed outcrop-scale maps showing the relationship between different lithological domains on Holsnøy Island. 
(a)  Pseudotachylite veins cross-cutting the foliation of granulite in stage 1 and later overprinted by partially hydrated shear 
zone.  (b) Structural features in stage 2 of deformation, namely the formation of fractures and discrete shear zones which are 
both accompanied by fluid alteration. (c) The formation of granulite blocks (previously described as the granulite ‘breccia’) 
enclosed by highly sheared eclogite in stage 3 of deformation. Map details are provided Table S1.1.
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of 8–12 kbar and 600–700 °C (Glodny et al., 
2008; Kühn, 2002).  

The transition from granulite to eclogite on 
Holsnøy has been described by a number of 
workers (Austrheim, 1987; Boundy et al., 
1992; Boundy et al., 1997; Jamtveit et al., 
1990; Jolivet et al., 2005; Kühn, Glodny, 
Austrheim, & Raheim, 2002; Raimbourg et 
al., 2007), and can be tracked via stages of 
deformation that progressively increase the 
degree of transformation of the protolith.

Stage 1 involves the formation of pseudo-
tachylite arrays and veins. These have been 
described in detail by Austrheim and Boundy 
(1994), Austrheim, Erambert, and Boundy 
(1996) and Austrheim et al. (2017).  The 
pseudotachylites now occur in the granulites 
as recrystallised pale grey veins and injection 
structures. They either cross-cut the granulite 
foliation (Figure 2a) or follow its trend (Fig-
ure 3a). Where the veins follow the granulitic 
foliation, they form thin (2–4 cm) dyke-like 
structures that can be traced continuously for 

a. b.

c.

d.
22cm

2cm

15cm

Figure 3. Field photographs illustrating the different stages of deformation.  (a) Pseudotachylite outline in red overprinted by 
a partially hydrated shear zone (grey zone on right of the picture) during stage 1 of deformation.  The boundary between the 
granulite and partially hydrated zone is outlined in green.  Camera cap as scale is 60 mm (b) Small-scale partially hydrated 
shear zone (denoted grey zone) in stage 2. Displacement of coronitic bands by up to 1 m shown by the yellow dashed lines in 
and out of the shear zone. Scale bar in the photograph is 11 cm.  (c) Granulite blocks (circled) sitting in extensively sheared 
eclogite formed during stage 3 of deformation.  Foliation in individual granulite blocks cannot be followed from one block to 
another one (highlighted in yellow dashed line).  (d) Retrogressive phengite-rich eclogite (pale strip in the middle of photo) 
overprinting eclogite (dark green domain on top left of photo).  Pink pen tip at bottom right of picture for scale.
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up to 20 m.  These dyke-like veins have irreg-
ularly shaped injection veins that branch off 
and transect the enclosing granulitic foliation.  
In other instances the pseudotachylites form 
arrays within foliation-discordant domains up 
to 1 m wide (Figure 3a), within which numer-
ous irregular centimetre-scale pseudotachylite 
veins occur.  In places rotation and disruption 
of the granulite foliation has occurred, cre-
ating zones that also contain cataclasites and 
ultramylonites (Austrheim & Boundy, 1994; 
Austrheim et al., 1996).  The pseudotachyli-
tes have been overprinted by high-P amphi-
bolite and eclogite assemblages that formed 
during fluid infiltration. The formation of the 
pseudotachylites is probably linked to the 
Caledonian Orogeny due to their consistent 
proximity to eclogitised shear zones (Aus-
trheim & Boundy, 1994).

Stage 2 involved the formation of discrete 
shear zones that range from centimetre- to 
metre- scale within metasomatised granulite 
(Figure 2b).   The metasomatism is marked 
by a darkening of the granulite to form grey–
green regions with a diffuse and gradational 
transition to the granulite (Figure 2b).  These 
regions of alteration and associated plastic 
deformation overprint the stage 1 pseudo-
tachylite (Figure 3a).  The alteration compris-
es polygonal recrystallised plagioclase grains, 
together with zoisite, kyanite, omphacite and 
phengite.  Garnet grains inherited from the 
granulite protolith have been partially con-
sumed, with modal proportion reductions of ~ 
50% compared to the granulite protolith, and 
form relict grains in the stage 2 assemblage.  
The domains of altered granulite typically 

flank the shear zones and contain structurally 
reworked granulite (Figure 3b).  However, 
in some instances the granulite is altered 
without any associated deformation, with 
the pre-existing foliation passing smoothly 
through the region of alteration.  Where stage 
2 deformation and alteration are volumetri-
cally minor, the pre–existing granulite facies 
structures can be traced continuously through 
the outcrops and are only modified where 
they are deflected into discrete shear zones 
(Figure 3b).

Stage 3 involved a significant increase in 
ductile deformation, indicated by shear 
zones that are tens to hundreds of metres in 
width and kilometres in length.  Within these 
zones, the protolithic granulite is completely 
replaced by eclogite.  This is indicated by 
the complete disappearance of plagioclase, 
and the formation of a new coarse-grained 
assemblage that contains omphacite–zoisite–
phengite–kyanite–garnet. This omphac-
ite-rich eclogite is strongly foliated and 
forms a ‘matrix’ that encloses relict granulite 
blocks (Figure 2c). The granulite blocks vary 
in size, ranging from metre to tens-of-metre 
scale, and the relict foliation usually cannot 
be traced smoothly between adjacent blocks.  
Deflection of the granulite fabric into the 
foliated eclogite occurs at the margins of 
the granulite blocks, indicating that plastic 
deformation was associated with eclogite for-
mation.  The stage 3 domains are organised 
into deformation belts that principally trend 
110/20NE, with a subordinate conjugate that 
trends 050/20SE. Within the ESE trending 
eclogite belts, the relict granulite blocks com-
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monly have sigmoidal shapes with east–west 
elongation that suggests bulk dextral top-to-
the-east non-coaxial flow (Jolivet et al., 2005; 
Raimbourg et al., 2005).

Stage 4: In places the strongly foliated eclog-
ite has been overprinted by localised, coarse-
grained phengite-rich domains (~40 cm wide 
at outcrop scale; Figure 3d) locally associ-
ated with small pegmatites, in which earlier 
formed stage 3 omphacite-rich eclogite has 
been broken into fragments. These ompha-
cite-rich domains contain euhdral garnet 
and disseminated omphacite and amphibole, 
whereas the phengite-rich domains contain 
minor garnet, omphacite and zoisite.  These 
phengite-rich domains may form the early 
stages of the amphibolite facies overprint that 
occurred during exhumation of the eclogites 
(Boundy et al., 1992; Glodny et al., 2008; 
Kühn, 2002; Kühn et al., 2002).

3.   METHODS

3.1  Bulk-rock and mineral chemistry

Whole-rock geochemistry for implementa-
tion in phase equilibria forward modelling 
was done at the Department of Earth and 
Environment, Franklin and Marshall College, 
Lancaster PA, using Wavelength Dispersive 
X-ray Fluorescence (WD–XRF) spectrome-
try. Major elements were analysed on fused 
disks prepared using a lithium tetraborate 
flux. Ferric vs ferrous iron content was deter-
mined by titration.  Whole rock geochemistry 
in wt% is provided in Table 1.

Mineral compositions and elemental X-ray 
maps were acquired using a CAMECA 
SXFive electron microprobe at Adelaide 
Microscopy, University of Adelaide. For 
elemental analyses, a beam current of 20 
nA and accelerating voltage of 15 kV was 
used. Prior to analysis, calibration was done 
on an andradite standard, and wavelength 
dispersive spectrometers (WDS) were used 
for the analyse of SiO2, ZrO2, TiO2, ZnO, 

Sample HOL2A_2015
(stage 1)

HOL4C_2014
(stage 2)

HOL7C_2014
(stage 3)

HOL13A_2015
(stage 4)

SiO2 50.81 50.54 46.51 48.33
TiO2 0.08 0.10 0.61 0.64
Al2O3 24.72 24.92 18.65 20.69
MnO 0.09 0.07 0.20 0.21
MgO 4.72 5.49 6.60 7.10
CaO 10.02 8.54 10.93 7.70
Na2O 4.06 3.92 3.34 3.02
K2O 0.57 0.45 0.79 2.49
P2O5 0.07 0.03 0.03 0.04
LOI 0.91 0.74 1.36 2.44
FeO 2.80 3.68 7.23 6.22

Fe2O3 1.41 1.31 3.35 2.63

Total 99.66 99.79 99.60 99.76
*HOL4C_2014 was not modelled as it is only partially modified.

Table 1.  Bulk-rock composition of chosen samples for phase modelling expressed in wt %.
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Al2O3, Cr2O3, FeO, MnO, MgO, CaO, BaO, 
Na2O, K2O, P2O5, Cl and F. Element maps 
were obtained using a beam current of 200 
nA and accelerating voltage of 15 kV. Step 
sizes and dwell times were chosen based on 
the size of the area mapped and the grain size 
of the minerals to maximise the resolution.  
Elements Ca, Fe, Mn and Mg were mapped 
using WDS, and Al, Si, Ti, K, Na, Zr, Cl, Ce 
and F were mapped using energy dispersive 
spectrometers (EDS).   Electron backscat-
ter diffraction (EBSD) was used to identify 
minerals in fine-grained symplectites that 
formed during stage 2 replacement of garnet.  
EBSD mapping was undertaken at the John 
De Laeter Centre at Curtin University using a 
Tescan MIRA3.  For EBSD analysis samples 
were polished using 60 nm colloidal silica 
solution.  EBSD maps were collected via 
the software Aztec (Oxford Instruments). An 
acceleration voltage and beam current of 20 
kv and 15 nA, respectively, were used during 
acquisition with 50 ms dwell time per pixel.   
Proportions of minerals were completed by 

processing the collected EBSD maps of reac-
tion rims of omphacite and garnet. Phengite 
did not index during EBSD collection and 
modal proportions have been estimated by 
EDS phase mapping. Image J was used to 
calculate the relative modal proportions by 
colour thresholding.

3.2  Phase equilibria forward modelling

3.2.1  Bulk-rock composition determination

Bulk compositions used for phase equilibria 
forward modelling were determined from 
whole-rock geochemistry.  The whole-rock 
sample is a slice of rock ~ 2mm thick taken 
from the thin section rock block adjacent to 
the surface that was glued to the thin section 
glass.  Hence, this whole-rock composition 
closely approximates the integrated min-
eralogical composition of the minerals ob-
served in thin section. Weight percent data 
from whole-rock geochemical analyses (Ta-
ble 1) were recast in terms of mole percent-

Sample HOL2A_2015
(stage 1)

HOL7C*_2014
(stage 3)

HOL7C_2014
(stage 3)

HOL13C_2015
(stage 4)

SiO2 55.47 48.91 48.55 48.98
TiO 0.07 0.48 0.53 0.49

Al2O3 15.50 11.56 10.88 12.35
FeO* 3.71 9.01 6.87 7.28
MgO 7.98 10.35 9.15 10.73
CaO 11.72 12.31 12.84 8.36
Na2O 4.29 3.4 3.85 2.97
K2O 0.40 0.53 0.60 1.61
H2O 0.18 4.77 5.39 8.25

O 0.58 1.33 1.35 1

Table 2. Un-normalised bulk-rock composition in the system NCKFMASHTO expressed in mol % as input to THERMOC-
ALC.

HOL7C* designates the original bulk composition for this sample (including relict garnet inherited from the granulitic proto-
lith) whereas HOL7C is the modified bulk composition derived from removing the relict granulitic garnet from the whole-
rock composition. The composition of the relict garnet is on the basis of electron micrprobe-measured mineral composition 
data (see Table 3). 
FeO* = FeO(original) + 2×O  as ‘O’ specifies the amount of excess oxygen required to oxidise FeO to create Fe2O3.
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age of oxide components (e.g. MgO, SiO2; 
Table 2) for phase equilibria modelling using 
THERMOCALC. For samples that had com-
pletely recrystallised (e.g. HOL2A_2015), 
the forward modelling calculations used the 
recast values directly from bulk-rock com-
position and titration analyses. However, for 
samples that still contained relicts from the 
granulitic mineralogy (e.g. HOL7C_2014), it 
was necessary to derive an effective reactive 
bulk composition prior to forward model-
ling.  The removal of garnet cores was done 
in the admittedly simple way of determining 
the proportion of the samples that consists of 
garnet cores (19%).  This was done via pixel 
counting using Adobe Photoshop, taking 
advantage of the colour contrast of the garnet 
cores and rims.  Because the garnet cores 
are mostly unzoned (see section 4.2 Mineral 
chemistry), it is straight forward to determine 
the integrated bulk composition of the garnet 
cores and subtract it from the measured XRF 
whole-rock composition.  

3.2.2  P–T pseudosections

Phase equilibria calculations were undertaken 
using the software program THERMOCALC 
v.3.33 in the geologically realistic chemical 
system Na2O–CaO–K2O–FeO–MgO–Al2O3–
SiO2–H2O–TiO2–O (NCKFMASHTO), where 
‘O’ is a proxy for Fe2O3, using the internal-
ly-consistent thermodynamic dataset ‘ds5’ 
(filename ds55.txt, 22nd Nov 2003 update of 
Holland & Powell, 1998). The activity–com-
position (a–x) models used were: amphibole 
(Diener & Powell, 2012; Diener, Powell, 
White, & Holland, 2007); clinopyroxenes 

(Diener & Powell, 2012; Green, Holland, & 
Powell, 2007); chlorite, talc and epidote–cli-
nozoisite (Holland & Powell, 1998); garnet 
and biotite (White, Powell, & Holland, 2007); 
plagioclase and K-feldspar (Holland & Pow-
ell, 2003); ilmenite and chloritoid (White, 
Powell, Holland, & Worley, 2000); muscovite 
and paragonite (Coggon & Holland, 2002).  

Based on the low abundance of hydrous 
minerals in the recrystallised pseudotachylite, 
the measured LOI (0.91 wt %) was inter-
preted to be too high to represent the water 
content at metamorphic conditions for stage 
1 of deformation.  To determine an effective 
water content for this particular sample (HO-
L2A_2015), a T–MH2O was calculated (Figure 
S1.1).  An appropriate water content in the 
peak field was then constrained by the use of 
garnet and omphacite compositions isopleths.  
Samples HOL7C_2014 and HOL13A_2015 
did not require the use of T–MH2O models to 
determine effective water contents as both 
samples have significantly high abundanc-
es of hydrous minerals (e.g. phengite and 
zoisite).  The LOI was interpreted as the max-
imum possible water content that was present 
in the system.  To investigate the effect of 
decreasing water content, the P–T position 
of the peak assemblage in both samples was 
calculated with different percentages of the 
LOI.  The peak field boundaries in sample 
HOL7C_2014 are not affected by decreasing 
water content (Figure S1.2).  However, the 
peak field for HOL13A_2015 is significantly 
affected by decreasing water content as it is 
bound by the water-out line.  Decreasing the 
LOI causes the water-out line to migrate up 
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pressure and temperature, causing the peak 
field to disappear at 80% LOI (Figure S1.3).  
This indicates that the peak field for HO-
L13A_2015 only appears at water contents 
between 6.60–8.25 mol %.  Hence for both 
samples, the maximum possible amount of 
water was used (i.e. the measured LOI) as it 
best corresponds with the observed mineral 
assemblage.

To investigate the effect of varying Fe2O3 
content in our samples, P–MO were calculated 
for stage 3 and stage 4 mineral assemblages 
(Figure S1.4).  The stage 3 (HOL7C_2014) 
and stage 4 (HOL13A_2015) P–MO models 
reveal that the peak assemblages are stable 
over a wide range of Mo at high pressures, 
which suggest that varying Fe2O3 content 
does not significantly affect the peak assem-
blage at such pressures.  Moreover, for both 
samples, the measured MO values (recast from 
measured Fe2O3 by wet chemistry) plot in 
the interpreted peak field (Figure S4).  The 
measured Fe2O3 values were hence used to 
calculate the respective P–T pseudosections.

Throughout the construction of the different 
P–T–X models,  Matlab-based, automated 
software programme TCInvestigator v2.0  
was used to check that the calculated assem-
blages validly satisfy Gibbs Energy minimis-
ation.

3.2.3	 Contouring mineral chemistry and 

modal proportion

Mineral composition isopleths and nor-
malised modal abundance contours (‘mode’) 

were calculated for the forward model using 
TCInvestigator v2.0 for P–T pseudosections.  
The method used for contouring models 
is detailed by Pearce, White, and Gazley 
(2015).  Step sizes used for contouring were 
0.1 kbar and 1 °C.

4.  RESULTS 

4.1  Petrography

Four samples were selected to encompass the 
structural evolution outlined earlier (Table 
S1.1).  Of these, three samples were subse-
quently chosen to evaluate the P–T evolution 
of the eclogitisation process on Holsnøy.  
Representative photomicrographs of all sam-
ples are presented in Figure 4.

4.1.1  HOL2A_2015 (stage 1)

This sample is from a recrystallised pseudo-
tachylite vein that formed during stage 1.  
The vein is 4 cm wide and is parallel to the 
enclosing granulite foliation, and has associ-
ated small scale (3 cm by 0.5 cm) injection 
veins that branch off the main vein. The 
recrystallised pseudotachylite is fine-grained 
(<0.1 mm; Figure 4a) and contains kyanite, 
omphacite, plagioclase, K-feldspar, zoisite 
and minor amounts of quartz, rutile and 
poikiolitic garnet. Clusters of kyanite needles 
are intergrown with omphacite (Figure 4a). 
The matrix also contains domains dominat-
ed by K-feldspar that incorporate abundant 
fine-grained kyanite (Figure 4a, 5a and b).  
Both in the matrix and within the K-feldspar 
domains, the kyanite is unoriented. Garnet 
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occurs in minor amounts as highly poiki-
loblastic grains (Figure 5c, d) that contain 
inclusions of plagioclase, K-feldspar, quartz, 
clinopyroxene and rare rutile.  Plagioclase 
forms abundant polygonal grains (<0.1 mm) 
in the matrix.  Texturally, plagioclase is part 
of the recrystallised assemblage and is not 
inferred to be a relict mineral pre-existing 
from the granulite protolith.  The interpreted 
metamorphic assemblage in the recrystal-
lised pseudotachylite is garnet–kyanite–pla-
gioclase–K-feldspar–omphacite–zoisite–
quartz–rutile.

4.1.2	 HOL4B_2014 (stage 2)

This sample contains a fine-grained foliated 
matrix consisting of plagioclase, kyanite, 
clinopyroxene, phengite and minor quartz 
(Figure 4b, 6).  The matrix encloses relict 
garnet and clinopyroxene derived from the 
granulite protolith. The modal percentage of 
garnet has been reduced from ~ 18% in the 
pristine granulite to ~10% in the recrystal-
lised assemblage and there is no evidence of 
new garnet growth.  Garnet is enclosed by 
thick coronae of fine-grained reaction prod-

Figure 4.  Photomicrographs showing the textures and mineral relationships in the different samples.  (a) Sample HO-
L2A_2015 is a recrystallised pseudotachylite that represents stage 1 of deformation.  The matrix comprises very fine-grained 
light-coloured plagioclase and darker omphacite and kyanite intergrowths enclosing garnet poikiloblasts and lens-shaped 
domains of intergrown K-feldspar and kyanite.  (b) Sample HOL4B_2014 represents stage 2 of deformation.  Relict granu-
litic garnet grains are enclosed by fine-grained plagioclase kyanite, omphacite and phengite-bearing symplectites replacing 
garnet grains.  The light-coloured matrix comprises plagioclase and zoisite. (c) Sample HOL7C_2014 represents stage 3 
deformation.  Garnet with apparent zoning sits in a matrix of omphacite, zoisite and phengite with growth of amphibole-rich 
symplectites at garnet-omphacite grain boundaries. (d) Sample HOL13A_2015 represents stage 4 of deformation.  A coarse-
grained phengite matrix separates amphibole–omphacite–zoisite–garnet–quartz–bearing domains into isolated aggregates.
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ucts that comprise finely intergrown ompha-
cite–kyanite–zoisite–plagioclase, with coars-
er individual crystals of kyanite, phengite 
and omphacite (Figure 6).  The symplectite 
reaction halos are typically ellipsoidal with 
the longest axis parallel to the local stage 2 
foliation.

4.1.3	 HOL7C_2014 (stage 3)

This sample contains a well-defined stage 
3 foliation defined by alignment of zoisite 

(14%), phengite (7%), elongate omphacite 
(24%) and minor rutile.  Hand specimens 
from the sample location contain sparse, 
blue, millimetre-sized kyanite grains (Fig-
ure S1.5), and X-ray mapping reveals trace 
amounts of kyanite in HOL7C_2014. The 
foliation encloses garnet grains that range in 
size from 0.5–2 mm (Figure 4c).  The garnet 
grains are equant and subhedral and dis-
play subtle colour variation from relatively 
pink cores to lighter pink rims (8%) (Figure 

Figure 5.  Representative electron microprobe X-ray maps of two regions in sample HOL2A_2015.  Scalebar at the bottom 
of all maps is 200µm.  On the colour scale, white represents relatively high abundance of an element whereas black repre-
sents relatively low abundance.  (a) Aluminium map highlighting kyanite, which appears as bright yellow needles. (b)  Potas-
sium map highlighting K-feldspar, which formed the two bright pods, with inclusions of kyanite needles.  (c)  Silicon map 
of a garnet in sample HOL2A_2015, showing small grains of quartz in the matrix and as inclusions in the garnet rim.  (d) 
Manganese map of a garnet HOL2A_2015 showing minor Mn zonation with relative enrichment in the core compared to rim.
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4c).  Garnet cores may contain inclusions of 
coarse-grained and euheral spinel (Figure 
S1.6).  These inclusions are identical to those 
that can be found in the garnet grains in the 
granulitic protolith, implying the garnet in 
the eclogite was relict from the granulite 
protolith.  Phengite, omphacite and garnet 
are commonly rimmed by very fine-grained 
symplectites consisting of amphibole, albitic 
plagioclase and zoisite (Figure 4c). The sym-
plectites are typically better formed at grain 
boundaries that occur at a high angle to the 
stage 3 foliation.  The interpreted peak stage 
3 mineral assemblage is zoisite–phengite–
omphacite–garnet rim–rutile–kyanite.

4.1.4	 HOL13A_2015 (stage 4)

This sample is from a phengite-rich schist 

that overprints the omphacite–garnet rich 
eclogite that formed during stage 3. The 
sample contains medium-grained (0.2–1 
mm) garnet, omphacite (0.2–0.4 mm), zoisite 
(0.1–0.3 mm), green amphibole (0.2–1 mm) 
and quartz (0.1–0.2 mm), which are all in 
contact.  These minerals form domains that 
are isolated by very coarse phengite grains 
(Figure 4d).  Garnet and zoisite also occur 
within the coarse-grained phengite matrix. 
The interpreted peak metamorphic assem-
blage is phengite–garnet–omphacite–rutile–
amphibole–quartz–zoisite.  The abundance 
of minerals in volume % is: phengite = 36%; 
omphacite = 17%; amphibole = 17%; garnet 
= 11%; zoisite = 8% quartz = 4%; rutile = 
0.6%, determined by using pixel counts in 
Photoshop (Appendix S1.1)

Figure 6. EBSD image of garnet breakdown texture in 
HOL4A_2014, representing stage 2 of deformation.  In 
this sample, garnet breaks down owing to fluid infiltration 
to form a symplectite rim comprising omphacite, kyanite, 
zoisite, phengite and plagioclase.  The matrix is predomi-
nantly made up of plagioclase, zoisite, kyanite and minor 
quartz.  Zoisite, kyanite and plagioclase define the foliation, 
wrapping around the garnet and symplectite. 

4.2  Mineral chemistry

Mineral compositional data were collect-
ed from the stage 1 recrystallised pseudo-
tachylite, stage 3 peak eclogite and stage 4 
retrogressed eclogite. Representative mineral 
compositions are provided in Table 3, and 
ranges in mineral chemistry are provided in 
Table 4.

4.2.1  Garnet

Garnet grains in HOL2A_2015 have weak 
zoning, with slight core to rim increases in 
Xgrs (0.39 to 0.41) and Xpy (0.12 to 0.16), and 
corresponding slight decreases in Xalm (0.43 
to 0.41) and Xsps (0.00 to 0.02) (Table 4).

Garnet grains have a well-defined zonation 
in sample HOL7C_2014.  The core domains, 
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which are interpreted to be derived from the 
protolith, are compositionally homogeneous, 
with Xgrs ranging between 0.12 and 0.16; Xpy 
of 0.35–0.38; Xalm of 0.47–0.49 and Xsps of 
0.02.  The cores are enclosed by a well-de-
fined compositionally contrasting rim that is 
best expressed by Xgrs (Figures 7a and 8a).   
The rims show slight zoning with Xgrs de-
creasing from 0.29 to 0.24 from the interior 
of the rim to the exterior while Xpy in the rim 
increases from 0.22 to 0.27 (Figure 8a). Xalm 
(0.44) and Xsps (0.01) are essentially unzoned 
(Table 4).

Garnet grains in HOL13A_2015 show 
well-defined compositional zoning (Figure 
7c, d) similar to that in HOL7C_2014, ex-
pressed by a core domain of garnet derived 
from the protolith, and a rim of new garnet 
(Figure 8b).  The cores are compositionally 
homogenesous with Xgrs of 0.13–0.16, Xpy 
of 0.46–0.52, Xalm of 0.30–0.32 and Xsps of 
0.02–0.03 (Table 4).  The rims are enriched in 
Xgrs  and Xalm with respect to the cores, show-
ing relative increases of around 38 and 20% 
respectively, and are depleted in Xpy  (Figure 
8b).  The Xpy in the rims ranges between 
0.33 and 0.31 and shows zoning to lower 

Xalm= Fe2+/(Fe2++Mg+Ca+Mn); Xpy= Mg/(Fe2++Mg+Ca+Mn); Xgrs= Mg/(Fe2++Mg+Ca+Mn); Xsps= Mn/(Fe2++Mg+Ca
+Mn); XFe=Fe2+/(Fe2++Mg); XMg= Mg/(Fe2++Mg); Xab= Na/(Na+Ca+K); Xor=K/(Na+Ca+K)
For omphacite: Xjad= j(1-f); Xdiop= 1-j-x+jx; Xhed=x-jx; Xaeg=fj where x(cpx)=  Fe2+/(Fe2++Mg); j(cpx)= Na cations
(omphacite 0.35< j <0.7) and f(cpx)=Fe3+/(Fe3++Al+Cr).

Sample HOL2A_2015
(stage 1)

HOL7C_2014
(stage 3)

HOL13A_2015
(stage 4)

Garnet rim
Xalm 0.41–0.42 0.45–0.46 0.30–0.38
Xpy 0.15–0.16 0.29–0.30 0.45–0.46
Xgrs 0.40–0.41 0.22–0.28 0.15–0.16
Xsps 0.01–0.02 0.00–0.01 0.00–0.01

Garnet core
Xalm 0.41–0.43 0.47–0.49 0.43–0.47
Xpy 0.12–0.16 0.35–0.38 0.27–0.34
Xgrs 0.39–0.40 0.14–0.16 0.16–0.23
Xsps 0.00–0.02 0.01–0.02 0.01–0.02

Phengite
XMg – 0.65–0.71 0.59–0.70

Omphacite 
Xjad 0.36–0.43 0.42–0.49 0.37–0.39
Xdiop 0.47–0.53 0.46–0.50 0.48–0.50
Xhed 0.11–0.18 0.01–0.06 0.07–0.10
Xaeg 0.00–0.05 0.08–0.12 0.03–0.06

Zoisite
XFe3+ 0.15–0.18 0.18–0.21 0.15–0.19

Plagioclase
XAb 0.51–0.54 – –

K-feldspar
Xor 0.84–0.88 – –

Amphibole
XMg – – 0.63–0.71

Table 4.  Representative mineral chemistry for samples used in forward phase equilibria modelling.
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Xpy towards the outer margin of the garnet 
overgrowth.  In contrast with Xpy, Xalm in the 
garnet rims is homogeneous. Compositional 
gradients between cores and overgrowths are 
steeper for Xgrs  than for Xpy  and Xalm (Figure 
8b), suggesting the outer regions of the core 
domains may have undergone more extensive 
diffusional modification in Fe and Mg .

4.2.2	 Phengite

HOL2A_2015 does not contain phengite, 
however, it is present in the other two sam-
ples.

HOL7C_2014 contains phengite in the matrix 
which defines the foliation, together with 
zoisite and omphacite.  Phengite grains in 

Figure 7. Electron microprobe X-ray maps of garnets in HOL7C¬_2014 (top) and HOL13A_2015 (bottom).  Scalebar at 
the bottom of each map is 2mm.  On the colour scale, white represents relatively high abundance of an element while black 
represents relatively low abundance.  (a) X-ray map of calcium in HOL7C¬_2014.  There is a very sharp boundary between 
the core and rim, with a distinct enrichment in Ca in the rim of garnet grains.  Garnet cores are interpreted to be relict from 
the granulite and make up approximately 75 vol. % of garnet grains. (b)  Magnesium X-ray map of garnet in HOL7C_2014.  
Garnet grains show a general decrease in Mg content from core to rim.  (c)  Calcium X-ray map of garnet grains in HO-
L13A_2015, which have smaller cores than those in HOL7C_2014, but show similar increase in Ca content at the rims.  (d)  
Magnesium X-ray map of garnet grains in HOL13A_2015.  As in HOL7C_2014, there is a general decrease of Mg content 
from core to rim, however, the core-rim boundary is less sharp.



Chapter 2 P-T contraints on Holsnøy Island

-43-

this sample are unzoned, with XMg ranging 
from 0.65 to 0.71 (Table 4).  Phengite in 
HOL13A_2015 is abundant in the matrix as 
coarse grains, but shows no zonation.  XMg 
for phengite in this sample range from 0.59 to 
0.70.

4.2.3	 Omphacite

Omphacite grains in HOL2A_2015 occur as 
intergrowths with kyanite in the matrix.  The 
grain size is too small to identify composi-
tional zoning.  They have Xjad of 0.36–0.43; 
Xdiop  of 0.47–0.53; Xhed  of 0.11–0.18 and 
Xaeg of 0–0.050 (Table 4).

Compared to HOL2A_2015, HOL7C_2014 
contains much coarser (up to 1.5 mm) om-
phacite grains.  The Xjad  and Xdiop values 
range from 0.36–0.41 and 0.46–0.50 respec-
tively.  The sample shows significantly lower 
Xhed (0.01–0.06) and a relative enrichment 
in Xaeg (0.08–0.12) compared to HO-
L2A_2015 (Table 4).

Omphacite grains in HOL13A_2015 occur 
predominantly associated with garnet and 
amphibole and less commonly in the phengite 
dominated domains.  Grains in proximity 
to the phengite-rich domains usually show 
slight zonation in both Ca and Na, increas-
ing from 0.39 to 0.54 c.pfu and 0.27 to 0.42 
c.pfu, from core to rim, respectively, com-
pared with those in the garnet-amphibole 
domains which are homogeneous.  In general, 
HOL13A_2015 has Xjad of 0.37–0.39 and 
Xdiop of 0.48–0.50, and is relatively enriched 
in Xhed (0.07–0.10) while depleted in Xaeg 
(0.03–0.06; Table 4).

4.2.4	 Feldspar

HOL2A_2015 is the only sample to contain 
feldspars.  Plagioclase occurs in the matrix 
intergrown with kyanite–omphacite clusters 
and fine-grained zoisite, and has XAb from 
0.11 to 0.15 (Table 4).  In the same sample, 
K-feldspar occurs with kyanite needles in 

microns microns

rim rim rim rim

a. HOL7C_2014 (stage 3) b. HOL13A_2015 (stage 4)

Xgrs

Xalm

Xpy

Xsps
Xsps

Xgrs

Xalm

Xpy

Figure 8.  Zonation profile of garnet grains in (a) HOL7C_2014 and (b) HOL13A_2015. In both samples, Xgrs content 
increases from core to rim, Xpy decreases and Xsps increases.  Xalm decreases from core to rim in HOL7C_2014, whereas it 
increases in HOL13A_2015.
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lense-shaped domains in the matrix (Figure 
5b). The Xor of K-feldpar ranges from 0.84 
to 0.88, whereas the Na is ~ 0.20 c. pfu and 
Ca is ~ 0.11c. pfu (Table 3).

4.2.5	 Amphibole

HOL2A_2015 does not contain any amphi-
bole.  Amphibole occurs in HOL7C_2014 as 
very fine-grained symplectites on the margins 
of garnet and omphacite grains but was too 
fine-grained to analyse without overlapping 
the surrounding minerals.

In HOL13A_2015, the amphibole grains are 
unzoned.   The XMg ranges from 0.63 to 0.71 

(Table 4) and Ca and Na contents are 1.58 c. 
pfu and 1.17 c. pfu, respectively (Table 3).

4.5.6	 Zoisite

In sample HOL2A_2015, zoisite occurs as 
fine-grained clusters with plagioclase, kyanite 
and omphacite in the matrix and has XFe3+ 
in the range 0.15–0.18.  HOL7C_2014 con-
tains elongate zoisite grains in the matrix that 
defines the foliation along with phengite and 
omphacite.  The XFe3+ is in the range 0.18–
0.21 (Table 4).  In HOL13A_2015, zoisite 
grains display no zonation and have XFe3+ 
in the range 0.15–0.18 (Table 4).

HOL2A_2015
(stage 1)

NCKFMASHTO

1. g o ep ksp ky ru q zo
2. g o ep ksp ky ru q zo ab
3. g o ep ksp ky ru q pl di
4. g o ep ksp ky ru pl di ab 

H2O SiO2 Al2O3 CaO MgO FeO* K2O Na2O TiO2 O

5.  g o ep ksp ky ru q zo pl 
6.  g o ep ksp ky ru zo pl di bi
7.  g o ksp ky ru q zo pl di

Figure 9.  (a) Calculated P–T pseudosection for sample 
HOL2A_2015. The bulk composition at the top of the model 
is expressed as mol %. The white fields have a variance of 
two whereas the darkest shade of blue indicates variance 
of six. Mineral abbreviations are from Holland and Powell 
(1998). 
Note: very small fields are not labelled.The bold outline 
indicates the peak mineral assemblage and the red star desig-
nates approximate P–T conditions.  The grey shaded regions 
represent the contour ranges for garnet composition (x(g) of 
0.71-0.73) and K-feldspar ranges (XNa ~ 0.140-0.145), used 
to further constrain the peak conditions.  Peak conditions 
were selected where the two contours overlap, as indicated 
by the red star.

4.3  Pressure–Temperature conditions

P–T pseudosections were calculated for sam-
ple HOL2A_2015, HOL7C_2014 and HO-
L13A_2015 which represent stages 1, 3 and 
4 assemblages, respectively. These samples 
collectively span the recorded metamorphic 
evolution leading up to and immediately 
post-dating the formation of eclogite on Hol-
snøy.  Thus, they provide a P–T framework 
for the deformation stages and associated 
fluid–rock interaction.

4.3.1	 HOL2A_2015 (recrystallised pseudo-
tachylite; stage 1)	

The assemblage within the recrystallised 
pseudotachylite that formed during stage 1 
is garnet–kyanite–plagioclase–K-feldspar–
zoisite–quartz–omphacite.  The phase equi-
libria model is shown in Figure 9 and was 
calculated using the composition presented 
in Table 2.  The observed assemblage is not 
well constrained by equilibria modelling 
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as it occupies a large part of P–T space.  In 
the modelled P–T window, the peak assem-
blage occurs at conditions above 10 kbar and 
490°C.  In an attempt to further constrain 
the peak field, mineral modes and composi-
tional contours for different minerals were 
calculated.  In this case, the use of mineral 
abundance isopleths was not useful as they 
parallel the field boundary of the interpret-
ed peak mineral assemblage (Figure S1.7).  
However, garnet and feldpsar compositions 

can be used to provide an upper limit on 
the potential P–T conditions at which the 
pseudotachylite recrystallised.  Garnet in the 
assemblage is essentially unzoned, and while 
this may reflect post growth re-equilibration, 
the x(g) value range of ~0.71–0.73 occurs, 
within the modelled peak assemblage field 
and suggests conditions of around 13.3–15.7 
kbar and 630–780 °C.  This estimate can be 
coupled with K-feldspar composition (XNa ~ 
0.14-0.15) to obtain more tightly constrained 

1.  mu g o ru ky law H2O
2.  mu g o ru ky H2O ep ctd zo
3.  mu g o ru ky H2O ep ctd amph
4.  mu g o ru ky H2O ep amph
5.  mu g o ru H2O ep amph zo
6.  mu g o ru H2O ep amph zo pa
7.  mu g o ru ky H2O ep amph zo q
8.  mu g o ru ep amph zo pa q
9.  mu g o ru ky H2O amph zo pl
10.  mu g o ru ky H2O amph zo q pl  
11.  mu g o ru H2O ep amph zo pl q
12.  mu g o ru H2O ep amph zo pl

NCKFMASHTO

Figure 10.  Calculated P–T pseudosection for modified bulk composition (relict granulitic garnet removed) of sample 
HOL7C_2014 (Table 2). The bulk composition at the top of the model is expressed as mol %. The white fields have a vari-
ance of two whereas the darkest shade of blue indicates variance of six. Mineral abbreviations are from Holland and Powell 
(1998). 
Note: very small fields were not labelled.The bold outline indicates the peak mineral assemblage.  For further constraints, 
contours for the following measured mineral chemistry were plotted in grey: garnet compositional contours for z(g) with 
measured range of 0.26¬¬–0.29; 2) omphacite compositional contours for x(o) with measured range 0.10–0.13; omphacite 
compositional contours for j(o), measured range of 0.48–0.50 and lowest abundance of kyanite in the peak field.
The peak conditions are more tightly constrained to 21–22 kbar and 670–690 °C, where the different isopleth ranges coincide 
in the peak field, as indicated by the orange star.
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P–T conditions of around 15.2 –15.7 kbar at 
~ 680 °C (Figure 9; individual contour plots 
provided in Figure S1.7).

4.3.2	 HOL7C_2014 (peak eclogite; stage 3)

The phase equilibria model for HOL7C_2014 
shown in Figure 10 was calculated using a 
modified (i.e. with the relict granulite gar-
net removed; Table 2) bulk composition. 
The stage 3 peak metamorphic assemblage 
phengite–garnet–omphacite–rutile–zoisite–

kyanite–(free H2O) lies in the range 21 to >30 
kbar and 665 to >800°C.  Although we cannot 
demonstrate that H2O was present in the peak 
assemblage, the sample contains pervasive, 
volumetrically minor retrograde symplectites 
comprising amphibole and plagioclase that 
formed principally at the expense of omphac-
ite.  Tentatively, the presence of this hydrous 
retrograde assemblage may provide some 
support for the presence of a pore-scale fluid 
within the peak assemblage.

NCKFMASHTO

Figure 11. (a) Calculated P–T pseudosection for retrogressed eclogite, sample HOL13A_2015. The bulk composition at the 
top of the model is expressed as mol %. The white fields have a variance of two while the fields with darkest shade of blue 
have variance of seven. Mineral abbreviations used from Holland and Powell (1998).  Note: very were small fields were not 
labelled.  The bold outline indicates peak mineral assemblage and yellow star designates approximate P–T conditions.
Abundances for omphacite, quartz, zoisite are overlain as grey regions. The peak conditions are more tightly constrained at 
16–17 kbar and 680–700 °C where the isopleth ranges overlap in the peak field, indicated by the yellow star.
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The modelled peak assemblage P–T field 
is large, and as such provides only limited 
constraints. However, the peak P–T estimates 
can be improved using contours of mineral 
abundance, in concert with measured miner-
al chemistry.  The measured compositional 
isopleths corresponding to z(g) of 0.26–0.29, 
x(o) of 0.10–0.13 and  j(o) =of 0.48–0.50 are 
overlain as faded grey areas on Figure 10 
(individual contours are provided in Figure 
S1.8).  Although these compositions cover a 
large portion of the P–T model, they do inter-
sect within the peak assemblage field, which 
constrains the peak P–T conditions for this 
sample more tightly to approximately 21–22 
kbar and 670–690 °C.

4.3.3	 HOL13A_2015 (retrogressed eclogite; 
stage 4)

The peak metamorphic assemblage phengite–
garnet–omphacite–rutile–amphibole– 
zoisite–quartz–(free H2O) occurs in the range 

14.0–17.5 kbar and 650–760 °C  (Figure 11). 
To further constrain the peak conditions, the 
modal proportions of phengite, omphacite, 
quartz and zoisite (isopleths presented in Fig-
ure S1.9) within the peak assemblage were 
plotted as grey shaded regions on Figure 11, 
where they coincide in the top left corner of 
the peak mineral assemblage field.  The more 
tightly constrained P–T conditions occur in 
the range of 16–17 kbar and 680–700 °C.

5.  DISCUSSION 

The aim of this study is to provide a P–T 
framework (i.e. burial and exhumation) for 
the fluid assisted conversion of granulite to 
eclogite recorded on Holsnøy Island in the 
northern Bergen Arcs.  The P–T conditions 
presented here are linked to the different stag-
es of the deformational evolution that have 
been described in detail by Austrheim (2013).  
However, before linking the different P–T 
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Figure 12.  Figure comparing different elements in altered domains and their wall rocks.  The chart represents the difference 
in major elements between the recrystallised pseudotachylite, peak eclogite and retrogressive eclogite and the adjacent granu-
lite.  Positive figures represent element ‘gains’ and negative values represent element ‘loss’ with respect to the wall rock.  
Original compositions for the wall-rock and altered rocks are provided in the supplementary data, Table S1.2.
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conditions that were calculated in this study, 
it is essential to assess the validity of phase 
equilibria modelling for the rocks on Holsnøy 
Island.

5.1  Application of phase equilibria model-
ling on Holsnøy Island

The underlying assumption of the mineral 
equilibria modelling shown in the previous 
sections is that mineral growth occurs via 
equilibrium processes within a constant bulk 
rock composition.  Indeed, it is this notion of 
a closed system requirement that underlies 
a duality in thinking when applying mineral 
equilibria modelling to mineral assemblages.  
For example, the application of melt reinte-
gration modelling to investigate the petro-
logical evolution of granulite (Anderson et 
al., 2012; Brown, 2007; Korhonen, Brown, 
Clark, & Bhattacharya, 2013) seeks to adjust 
the bulk composition of a rock via sequential 
addition of melt to explain the development 
of minerals that may have formed before the 
currently preserved bulk composition of the 
rock was created.  In this way open system 
behaviour is addressed in a mechanical and 
user-defined manner.

For the rocks exposed on Holsnøy, it is evi-
dent that open system behaviour has played 
an essential role in the transformation of 
anorthositic granulite to eclogite (Austrheim, 
2013).  At the outcrop scale, the manifesta-
tion of this open system behaviour is dra-
matic, with the formation of hydrous high-P 
amphibolite and eclogite domains at the ex-
pense of nominally anhydrous garnet–clino-
pyroxene–orthopyroxene-bearing anorthosite.  

However, despite clear petrological differenc-
es between the protolith and the fluid affected 
rocks, there is surprisingly little difference 
in the major element chemistry between the 
eclogite domains and their wall rocks (Figure 
12; Kühn, 2002; Schneider, Bosch, Monié, & 
Bruguier, 2007).  For the samples used in this 
study, major element comparisons between 
the protolith granulite and the immediate-
ly adjacent sampled recrystallised rock are 
shown in Figure 12.  For the recrystallised 
pseudotachylite sample HOL2A_2015, it 
is evident that there is little compositional 
change compared to the granulite protolith, 
suggesting an invariant bulk composition 
during rock recrystallization.  However, 
for the peak metamorphic eclogite sample 
HOL7C_2014 and interpreted retrograde 
sample HOL13A_2015, it is evident that 
compositional changes have occurred.  For 
HOL7C_2015, the eclogite is less silicious 
and more calcic than its protolith, although 
based on the loss of ignition (LOI; Table 1; 
Figure 12), is not significantly more hydrated.  
In HOL13A_2015, based on LOI, the sample 
is much more hydrous than its protolith, as 
well as significantly more Fe-rich and potas-
sic.

It is beyond the scope of this paper to un-
dertake an detailed analysis of the chemical 
changes associated with the conversion of 
granulite to eclogite.  However, the critical 
question is to what extent the rock composi-
tion changed while the petrologically ob-
served mineral assemblage formed.   Schnei-
der et al. (2007) undertook an evaluation 
of scales of chemical equilibrium within 
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samples that correspond to our stage 2 and 
stage 3 recrystallisation, concluding that 
samples at thin section scale did not operate 
as an equilibrium system.  This was most 
evident in the sample that corresponds to 
stage 2, which displays complex symplectitic 
coronas around garnet that reflect microscale 
chemical domains.  Because of these textural 
complexities and their associated microchem-
ical domains, we chose not to model the stage 
2 assemblages.  However, for a sample of 
omphacite-rich eclogite which, corresponds 
to our stage 3 assemblage Schneider et al. 
(2007) determined that mineral compositions 
showed comparatively little variation.  Nota-
bly, compositional variation in minerals like 
phengite was associated with the formation 
of volumetrically minor secondary retrograde 
phengite, rather than the formation of pro-
grade micro-chemical domains.  In our stage 
3 sample, aside from garnet, we also find 
comparatively little compositional variation 
in mineral chemistry.

In the case of recrystallised pseudotachylite 
sample HOL2A_2015, it appears that little 
chemical change occurred between the pro-
tolith and the recrystallised rock (Figure 12).  
In eclogite sample HOL7C_2014, there is a 
strong foliation with a mineral assemblage 
distribution that shows no textural evidence 
for sequential or spatially heterogeneous 
mineral growth, veining, or other textural 
criteria that would suggest a progressive 
change in bulk composition occurred during 
the formation of the currently preserved min-
eral assemblage.  Aside from compositional 
zoning in the garnet overgrowths surrounding 

relict protolith garnet, which could reflect 
the evolving P–T conditions, minerals such 
as omphacite, zoisite and phengite show 
little compositional variation.  We suggest 
that the lack of obvious sequential mineral 
growth and compositional zonation reflects a 
comparatively established bulk composition 
during the growth of the preserved mineral 
assemblage.  Similarly in HOL13A_2015, 
there are no systematic mineral textures that 
point to preservation of fluid-infiltration 
driven reaction fronts, and the mineral grains 
(aside from the relict granulite garnet cores) 
show little zoning.  Again we suggest this 
could be interpreted to reflect a comparative-
ly established bulk composition during the 
formation of the mineral assemblage in the 
sample.  

Therefore, while we acknowledge that open 
system behaviour clearly drove the transition 
of granulite to eclogite, the evidence points to 
open system processes either establishing an 
altered bulk composition prior to the growth 
of the mineral assemblages, or to primarily 
modifying the hydrous content of the rock 
(e.g. Bjørnerud, Austrheim, & Lund, 2002; 
Boundy et al., 1997; Kühn, 2002; Schnei-
der et al., 2007).  In this context, Austrheim 
(1990), Boundy et al. (1992), Austrheim 
et al. (1997) and Bjørnerud et al. (2002) 
suggested that the conversion of anhydrous 
granulite into eclogite was rapid in terms of 
rate process (see also Camacho, Lee, Hensen, 
& Braun, 2005).  We take the axiom that 
while some bulk rock compositional change 
may have occurred subsequent to the miner-
al growth in the samples we have selected, 
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insufficient bulk rock compositional change 
occurred to modify the mineral assemblages.  
Indeed, the character of the Holsnøy gran-
ulite to eclogite transition points to a fluid 
triggered, but then typically fluid abandoned 
system, preserving metastable composition-
al domains that are effectively snapshots of 
open system modification (see below). There-
fore, for the purposes of P–T forward model-
ling, the samples as preserved are effectively 
quasi-closed systems, and the application of 
phase equilibria modelling is a valid ap-
proach to evaluate the P–T conditions of the 
system, via the careful selection of samples 
constrained by field relationships that indicate 
the assemblages formed at different times in 
the thermobarometric evolution.

A second issue that must be addressed in 
applying mineral equilibria modelling is the 
selection of an appropriate bulk composition.  
Where a rock is texturally homogeneous, and 
contains unzoned minerals, the choice of an 

appropriate bulk composition is compara-
tively straightforward (e.g. Kelsey & Hand, 
2015).  However, in rocks that are texturally 
complex, or contain relicts of unreacted pro-
tolith minerals, the selection of an appropri-
ate bulk composition is less straightforward 
(Guevara & Caddick, 2016; Kelsey & Hand, 
2015; Stüwe, 1997).

For the rocks on Holsnøy Island, while stage 
3 mineral assemblages are mesoscopically 
and microscopically homogeneous, composi-
tional imaging (e.g. Figures 7a, b) shows that 
the garnet grains contain a compositionally 
distinct core and rim.  This has also been 
described in numerous previous studies (e.g. 
Austrheim & Griffin, 1985; Pollok et al., 
2008; Russell et al., 2012).  Petrographically, 
some of the garnet cores in the recrystallised 
samples contain inclusions of coarse-grained 
spinel (Figure S1.6).  Spinel inclusions within 
garnet are sparse, but widespread within the 
granulitic protolith.  Therefore, we interpret 
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Figure 13.  Contour plot showing the difference in gar-
net abundance across P–T space for HOL7C*_2014 and 
HOL7C_2014 (Table 2).  The field outlined by the dashed 
line represents the peak field in the model using the original, 
unmodified whole-rock composition.  The solid line outlines 
the peak in the modified composition model and the star 
indicates the peak conditions modelled using the modified 
compositions.  Red shades represent high differences in gar-
net abundance between the two models whereas blue shades 
represent lower differences in abundance.  Garnet abundance 
is presented as a fraction on the scale bar.

the compositionally distinct garnet cores in 
eclogite to be relict domains inherited from 
the granulite protolith.  The distinct compo-
sitional contrast between the garnet cores 
and overgrowths suggests the garnets did not 
contribute significantly to the effective reac-
tive bulk composition comprising the stage 3 
eclogite assemblages.

In an attempt to investigate if incorporation 
of the relict garnet cores exerts a significant 
influence on the modelled phase relations, 
the unmodified whole-rock composition 
for HOL7C_2014 (Table 2; HOL7C*) was 
modelled and compared with a modified 
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composition in which the garnet cores have 
been removed (also Table 2).  The compar-
ison between the two bulk compositions is 
shown in Figure 13.  It shows the difference 
in the abundances of garnet throughout the 
modelled P–T window for the two bulk com-
positions.  It is evident there is only a narrow 
domain in P–T space where the difference 
in abundance is low (pale blue strip extend-
ing across the model from top left corner to 
bottom right).  The peak fields for the two 
modelled compositions are also plotted on 
Figure 13 and show a significant difference, 
which supports the notion that modelling a 
simple overall bulk rock composition, when 
it is evident there are compositionally refrac-
tory domains, may give rise to biased P–T 
estimations (Marmo, Clarke, & Powell, 2002; 
Palin, Weller, Waters, & Dyck, 2015; Ren et 
al., 2016). This highlights a general princi-
ple in P–T modelling that bulk compositions 
should be defined only by the minerals that 
formed from the effective chemical system 
(Kelsey & Hand, 2015; Stüwe, 1997).  In 
the case of stage 3 mineral assemblages on 
Holsnøy Island, we suggest that the bulk 
composition defined by the homogeneously 
distributed assemblage, including the garnet 
overgrowths is a defensible bulk composition 
for modelling.

It is evident from Figure 7c, d that the 
retrogressed phengite-rich sample, HO-
L13A_2015, contains relict domains with-
in garnet that are probably also inherited 
from the granulite protolith.  However, in 
contrast to HOL7C_2014, the garnet in 
HOL13A_2015 is much smaller (typically 

0.2–0.9 mm in diameter), the composition-
al difference between core and rim is more 
diffuse, and the rim domains are correspond-
ingly a much greater proportion of the overall 
garnet volume and composition compared 
with HOL7C_2014.  Additionally, garnet 
only comprises ~ 11% of the assemblage, 
making the relict cores a small proportion of 
the overall bulk composition.  For this rea-
son we have taken the bulk thin-section rock 
block geochemistry as a reasonable approx-
imation of the effective bulk composition of 
the sample.

Last, a potential limitation of the mineral 
equilibria modelling is that the predicted 
presence of fluid in the peak and post-peak 
metamorphic assemblages relates to a pure 
H2O fluid.  In particular for the post peak 
assemblage in HOL13A_2015, the clear in-
crease in bulk rock K2O content with respect 
to the protolith granulite attests to a non-pure-
H2O fluid.  To what extent such brine-like 
fluids change the modelled P–T conditions is 
not clear.

5.2	 P–T evolution

It is important to note when looking at the 
P–T models depicted in Figures 10 and 11, 
that the modelled samples did not undergo a 
petrologically recorded prograde path.  This 
is because the metastable protolith granulite 
did not undergo any reaction unless fluid was 
available.  Therefore, although the Lindas 
Nappe almost certainly underwent burial 
through a P–T evolution that would have sta-
bilised prograde garnet-bearing assemblages, 
those assemblages in reality never formed be-
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cause they were kinematically unfavourable 
in fluid-absent rocks.  The absence of any ob-
vious prograde mineral textures or prograde 
mineral zoning in the samples means that the 
vast bulk of the mineral assemblage fields 
depicted in Figure 10 are unlikely to have 
ever formed on the prograde path.  Instead, 
we can only infer with certainty the current 
mineral assemblage of each sample exist-
ed.  Given the apparent importance of fluid 
availability to create a reactive bulk compo-
sition, the generally well-preserved nature 
of the high-P assemblages used in this study 
points to little or no on-going fluid availabil-
ity after the preserved assemblages formed.  
In this case, deriving a P–T evolution for the 
Lindas Nappe is effectively provided through 
a series of P–T snapshots, rather than the 
continuously recorded petrological evolution 
in one sample. The inferred P–T conditions 
for the recrystallised pseudotachylite, eclogite 
and retrogressed eclogite are summarised in 
Figure 14. 

Our peak P–T conditions are broadly similar 
to those derived from conventional thermoba-
rometry and average P–T approaches (Jamt-
veit et al., 1990; Raimbourg et al., 2007).  
However, we note that in several of these 
earlier studies (e.g. Austrheim & Griffin, 
1985; Mattey et al., 1994), plagioclase-bear-
ing equilibria were used even though the 
peak eclogite assemblage does not contain 
plagioclase.

The oldest structures that overprint the Neo-
proterozoic granulite are a series of small 
scale pseudotachylites and associated brittle 

structures.  The pseudotachylites have recrys-
tallised to fine-grained metamorphic assem-
blages (Figure 4b).  These recrystallised 
pseudotachylites were the focus of previous 
studies (Austrheim & Boundy, 1994; Aus-
trheim et al., 1996; Austrheim et al., 2017), 
and were interpreted to be the record of 
seismic events that occurred at eclogite facies 
at P–T conditions of 18–19 kbar and ~800 
°C during the Caledonian Orogeny.  These 
conditions were calculated using convention-
al thermobarometry on omphacite–garnet 
pairs.  The formation of the pseudotachylites 
was interpreted to be the result of fast re-
laxation of stresses owing to fluid induced 
eclogitisation of the granulite (Austrheim & 
Boundy, 1994) as the volume of the domains 
converted to eclogite decreased. Howev-
er, based on field relationships and mineral 
assemblages within the recrystallised pseudo-
tachylites, and the fact that the age of the 
brittle deformation is unknown, it is difficult 
to unambiguously deduce whether they were 
formed during the later stage of the Grenvil-
lian Orogeny, the early stages of the Caledo-
nian Orogeny or in the interval between the 
two.  The critical P–T information provided 
by the mineral assemblage within the re-
crystallised pseudotachylite is that it places 
upper constraints on the depth of the brittle 
deformation, which is not necessarily a close 
constraint for the depth of the deformation 
itself.  The modelling of the assemblage gar-
net–K-feldspar–plagioclase–kyanite–quartz–
omphacite–zoisite–rutile in the recrystallised 
pseudotachylite does not provide precise P–T 
constraints.  However, based on the relative 
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timing of the pseudotachylite formation (de-
scribed previously) and the P–T conditions 
of the complete conversion of the granulite 
to eclogite (see below), we conservatively 
suggest that the P–T conditions at which the 
pseudotachylite recrystallised was no greater 
than that modelled for the peak metamorphic 

eclogites.  In this case, the maximum P–T for 
the formation of pseudotachylites would be 
less than 22 kbar and 700 °C, which are our 
peak eclogite conditions.  This is reflected in 
the model (Figure 9) where a P–T range of 
15.2–15.7 kbar and 675–685 °C was calcu-
lated for the recrystallisation of the pseudo-
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Figure 14. (a) P–T path recorded by Holsnøy Island litho-
logical domains based on the calculated P–T pseudosections 
derived from sample HOL2A_2015 (Figure 9), sample 
HOL7C_2014 (Figure 10), and sample HOL13A_2015 (Fig-
ure 11).  The stars represent the approximate inferred peak 
metamorphic conditions for each of the 3 modelled stages.  
The figure also depicts different metamorphic textures occur-
ring in the different stages of deformation. (b) Figure modi-
fied from Glodny et al. (2008) depicting the metamorphic 
evolution of the Holsnøy system.  Circles represent extent of 
their calculated ages.

tachylite.  This estimate contrasts with previ-
ous ones which suggested P–T conditions of 
18–19 kbar and 800 °C for pseudotachylite 
(Austrheim & Boundy, 1994; e.g. Lund, 
Austrheim, & Erambert, 2004). Additionally, 
the presence of abundant sodic plagioclase in 
the recrystallised pseudotachylite (Table 4) 
suggests that it recrystallised at high-pressure 
amphibolite or granulite grade conditions (De 
Paoli, Clarke, Klepeis, Allibone, & Turnbull, 
2009; Ringwood & Green, 1966; Zhang, 
Liou, Zheng, & Fu, 2003), rather than eclog-
ite facies conditions as previously suggested 
(Austrheim & Boundy, 1994).  Irrespective, 
aside from a maximum possible pressure, 
there are no constraints on the pressure 
(depth) of the pseudotachylite formation, and 
no structural evidence they formed at eclogite 
facies conditions. 

Based on the maximum pressure constraint, 
the notion that pseudotachylite recrystalli-
sation occurred under comparatively low-P 
conditions is consistent with the overprinting 
structural relationships and metamorphic 
assemblages.  The recrystallised pseudo-
tachylites are overprinted by small-scale 
shear zones (stage 2) associated with hydrous 
alteration that defines the classic metasomatic 
alteration on Holsnøy (Figure 3b) that has 
been described by numerous authors (e.g. 
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Austrheim, 2013; Jamtveit et al., 1990; Van 
Wyck et al., 1996).  Although this metasoma-
tism is associated with the growth of sodic 
clinopyroxene, a notable feature in these 
altered domains is the modal decrease of 
garnet compared to the granulite protolith.  
These alteration zones also commonly con-
tain abundant plagioclase that forms part of 
the recrystallised assemblage, and so stage 2 
shear zones do not define eclogite assemblag-
es (Figure 6).  Therefore, it is unlikely that 
the pseudotachylites formed at eclogite facies 
conditions.  A notable feature of stage 1 and 
stage 2 (Figure 4b) deformation is the exten-
sive fracturing of garnet grains in the granu-
litic wall rock and in the shear fabric of the 
altered domain, respectively.  These fractured 
garnets and their compositional response to 
the high-P reworking have been the focus of 
several studies (Erambert & Austrheim, 1993; 
Jamtveit et al., 1990; Raimbourg et al., 2007; 
see below).

Overprinting the stage 2 plagioclase-bearing 
alteration zones are domains of pervasively 
recrystallised plagioclase-free rock (stage 3) 
with the metamorphic assemblage phengite–
garnet–omphacite–rutile–kyanite–zoisite, 
which defines a true eclogite assemblage.  
These domains form kilometre-scale zones 
in which an anastomosing foliation envelops 
relict granulite blocks, creating a structural 
domain previously referred to as the eclogite 
“breccia” (Austrheim, 2013).  These “brec-
cia” domains are marginal to a system of 
high-strain zones that were interpreted to 
have been formed during NW–SE tectonic 
transport (Raimbourg et al., 2005).   Peak 

metamorphic conditions modelled for eclog-
ite (HOL7C_2014) in these high-strain zones 
are constrained to around 21–22 kbar and 
670–690°C (Figure 10). These new estimates 
are in general agreement with the higher-P 
and lower-T estimates made from conven-
tional thermobarometry (18–21 kbar and 
650–800 °C; (Austrheim, 2013; Austrheim 
& Griffin, 1985; Jamtveit et al., 1990; Pollok 
et al., 2008).  However, there are numerous 
pitfalls associated with using conventional 
thermobarometry. Most notably; (1) re-equil-
ibration of mineral compositions with cool-
ing; (2) only using a small subset of the total 
mineral assemblage for thermobarometry and 
(3) not knowing whether the derived P–T 
conditions actually occur within the stability 
field of the assemblage itself.  However, the 
general agreement between conventional P–T 
calculations, which use small-scale mineral 
pairs (effectively microdomains) and our 
more general bulk compositionally based 
forward P–T modelling suggests the rock sys-
tem is compositionally and mineralogically 
amenable to P–T modelling.

The high-strained stage 3 domains are locally 
overprinted by smaller scale domains that 
contain coarse-grained phengite-rich mineral 
assemblages.  Forward modelling of sample 
HOL13A_2015 (Figure 11) which was se-
lected from one of these zones suggests that 
this post-peak, fluid-rich assemblage recrys-
tallised at around 16–17 kbar and 680–700 
°C.  The calculated conditions are close to 
the estimates of peak P–T conditions from 
earlier studies (Austrheim & Griffin, 1985) 
for high-P retrogression of the eclogites.
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While it cannot be unequivocally established, 
the precedent of existing studies (Austrheim, 
2013; Austrheim & Boundy, 1994; Jamtve-
it et al., 1990) suggests that the modelled 
mineral assemblages all formed during the 
Caledonian Orogeny between c. 460–430 
Ma.  Assuming this interpretation is valid, the 
P–T conditions recorded by each of the three 
samples are linked in sequence by a simple 
P–T evolution path. The interpreted P–T path 
for the Holsnøy eclogites and the associated 
metasomatic process is shown in Figure 14 
and defines a clockwise evolution. If the ret-
rograde path continued along a trajectory of 

decreasing pressure with further cooling, the 
rocks would track into the amphibolite facies. 
Amphibolite facies reworking of eclogites is 
documented elsewhere in the Bergen arcs and 
on Holsnøy Island (Andersen, Austrheim, & 
Burke, 1991a; Andersen et al., 1991b; Bingen 
et al., 2001; Boundy et al., 1992; Engvik et 
al., 2000; Glodny et al., 2008; Raimbourg et 
al., 2005).  Despite the record of amphibolite 
facies reworking, the excellent preserva-
tion of the granulite to eclogite transition on 
northern Holsnøy likely reflects a domain that 
saw fluid flow in the early to mid-stage of the 
Caledonian Orogeny.  However, the system 

Figure 15.  Figure showing (a) decrease in garnet abundance 
from granulite (white domain) to eclogite (green domain); 
(b) Plot constructed using TCInvestigator showing the vari-
ation of garnet abundance throughout P–T space for sample 
HOL7C_2014.  Garnet abundance is presented as a fraction 
on the scale bar.

was then starved of fluids, allowing for the 
excellent preservation of the high-P mineral 
assemblages.

5.3	 P–T constraints and fluid infiltra-
tion

A large number of studies have focussed on 
the role of fluids in facilitating the transition 
of granulite to eclogite in the Bergen Arcs, 
and on Holsnøy in particular (e.g. Austrheim, 
1987, 1998, 2013; Boundy et al., 1997; Glod-
ny et al., 2008; Jamtveit et al., 1990; Kühn, 
2002; Van Wyck et al., 1996).  However, the 
majority of these studies have not evaluated 
the fluid ingress in a progressive context.  
Instead fluid, ingress has generally been 
considered to have occurred at around peak 
conditions and continued during the retro-
grade evolution, leading to the development 
of extensively developed retrograde amphib-
olite facies assemblages (Bingen et al., 2004; 
Glodny et al., 2008; Raimbourg et al., 2005) 
in many places.  Fluid ingress appears to have 
been channelized along zones of fracture- and 
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shear zone- hosted permeability leading to a 
volume of at least several cubic kilometres 
of infiltrated rocks (Austrheim, 2013; Jamt-
veit et al., 1990).  However, the generally 
low variance of the fluid associated mineral 
assemblages, and the limited geochemical 
changes between the protoliths and the re-
crystallised rocks (Kühn, 2002) suggests that 
fluid–rock ratios were generally low.

This study does not focus on the fluid–rock 
interaction specifically or the source of the 
fluids, but, implicit in the descriptions of the 
metamorphic assemblages that characterise 
structural stages 1–4 is that fluid was present 
during burial before the peak metamorphic 
eclogitic facies assemblages formed.  This 
is evident from mineral assemblages devel-
oped within the recrystallised pseudotachylite 
that formed during structural stage 1. These 
assemblages are characterised by the devel-
opment of phengite and zoisite.  While the 
P–T constraints on the development of the 
mineral assemblages within the recrystallised 
pseudotachylite are not as precise as would 
be ideal, within the probable range of tem-
perature constraints, fluid was apparently 
available in the comparatively early stages of 
the prograde path to create hydrated mineral 
assemblages.  The low abundance of hydrous 
minerals in the recrystallised pseudotachyli-
te assemblage, combined with the fact that 
its chemistry is similar to the host granulite, 
suggest the fluid came from the granulite 
instead of an external source reservoir.  The 
fluid may have been derived from pore spaces 
in the granulite, or in the lattice of nominally 
anhydrous minerals such as garnet, clinopy-

roxene and plagioclase (Chen et al., 2007; 
Müller & Koch-Müller, 2009; Sheng, Xia, 
Dallai, Yang, & Hao, 2007).

Structurally, stage 2 is characterised by the 
formation of narrow domains of altered 
granulite.  These may flank thin quartz veins, 
or occupy the cores of meso-scale low strain 
kink bands and minor ductile shear zones 
(Austrheim, 2013).  In this study we have not 
focussed on this stage of recrystallization.  
However, petrologically stage 2 is charac-
terised by the breakdown of garnet inherited 
from the granulite protolith to fine-grained 
symplectic assemblages consisting of ompha-
cite–zoisite–phengite–kyanite (Figure 6); that 
occur within a matrix of foliated zoisite and 
recrystallised plagioclase.   Modally within 
these reaction textures, hydrous minerals 
comprise around 20 % of the replacement 
minerals, and the surrounding matrix may 
contain up to 25 % zoisite.  The modal abun-
dance of garnet typically undergoes ~30–40 
% reduction relative to the protolith granulite 
(Figure 15a). As with the recrystallised stage 
1 pseudotachylite assemblages, petrological-
ly the stage 2 assemblages are not eclogitic 
because they contain abundant recrystallised 
plagioclase.

Although the bulk compositions of fluid-af-
fected rocks of stage 2 and stage 3 (peak 
eclogite stage; sample HOL7C_2014) are 
different, the difference is not significant (Ta-
ble 1; Figure 12). This means that the general 
mineralogical relationships and associated 
trends in garnet modal abundance propor-
tions, from HOL7C_2014 shown in Figure 
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15b could act as a general guide to the meta-
morphic character of stage 2. For example, in 
most metamorphic systems, the modal abun-
dance of garnet is strongly positively cor-
related with pressure (Caddick, Konopásek, 
& Thompson, 2010; Spear, Selverstone, 
Hickmott, Crowley, & Hodges, 1984; Tracy 
& Robinson, 1976) as shown in Figure 15b.  
Figure 15 and the structural history of the 
different stages of deformation can be used 
as proxies to estimate where stage 2 occurred 
in P–T space.  Figure 15a is a section across 
the granulite to the stage 2 high-P amphib-
olite transition, which shows that the abun-
dance of garnet significantly decreases in 
the zone of alteration (i.e. in the presence of 
fluids).  Garnet is partially replaced by fine-
grained symplectites composed of omphacite, 
kyanite, zoisite and plagioclase (Figure 6). 
Based on Figure 15b, lower abundance of 
garnet is present at pressures between 16–20 
kbar, unless at temperatures below 650 °C.  
However, since the temperature reached by 
the recrystallised pseudotachylite assemblage 
is ~ 685 °C, the colder parts of P–T space are 
not applicable for stage 2.  Therefore, it can 
be inferred that the fluid–rock interaction in 
stage 2 of deformation occurred at pressures 
below the inferred peak pressure of ~22 kbar 
derived from stage 3 mineral assemblages.  
Moreover, based on the presence of abun-
dant recrystallised plagioclase, fluid ingress 
occurred before the rock entered the petrolog-
ical eclogite facies as the maximum pressure 
at which plagioclase is stable is at ~16.5 kbar 
(Figure 10).

Stage 3 assemblages form the peak meta-
morphic (eclogite) assemblages preserved 
on Holsnøy.  They are characterised by true 
eclogite assemblages that lack plagioclase, 
but still contain abundant phengite and 
zoisite.  Unlike the preceding stage 2 as-
semblages, stage 3 assemblages show clear 
evidence for the growth of new garnet which 
forms rims on the relict protolith garnets 
(Figure 7b), thus reversing the reduction in 
garnet modes evident at stage 2.  The pro-
gressive structural and mineralogical devel-
opment culminating in the development of 
hydrated plagioclase-free stage 3 mineral 
assemblages implies that fluid infiltration 
occurred either continuously or sporadically 
during prograde burial, once the granulit-
ic slab had approximately reached mantle 
depths.  It is difficult to unambiguously 
demonstrate that progressively more channel-
ised fluid flow culminated in the development 
of the peak stage 3 assemblages (as opposed 
to a new and comparatively high flux fluid 
ingress).   However, even within domains 
dominated by stage 3 assemblages, relict 
granulite blocks have gradational margins 
with the enclosing eclogite, and internally 
contain stage 2 structural features and assem-
blages (Figure 2c). This suggests that stage 3 
assemblages may have progressively devel-
oped as fluid flow either increased, or became 
more structurally focused.   The preservation 
of stage 2 assemblages in close proximity to 
stage 3 assemblages also implies that fluid 
infiltration was not pervasive.  Rather it sug-
gests that fluid ingress was channelized and/
or approximately balanced by consumption 
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to form the hydrous mineral assemblages, 
leaving little fluid to catalyse stalled stage 2 
reaction assemblages.

The excellent preservation of the granulitic 
protolith away from areas of obvious flu-
id mediated recrystallisation highlights the 
importance of the catalysing effects of fluids.  
This is further underscored by the compara-
tively minor bulk rock compositional changes 
associated with fluid ingress (Schneider et al., 
2007; Table 1 and Figure 12).  The preser-
vation of the protoliths in areas of compar-
atively minor (or essentially non-existent) 
fluid ingress, illuminates an important facet 
of the Holsnøy system, that is, if fluid ingress 
ceased into a specific volume, the affected 
volume essentially froze in its mineralogical 
state, thereby preserving a snap shot of the 
system at a point in time.  This means that ju-
dicious sampling, could effectively discretise 
the prograde and conceivably the retrograde 
evolution.  	

The source(s) of the fluid are beyond the 
scope of this study.  However, based on an as-
sumed mantle reservoir of around  d13C -5 ‰ 
and a shift from comparatively heavy to light-
er carbon isotopes accompanying eclogitising 
of the granulites, Mattey et al. (1994) sug-
gested the source of fluid was the dehydration 
of sedimentary rocks below the granulites.  
A number of studies (see review by Deines, 
2002) have also shown that mantle carbon  
isotopes are essentially bimodal in compo-
sition with peaks at  around  d13C -5 ‰ and 
d13C -25 ‰, indicating that the recorded car-
bon isotope shift associated with the eclogi-

tising fluids on Holsnøy do not preclude a 
mantle source for the fluids.  However, the 
evidence points to a system that underwent 
protracted fluid–rock interaction as expressed 
by the record of fluid–rock interaction that 
began during prograde burial.   This suggests 
that fluids were, potentially, derived from a 
source that underwent progressive dehydra-
tion, and therefore a source that accompanied 
the granulites during subduction.   

5.4  Duration of fluid-rock interaction

Erambert and Austrheim (1993) and Raim-
bourg et al. (2007) used the diffusional 
response of garnet in the Lindås Nappe to 
explore the potential timescales associated 
with the conversion of the anorthositic gran-
ulite to eclogite.  They identified two differ-
ent modes of garnet response; (1) protolith 
garnets that underwent fracturing and diffu-
sional modification and (2) garnet that grew 
during high-P metamorphism.   Fracturing of 
garnet was associated with the development 
of stage 1 and stage 2 structures that formed 
during the prograde evolution, whereas new 
garnet growth occurred during stage 3, and 
overprinted fractured garnets that had already 
been diffusionally modified (Raimbourg et 
al., 2007).  Using a range of different esti-
mates for garnet diffusion coefficients and 
an assumed temperature of 700°C, calculat-
ed timescales for diffusion range between 
0.7–12 Ma (Erambert & Austrheim, 1993; 
Raimbourg et al., 2007), which provides a 
guide to the potential duration between the 
time garnet grains fractured and the time that 
new garnet grew during the metamorphic 
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peak.  Based on the diffusional response of 
garnet, the bulk of the fluid rock interaction 
appears to have occurred on time scales of no 
more than several million years, and poten-
tially significantly less.  

6.   CONCLUSIONS

Holsnøy Island in the Bergen Arcs, Norway, 
contains a well-documented record of fluid 
catalysed conversion of early Neoproterozoic 
nominally anhydrous anorthositic granulite 
to hydrous eclogite associated with Caledo-
nian-aged (c. 450 Ma) subduction of conti-
nental crust.  Prograde burial is recorded by a 
sequence of mineral assemblages that record 
the progressive loss of plagioclase as burial 
and hydration proceeded.  The earliest re-
corded prograde mineral assemblages formed 
during the recrystallization of structurally 
early pseudotachylite.  P–T modelling shows 
the assemblage is not particularly P–T sen-
sitive, but is likely to have recrystallised at 
conditions between 15.2–15.7 kbar at 675–
685 °C, suggesting that the pseudotachylite 
must have formed below these conditions.  
The recrystallised pseudotachylite was 
overprinted by low-strain deformation zones 
associated with prominent hydrous recrystal-
lisation.  The peak eclogite assemblages (i.e. 
stage 3) are recorded by kilometre-scale do-
mains of foliated eclogite that formed around 
22 kbar and 680 °C.  The peak assemblages 
are overprinted by localised phengite-rich 
assemblages that formed during high-T retro-
gression at around 16–17 kbar and 680–700 
°C.  The sequentially developed mineral as-
semblages and P–T constraints show that the 

granulite experienced long-lived (prograde, 
peak and retrograde) fluid driven recrystalli-
sation during the subduction of anorthositic 
crust.  The availability of fluid during burial 
and exhumation implies a fluid source that 
was able to progressively dehydrate during 
subduction of the granulites.  Potentially this 
fluid source was derived from sedimentary 
sequences elsewhere in the subducting slab.
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ABSTRACT

The large-scale enhancement of eclogitisation due to fluid infiltration is a rare occurring event, 
based on the limited number of documented locations known to scientists. Arguably, one of 
the best examples of this process is found in the Lindås Nappe, on Holsnøy Island, western 
Norway. The conversion of granulite to eclogite on Holsnøy Island is progressive and the 
evolution of the system can be observed in multiple stages of deformation which spans over 
a wide range of pressure–temperature (P–T) conditions of 15.2–15.7 kbar 680°C, to a peak 
of 21–22 kbar and 660-690 °C and initial amphibolite-facies retrogression at 16 –17 kbar and 
680–700 °C. Average whole-rock δ18O values for the granulite, peak eclogite (stage 3 of de-
formation) and retrogressed eclogite (R-eclogite; stage 4 of deformation) are + 6.2, + 6.5 and 
+ 7.2 ‰, respectively, and whole-rock δD values are – 68.0, –52.1, – 35.9 ‰, respectively. 
The lack of shifts in the δ18O values from granulite to eclogite suggests a rock-buffered system 
for stage 3 of deformation.  The system subsequently evolves to a fluid-buffered system in 
stage 4 of deformation as indicated by positive shifts in whole-rock δ18O and δD for R-eclog-
ite samples. Calculated δ18O fluid signatures based on omphacite in the eclogite and R-eclog-
ite are both +7.9 ‰, while those based on phengite are +8.6 ‰ and + 9.1‰, respectively.  The 
weighted average for δ18O values for the fluid calculated based on in-situ garnet rim analyses 
range from 6.66 to 7.23 ‰.  δD fluid signatures based on phengite are –20.8 ‰ for the eclog-
ite and – 27.8 ‰ for the R-eclogite.  A metamorphic fluid is interpreted as the most likely 
reservoir for catalysing the conversion of granulite to eclogite on Holsnøy Island.

1.  INTRODUCTION

High pressure terranes are usually associated 
with the presence of fluids, evident by the pres-
ence of pegmatites in eclogite domains, hydrous 
eclogite-facies assemblages or fluid inclusions 
in eclogite-facies minerals.  Examples of high 
pressure terranes associated with the presence of 
fluid are: the Monviso Massive and Dora-Maira 
Massif, Western Alps (Philippot, 1993; Rubatto & 
Hermann, 2003); Tianshan, north-western China 
(John et al., 2008); Pouébo Eclogite Mélange, 
Northern Caledonia (Spandler et al., 2003); and 
Western Gneissic Region, Norway (Andersen et 
al., 1989; Engvik et al., 2000).  However, exam-
ples of the step-wise formation of such terranes 
are sparse, likely due to the infiltration of fluid 
along fractures and shear zones.  The Bergen 
Arcs, western Norway, is a unique place to study 
the effects of fluid infiltration and its availability 
in a nominally anhydrous granulite terrane to 
enhance hydrous, high pressure metamorphism.  

Rocks that outcrop on Holsnøy Island form part 
of the Lindås Nappe and consist of anhydrous, 
metastable granulite-facies domains that juxta-
pose hydrous eclogite-facies domains (Figure 
1). The two domains are visually distinct in the 
field as the boundaries between the two are sharp.   
Moreover, the stages of evolution of the system 
can be can be tracked as specific structural stages 
at different localities on the island.   This evolu-
tion has been documented in detail by a number 
of previous authors (Boundy et al., 1992; Jolivet 
et al., 2005; Austrheim, 2013; Chapter 2), and 
summarised in Figure 2.

Many different aspects of the conversion of 
granulite to eclogite on Holsnøy Island have 
been studied by previous workers (e.g. Austrhe-
im, 1987; Andersen et al., 1991; Bingen et al., 
2004; Jolivet et al., 2005; Raimbourg et al., 2007; 
Glodny et al., 2008; Centrella et al., 2016; Putnis 
et al., 2017), which include: (a) characterisation 
of the initiation of the eclogitisation process due 
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to the formation of pseudotachylite during deep 
crustal earthquakes; (b) the behaviour of the fluid 
front during infiltration; (c) mechanisms for the 
eclogitisation process in subduction; and (d) the 
pressure and temperature (P–T) conditions at 
which different domains have been metamor-

phosed.  However, despite the numerous studies 
that have been done on the rocks on Holsnøy, it 
is still unclear what the source of fluid is to allow 
for such large scale conversion of granulite to 
eclogite.  
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Previous authors have employed different isotopic 
systems to characterise the fluid that infiltrated 
the granulites –– most identified the presence of 
a primary fluid generation interacting with the 
granulite, and a subsequently secondary fluid 
generation reacting with the eclogite at amphib-
olite-facies conditions.  Through phase equilibria 
models of granulite and eclogite sample pairs and 
extensional veins (i.e. pegmatites), Jamtveit et 
al. (1990) suggested that the first fluid available 
in the system had a high water activity (XH2O > 
0.75). Andersen et al. (1991) used fluid inclusions 
within quartz grains from the same extensional 
veins described by Jamtveit et al. (1990) to infer 
the presence of two generations of fluid inclu-
sions: an initial N2–H2O-rich fluid that reacted 
with the granulite and a secondary N2 –CO2 fluid 
that reacted with the eclogite.  Mattey et al. 
(1994) showed that from granulite to eclogite 
the δ13C and δ15N signatures obtained from fluid 
inclusions in garnet grains decreased from – 2 
‰ to – 10 ‰ and  + 6 ‰ to + 3 ‰ respectively.  
Furthermore, Andersen et al. (1991) and Kühn 
(2002) suggested that the infiltrated fluid evolved 
from an H2O dominated one, to a ‘brine-like’ 
fluid based on Cl– analyses in fluid inclusions at 
amphibolite-facies.  While these studies provide 
insightful information on the stable isotopic 
changes that occurred during the infiltration of 
fluid during the Caledonian Orogeny, it is not 
always evident whether the samples are represen-
tative of the peak eclogite stage since the eclogite 
discussed by previous workers contained abun-
dant recrystallised plagioclase (Chapter 2) and 
are therefore, not eclogite-facies assemblages.  
For example, the extensional veins described by 
Jamtveit et al. (1990) and used by Andersen et al. 
(1991) are described as crystallised in the middle 
of the eclogitised shear zones.  However, it is un-
clear whether the timing of this crystallisation is 
at peak eclogite-facies.  Chapter 2 showed these 

discrete shear zones typically contain plagioclase, 
and are therefore, pre-peak eclogitic conditions, 
thereby introducing a degree of uncertainty when 
utilising their results.  Mattey et al. (1994) later 
described the same structures as a retrogressed 
eclogite, but the presence of plagioclase in that 
sample indicates that at least some of the sample 
did not crystallise within the eclogite-facies.

Van Wyck et al. (1996) also used whole-rock 
major and trace element geochemistry to compare 
isotopic signatures of the granulite to eclogite 
samples.  The study sampled rock in pairs (an 
eclogite and its closest granulite) to account for 
the compositional heterogeneity of the anortho-
site.  Measured whole rock δ18O values ranged 
from + 7.3 to + 6.0 ‰ in the granulite, with a 
mean value of + 6.4 ‰, while that of the eclog-
ite samples ranged from + 7.2 to + 6.1 ‰ with 
a mean value of + 6.6 ‰.  While these values 
are not significantly different, they noted that, 
in general, the eclogite samples were slightly 
enriched in δ18O compared to their corresponding 
granulite.  

While detailed CO2 analyses pointed towards the 
granulite protolith as the most likely source, the 
provenance of the N2 is still uncertain and the 
range of values indicate either a mantle source or 
any N2-rich crustal rock (Andersen et al., 1991).  
Mattey et al. (1994) used C, N and Ar isotopes to 
conclude that devolatilisation of metasediments 
could be the source of fluid, and ruled out a man-
tle sourced fluid based on the anomalously high 
concentrations of radiogenic isotopes.  Based on 
O and N isotopes, Van Wyck et al. (1996) also 
concluded the second generation of fluid was not 
locally derived, and suggested the dehydration of 
sediments in proximity to the granulite domains 
as the most likely source.  To date, a robust prov-
enance for the fluid has not been identified.  De-
spite the previous studies in the area using O, N 
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and C isotopes, in most cases, there is an appar-
ent lack of systematic sampling and analyses to 
carefully track the isotopic changes that occurred 
during fluid infiltration within a framework of 
the structural and pressure–temperature (P–T) 
evolution of Holsnøy Island. Moreover, a crucial 
missing set of data for the Holsnøy system is the 
δ18O and δD of the fluid(s), itself.  Van Wyck et 
al. (1996) measured δ18O for garnet and ompha-
cite, but did not specifically calculate the δ18O 
signature for the fluid, which can be achieved 
through the consideration of fractionation at 
different temperatures (Taylor, 1974; Bottinga & 
Javoy, 1975; Zheng, 1993; Valley, 2003).

The aim of this study is to use a combination of 
oxygen and hydrogen isotopic ratios to systemati-
cally compare the isotopic signatures of eclogites 
and their nearest granulite protolith to determine 
the potential changes that occurred during fluid 
infiltration (Austrheim & Griffin, 1985; Jolivet 
et al., 2005; Putnis et al., 2017).  Moreover, this 
approach allows for the characterisation of the 
isotopic signatures of the fluid(s), which can be 
used to determine the type of fluid reservoir that 
have infiltrated the granulite domains on Hol-
snøy Island.  Isotopic signatures of the fluid(s) 
were calculated based on measured values of 
mineral separates of clinopyroxene/omphacite 
and phengite, as these minerals are present in all 
stages of eclogite evolution. To further constraint 
the results of the garnet fraction obtained by Van 
Wyck et al. (1996), this study presents in–situ 
garnet δ18O analyses to differentiate between gar-
net cores and garnet rims.  Garnet is stable in both 
the granulite and eclogite mineral assemblages, 
which indicates that it is able to record potential 
isotopic changes during fluid infiltration.  How-
ever, up to 75 vol. % of the garnet grain (cores) is 
relict from the granulite (Raimbourg et al., 2007; 
Chapter 2), and could not be differentiated while 

hand picking mineral separates, necessitating the 
use of in–situ analyses.

Constraining the source of fluid(s) in systems 
such as preserved on Holsnøy Island would 
increase the  understanding of deep crustal and 
subduction processes (such as fluid migration and 
rheology changes), and ultimately, has critical 
implications for improving geodynamic models 
of such tectonic settings.    

2.  GEOLOGICAL SETTING 

The samples used in this study were collected 
on Holsnøy Island, 45 km north-west of Ber-
gen, western Norway (Figure 1a).  The domains 
that make up Holsnøy form part of the Lindås 
Nappe which, along with the minor and major 
Bergen Arcs, form part of an arcuate structure 
around Bergen, collectively known as the Bergen 
Arcs (Figure 1b).  The dominant lithology that 
outcrops on Holsnøy Island is an anorthositic, 
plagioclase–clinopyroxene–orthopyroxene–gar-
net granulite (Figure 1c) that was emplaced and 
metamorphosed during the Sveconorwegian 
Orogeny (c. 950 Ma) at estimated P–T conditions 
of 10 kbar and 800–900 °C (Austrheim & Grif-
fin, 1985; Pollok et al., 2008).  This nominally 
anhydrous granulite was subsequently buried 
during the Caledonian Orogeny (c. 429 Ma) and 
was progressively converted to eclogite-facies 
assemblages owing to fluid infiltration (Austrhe-
im & Griffin, 1985; Boundy et al., 1997; Kühn, 
2002).  Chapter 2 focusses on the structural 
evolution of the Holsnøy system, and P–T condi-
tions were determined for the progressive con-
version of the granulite to eclogite.   In essence, 
this process occurred through different stages of 
deformation as fluid became increasingly avail-
able within structures, evolving from a brittle to 
ductile regime (Jolivet et al., 2005; Austrheim, 
2013).  Previous studies (Austrheim, 2013 and 
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Chapter 2) outlined the sequential evolution of 
the system in four main stages of deformation, 
based on structural field relationships.  Stage 1 is 
the initiation of brittle deformation resulting in 
fractures and pseudotachylites, which act as the 
initial conduit for fluid infiltration in the granulite 
domains. However, although the pseudotachylites 
served as a fluid conduit, it is not clear that the 
age of the pseudotachylites is the same as the age 
of the early fluid generation.  Stage 2 involved 

an increase in fluid availability to initiate the 
formation of eclogite-facies mineral assemblag-
es, with the development of discrete shear zones 
along the initial fractures.  Stage 3 is the complete 
conversion of the granulite to eclogite at P–T 
conditions of 21–22 kbar and 670–690 °C.  This 
occurs at metre to kilometre scales, with granulite 
blocks sitting in apparent random orientations in 
an extensively sheared ‘matrix’ of eclogite.  This 
stage of deformation was previously described as 
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Figure 2. a) P–T path (after Bhowany et al. 2018) recorded 
by domains on Holsnøy Island based on different P–T pseu-
dosections derived from a pseudotachylite, peak eclogite and 
retrogressed eclogite. b) P–T-t evolution of the system.

granulite ‘breccia’ by previous authors (Austrhe-
im & Griffin, 1985; Jolivet et al., 2005; Raim-
bourg et al., 2005; Austrheim, 2013).  Stage 4 is 
the overprint of the eclogite by a coarse-grained, 
phengite-rich eclogite.  These four stages define 
the evolution of the Holsnøy system (Figure 2) 
whereby the domains experienced a near isother-
mal P–T path.  The different stages of deforma-
tion are perfectly preserved because of the lack of 
fluid availability at these particular points during 
the burial and exhumation processes.

3.  SAMPLING AND METHODS

3.1  Sampling and sample summary

This study focusses on the north-east of Holsnøy 
Island, around Lake Husebøvatnet, where the 
granulite was fully converted eclogites, in stages 
3 and 4 of deformation (i.e. eclogite and R-eclog-
ite). Sampling was done in pairs; that is, a com-
pletely converted eclogite sample and its spatially 
closest granulite protolith.  Eclogite domains in 
stage 3 of deformation, and their corresponding 
granulite protoliths were sampled within 3 metres 
of each other to account for possible fluid fronts 
in the granulite, while the R-eclogite sample pairs 
were sampled within 1 metre of each other.   This 
allows for a comparative study, with the assump-
tion that signatures obtained from the granulite 
reflect pre-fluid conditions and can be used as a 
baseline for relative isotopic shifts.  Granulite 
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samples were taken from the middle of granulite 
blocks to avoid any fluid front that may have 
existed on their margins. A summary of sam-
ples is given in Table 1. In general, the granulite 
samples have eye shaped lenses of garnet coronae 
around clinopyroxene and orthopyroxene in a pla-
gioclase-garnet matrix, with an interpreted peak 
mineral assemblage of plagioclase–garnet–clin-
opyroxene–orthopyroxene ± rutile ± spinel.  The 
eclogites have an interpreted peak assemblage 
of omphacite–garnet–phengite–zoisite–kyanite ± 
rutile with relict garnet cores and amphibole-rich 
symplectite (Chapter 2).  R-eclogite samples have 
an interpreted peak metamorphic assemblage of 
omphacite–garnet–phengite–zoisite–amphibole ± 
rutile ± quartz (Chapter 2). 

3.2  Methods

3.2.1 Bulk-rock chemistry

Bulk-rock, major elemental geochemistry was 
completed for all samples at the Department of 
Earth and Environment, Franklin and Marshall 
College, Lancaster, Pennsylvania.  The volatile 
content (% LOI) was determined by heating ~1 
g of powder of each sample in a muffle furnace 
at 950 °C for 1.5 hours, removing and cooling to 
room temperature and re-weighing the dried sam-
ple masses.  A fraction of the anhydrous sample 
powders (~ 0.4000 g) was mixed with lithium 
tertraborate (~ 3.6000 g), placed in a platinum 
crucible and heated with a meeker burner until 
molten.  The molten materials were then mixed 
and transferred to a cast for quenching to produce 
fused disks.  X-ray Fluorescence (XRF) was used 
on the fused disks and major elements were ana-
lysed for SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, 
CaO, Na2O, K2O and P2O5.  The working curves 
for each element was determined by analysing 
geochemical standards (Abbey 1983 and Govin-
daraju (1994)) prepared in the same way as the 

samples.  The ferric contents of the samples were 
determined by titration, following a modified 
method by Reichen and Fahey (1962).  Bulk-rock 
chemistry for each sample is presented in wt %, 
in Table 2.

3.2.2 Major element mineral chemistry

Major element mineral compositions were 
acquired at Adelaide Microscopy, University 
of Adelaide, using a Cameca SXFive electron 
microprobe.  Quantitative elemental analyses 
were undertaken using wavelength dispersive 
spectrometers (WDS) with a beam current of 20 
nA and accelerating voltage of 15 kV.  Calibration 
was performed on certified synthetic and natural 
mineral standards (andradite crystal) from Asti-
mex Ltd and P&H Associates. Data calibration 
and reduction were carried out in the software, 
Probe, for EPMA analyses, distributed by Probe 
Software Inc.

3.2.3 Whole-rock and single mineral δ18O and 
δD 

δ18O and δD analyses were undertaken by the 
Stable Isotope Laboratory of GNS Science, New 
Zealand.  Whole-rock analyses were acquired on 
finely ground particles, and single mineral analy-
ses were obtained from hand-picked, crushed and 
ground mineral grains. δ18O analysis was under-
taken following Sharp (1990). 5 mg of each sam-
ple was heated overnight to 150 °C and loaded 
into a vacuum extraction line. Oxygen was then 
extracted for analysis using BrF5 and a CO2-laser 
on a Geo20-20 mass spectrometer.  The oxygen 
isotope values were all measured relative to Vien-
na- Standard Mean Ocean Water (V-SMOW), and 
reported as δ18O notation in parts per mille, ‰.  
All samples were normalised to the international 
quartz standard (NBS-28) using the value of +9.6 
‰, with internal precision of ± 0.2 ‰.
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Hydrogen analyses used 50 mg of powdered 
samples that were pyrolysed at 1450 °C in silver 
capsules. δD analysis was conducted using a 
Hekatech High Temperature Analyser coupled 
with an Isoprime Mass Spectrometer (GV Instru-
ments).  All results are reported with respect to 
V-SMOW in parts per mille, ‰, and normalised 
to international standards IAEE-CH-7 (-100 ‰), 
NBS30 (–66 ‰) and NBS22 (–118 ‰), with 
internal precision of ± 2.0 ‰

3.2.4 In-situ δ18O on garnet grains

In-situ garnet δ18O analyses were performed fol-
lowing a modified version of the method outlined 
in detail by Raimondo et al. (2012).  18O/16O 
ratios were acquired using a multi-collector ion 
microprobe (Cameca IMS 1280), at the Centre 
of Microscopy, Characterisation and Analysis 
(CMCA), University of Western Australia.  A 
static Cs+ beam of 3 nA and an acceleration 

voltage of 20 kV were used, with a spot size of 
20 µm.  Secondary O– ions were accelerated to 10 
kV and analysed using dual Faraday Cup detec-
tors set with revolving power of 2400.  Analyses 
were carried out in 20 four second cycles, giving 
an internal precision of 0.2 ‰.  

The instrumental mass fractionation (IMF) cor-
rection was performed using UWG-2 (5.80 ‰; 
Valley et al., 1995; Vielzeuf et al., 2005a; Page et 
al., 2010).  The corrected value obtained for the 
UWG-2 check standard was 5.80 ± 0.27 ‰ (2σ; 
n = 54).  As discussed by Vielzeuf et al. (2005a), 
Paige et al. (2010) and Raimondo et al. (2012), 
the IMF owing to the chemical matrix effect 
during analysis is correlated with garnet cation 
compositions.  Paige et al. 2010 and Raimondo et 
al. 2012 also documented that calibrated IMF is 
strongly correlated to the grossular and uvarovite 
contents of garnet grains. Therefore, in this study, 
matrix correction was performed on all analysis.  

Sample
Location (32V)

Mineralogy Additional informationEasting (mE) Northing (mN)
Granulite

HOL14-7A 0281226 6723701 pl + g + cpx + opx + ru

HOL14-8A 0281226 6723701 pl + g + cpx + opx + ru

HOL15-6 0283310 6724215 pl + g + sp ± ru

HOL15-12 0280999 6723661 pl + g + cpx + opx ± ru ± sp

HOL15-15 0282213 6723307 pl + g + cpx + opx

Eclogite
HOL14-7C 0281226 6723701
HOL14-8B 0281226 6723701
HOL15-5 0283310 6724215
HOL15-10 0280999 6723661

Protolith to HOL14-7C

Protolith to HOL14-8B

Protolith to HOL15-5 

Protolith to HOL15-10 and 
HOL15-11

Protolith to HOL15-14,
HOL15-13B, HOL15-13F 
and HOL16-2

Relict spinel in garnet cores 

Relict spinel in garnet cores 
HOL15-11 0280999 6723661

o + g + phen + zo + ky ± ru ± q
o + g + phen + zo + ky ± ru ± q
o + g + phen + zo ± ru ± q
o + g + phen + zo ± ru ± q
o + g + phen + zo ± ru ± q

0282213 6723307 o + g + phen + zo + amp ± ru ± q
0282213 6723307 o + g + phen + zo + amp ± ru ± q
0282213 6723307 o + g + phen + zo + amp ± ru ± q

R-eclogite 
HOL15-14 
HOL15-13B 
HOL15-13F 
HOL16-2 0282213 6723307 o + g + phen + zo + amp ± ru ± q

Table 1.  Sample location and summary
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δ18O and δD measurements were acquired on five 
stage 3 eclogites and four stage 4 retrogressed 
eclogites (R-eclogite).  Specifically, δ18O was 
measured on mineral separates of clinopyroxene 
in granulites, on omphacite in the stage 3 and 4 
eclogites, as well as on phengite in both eclogite 
types.  δD was measured on phengites separates 
only, for all altered samples.  The representative 
whole-rock geochemistry for each lithology and 
their representative major mineral chemistries are 
presented in Tables 2 and 3, respectively. 

4.1  δ18O and δD signatures

The measured whole-rock and mineral analyses 
are presented in Table 4, as well as calculated 
fluid compositions based on mineral separates.

4.1.1 Whole-rock isotopic signature

Whole-rock δ18O signatures show no significant 
shift from granulite to eclogite samples (Figure 
3).  However, a positive shift is observed in the 
δ18O of R-eclogite samples, compared to the gran-
ulite and eclogite values. In contrast, δD signa-
tures shift to more positive values from granulite 
to eclogite and R-eclogite samples (Figure 3).  
The mean δ18O values for the granulite, eclogite 
and R-eclogite are + 6.2, + 6.5 and + 7.2 ‰ (± 
0.2‰), respectively, while the mean δD values 

are – 68.0, – 52.1 and – 35.9 ‰, respectively (± 
2 ‰) (Table 4).  One δ18O analysis of the granu-
lites, sample HOL14-8A, is significantly higher 
(at 7.8 ‰) than the others, which affects the aver-
age δ18O calculation.

4.1.2 Clinopyroxene and omphacite

δ18O signatures for clinopyroxene grain separates 
from the granulite samples yielded an average 
signature of + 4.9 ‰ (Figure 4). The δ18O sig-
natures for omphacite grain separates from the 
corresponding eclogites and R-eclogites have 
mean values + 5.8 ‰ and + 5.7 ‰ ± 0.2 ‰, 
respectively.

4.2.3 Phengite

δ18O and δD were analysed in phengite grain sep-
arates from the eclogite and R-eclogite samples 
(Figures 4 and 5). The mean δ18O signature for 
phengite separates in the eclogites samples is + 
7.6 ‰ and that of the R-eclogite is + 8.0 ‰ ± 0.2 
‰.  The mean δD value for the eclogite samples 
is – 26.0 ‰, which lies within error of the aver-
age R-eclogite δD value (– 27.8 ‰ ± 2.0 ‰).

4.1.4 In–situ garnet analysis

In–situ δ18O analyses were performed on four 
garnet grains from stage 3 peak eclogite (sample 

Compared to Raimondo et al. 2012, however, the 
Xgross + uvar values were obtained by EPMA analysis 
next to each spot after secondary ion mass spec-
trometry (SIMS) analysis.  Xgross + uvar  molar values 
were calculated using CTcalc (Locock, 2008) and 
presented in Table 5.  The matrix corrected δ18O 
values for each analysis are also presented in Ta-
ble 5, under the heading δ18Ocorrected.  For detailed 
error propagation scheme, see Appendix 2.1 (after 
Raimondo et al. 2012).

4. RESULTS 

Granulite Eclogite R-eclogite

SiO2 51.22 46.51 48.33
TiO2 0.49 0.61 0.64
Al2O3 18.35 18.65 20.69
MnO 0.19 0.2 0.21
MgO 5.69 6.6 7.1
CaO 8.88 10.93 7.7
Na2O 3.55 3.34 3.02
K2O 0.72 0.79 2.49
P2O5 0.03 0.03 0.04
LOI 1.14 1.36 2.44
FeO 6.97 7.23 6.22
Fe2O3 2.58 3.35 2.63
Total 99.81 99.60 99.76

 

Table 2.  Representative whole-rock major element composition 
expressed in wt % (modified from Chapter 2).
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weighted average δ18O value for the rims are 5.11 
± 0.38 ‰ for garnet 1, 5.63 ± 0.33 ‰ for garnet 
2, 5.15 ± 0.27 for garnet 2 and 5.08 ± 0.22 for 
garnet 4.  All uncertainties are reported as 2σ, 
with a 95 % confidence interval.  δ18O garnet 
analyses show a slight negative shift from core to 
rim, and δ18O profiles show possible zonation in 
the garnet rims, which is highlighted in garnets 1, 
3 and 4 (Figure 6).

5.  DISCUSSION

In this study, δ18O and δD are used to evaluate 
the possible reservoirs for the fluid that infil-
trated the Holsnøy system.  Isotopic signatures 
were measured on sample pairs (eclogite with 
its closest granulite protolith) to account for the 

possible chemical heterogeneity of the originally 
emplaced anorthosite.  It is assumed here that the 
isotopic signature of the closest granulite proto-
lith is representative of the domain prior to fluid 
infiltration, and the observed shifts in the altered 
samples are purely due to the components that 
have been brought in by the fluid.  In an attempt 
to increase the resolution of the isotopic shifts 
resulting from fluid infiltration, mineral separates 
were also analysed for both δ18O and δD signa-
tures. This enables a comparison of the isotopic 
signatures during different stages of deformation 
within the P–T framework set up in Chapter 2 for 
the Holsnøy system, as well as the estimation of 
the isotopic signature of the fluid.  The following 
section includes discussions on an assessment of 
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Figure 3.  a) Whole-rock δ18O isotopic signatures in 
granulite (red), eclogite (light green) and R-eclogite (dark 
green).  b) Whole-rock δD signatures in granulite, eclogite 
and R-eclogite.  The average for each lithology is indicated 
in shaded horizontal bars.  Error bars represent internal 
precisions of ± 0.2 ‰ for δ18O analyses and ± 2.0 ‰ for δD 
analyses.

HOL14–7C).  The garnet grains were chosen 
based on their prominent major element zonation 
and sharp core to rim boundaries (Figure 6).  For 
all samples, the almandine–quartz fractionation 
coefficient of Valley (2003) and the quartz–wa-
ter fractionation coefficient of Hu and Clayton 
(2003) were combined and used to calculate the 
fluid signature associated with the garnet rims 
(detailed by Raimondo et al. (2012).  For the pur-
pose of a core-rim δ18O comparison, signatures in 
the garnet cores were assumed to be the measured 
δ18O values as there were no fluids involved 
during the granulite-facies metamorphism.  

δ18O analyses were undertaken as traverses across 
garnet grains, targeting at least one core–rim 
boundary (Figure 6).  Detailed δ18O values for 
each transect is presented in Table 5.  The weight-
ed average of δ18O values for each grain are 5.74 
± 0.42 ‰ for garnet 1; 5.94 ± 0.28 ‰ for garnet 
2; 5.53 ± 0.33 ‰ for garnet 3, and ; 5.47 ± 0.24 
‰ for garnet 4. The weighted average δ18O value 
for the core is 6.03 ± 0.25 ‰ for garnet 1, 6.00 
± 0.15 ‰ for garnet 2, 5.75 ± 0.21 ‰ for garnet 
3, and 5.65 ± 0.15 ‰ for garnet 4. While the 
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  Stage 3 of deformation          Stage 4 of deformation 
 Granulite Eclogite           R-eclogite 
 g pl px o g rim g core phen zo o g rim g core phen zo hb 
               
SiO2 40.58 64.00 47.10 54.36 37.76 37.93 46.94 38.59 55.23 39.24 40.11 46.79 38.45 43.64 
TiO2 0.09 0.00 0.17 0.24 0.11 0.11 0.52 0.09 0.19 0.06 0.16 0.87 0.04 0.41 
Al2O3 23.45 22.34 16.76 11.68 21.28 20.75 31.63 31.02 10.85 22.01 22.73 31.85 31.11 15.25 
Cr2O3 0.02 0.00 0.00 0.01 0 0 0 0.01 0.01 0.03 0.03 0.01 0.02 0 
FeO 13.01 0.01 7.25 5.33 22.31 23.3 2.34 3.23 4.63 20.7 17.55 1.87 2.98 11.32 
MnO 0.18 0.00 0.04 0.02 0.51 0.76 0 0 0.02 0.68 0.41 0 0 0.2 
MgO 15.19 0.00 12.16 8.31 7.79 9.84 2.11 0.04 9.11 8.45 13.56 2.21 0.02 12.26 
ZnO 0.00 0.02 0.02 0 0 0.03 0 0.09 0.03 0 0 0 0.09 0.01 
CaO 7.60 3.13 11.17 13.21 8.77 5.5 0.01 0 14.19 8.3 5.76 0.01 0.04 9.39 
Na2O 0.01 9.93 2.70 6.68 0.06 0.02 0.91 23.54 6.09 0.03 0.01 1.55 23.86 3.86 
K2O 0.00 0.21 0.78 0 0 0 8.8 0.02 0.01 0 0 8.76 0.02 0.76 
Cl 0.00 0.00 0.01 0.02 0 0 0.01 0 0.01 0.01 0.01 0.01 0 0.06 
F 0.00 0.00 0.00 0 0.01 0 0 0 0 0 0.01 0 0 0.09 
TOTAL 100.14 99.64 98.15 99.89 98.62 98.32 94.28 96.63 100.4 99.52 100.4 94.86 96.63 97.28 
               
No. O 12 8 6 6 12 12 11 13 6 12 12 11 13 23 
               
Si 1.72 2.83 2.95 1.94 2.93 2.94 3.2 2.99 1.96 3 2.96 3.15 2.97 6.85 
Ti 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0 0.01 0.04 0 0.05 
Al 0.72 1.16 2.01 0.49 1.95 1.9 2.54 2.83 0.45 1.98 1.98 2.53 2.84 2.82 
Cr 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0 
Fe3+ 0.05 0.00 0.09 0.08 0.19 0.21 0 0.18 0.03 0.02 0.09 0.04 0.22 0 
Fe2+ 0.17 0.00 0.70 0.07 1.25 1.3 0.13 0.03 0.1 1.31 1 0.06 0 1.49 
Mn2+ 0.00 0.00 0.01 0 0.03 0.05 0 0 0 0.04 0.03 0 0 0.03 
Mg 0.66 0.00 1.65 0.44 0.9 1.14 0.21 0 0.48 0.96 1.49 0.22 0 2.87 
Zn 0.00 0.00 0.00 0 0 0 0 0.01 0 0 0 0 0.01 0 
Ca 0.44 0.15 0.59 0.5 0.73 0.46 0 1.95 0.54 0.68 0.45 0 1.98 1.58 
Na 0.19 0.85 0.00 0.46 0.01 0 0.12 0 0.42 0 0 0.2 0.01 1.17 
K 0.04 0.01 0.00 0 0 0 0.77 0 0 0 0 0.75 0 0.15 
Cl 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0.02 
F 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0.05 
Total 
cations 
(S) 

8.00 5.00 4.00 3.99 8 8.01 7 8.05 3.99 7.99 8.01 6.99 8.06 17.08 

 

Table 3.  Representative mineral composition expressed in wt % (modified from Chapter 2).

Table 4.  Whole-rock and mineral oxygen and hydrogen stable signatures and calculated fluid compositions.
Abbreviations: WR, whole-rock; cpx, clinopyroxene; o, omphacite; phen, phengite.
Fluid δ18O and δD compositions were calculated by using the following: oa, Bottinga and Javoy (1975); phenb, Zheng (1993b) 
and phenc, Suzuoki and Esptein (1976).

  
δ18O 

(‰, V-SMOW) 
 δD 

 (‰, V-SMOW) 
 δ18Ofluid 

 (‰) 
 δDfluid (‰) 

Sample Lithology WR cpx/o phen  WR phen  oa phenb  phenc              
HOL14–7A Granulite 6.72 4.61   –64.8       
HOL14–8A Granulite 7.8 4.97   –69.2       
HOL15–6 Granulite 6.2 4.9   –61.6       
HOL15–12 Granulite 6.08 4.76   –73.8       
HOL15–15 Granulite 5.7 5.32   –70.7                    
HOL14–7C Eclogite 6.9 5.76 7.52  –42.4 –21.2  7.86 8.52  –16.0 
HOL14–8B Eclogite 6.83 5.05 8.12  –52.9 –27.1  7.15 9.12  –21.9 
HOL15–5 Eclogite 6.6 6.27 7.95  –49.5 –22  8.37 8.95  –16.8 
HOL15–10 Eclogite 6.11 5.63 7.32  –59.24 –28.3  7.73 8.32  –23.14 
HOL15–11 Eclogite 5.99 6.21 7.06  –56.47 –31.3  8.31 8.06  –26.1              
HOL15–14 R-eclogite 6.89 5.34 6.85  –34.6 –31.8  7.54 7.95  –27.1 
HOL15–13B R-eclogite 6.8 5.31 8.59  –41.3 –26.7  7.51 9.69  –22.0 
HOL15–13F R-eclogite 7.43 6.15 8.36  –37.6 –23.4  8.35 9.46  –18.7 
HOL16–2 R-eclogite 7.84 5.81 8.13  –30.2 –29.3  8.01 9.23  –24.6 
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Figure 4.  δ18O signatures for mineral separates (clinopyrox-
ene, omphacite and phengite) and fluids in granulite, eclogite 
and R-eclogite samples. Error bars only represent internal 
precisions of ± 0.2 ‰. a) δ18O isotopic signatures of mineral 
separates in eclogites (light green and yellow) and their 
calculated fluid signatures.  The arrows indicate the relative 
shift in δ18O from protolith (granulite) to eclogite and the 
whole-rock compositions for both lithologies are plotted for 
a comparative overview of the different signatures.
All calculations for the fluid signatures were done at a tem-
perature of 680 °C.  tb) δ18O isotopic signatures of mineral 
separates in R-eclogites (dark green and orange) and their 
calculated fluid signatures.  The arrows indicate the relative 
shift in δ18O from protolith (granulite) to eclogite and the 
whole-rock compositions for both lithologies are plotted for 
a comparative overview of the different signatures.
All calculations for the fluid signatures were done at a tem-
perature of 690 °C.

isotopic equilibrium and fractionation tempera-
ture for mineral separates, as well as the new data 
sets and their significance compared to previously 
published studies.  This ultimately provides a 
more robust understanding of the fluid history 
with an associated P–T evolution for the Holsnøy 
system.

5.1  Assessing isotopic equilibrium and frac-
tionation temperature

The degree of isotopic equilibrium between min-
erals in a rock can be assessed by the use of iso-
therm diagrams (Javoy et al., 1970).  This method 
tests isotopic equilibrium between minerals based 
on the temperature dependency of fractionation 
between mineral pairs to assess the extent of their 
deviation relative to a calculated linear trend of 
equal temperature.  The equilibrium fractionation 
coefficients (A) used in this study are diopside for 
the omphacite separates (1.38) and garnet (1.78) 
as presented by Chacko et al. (2001) and Valley 
et al. (2003).  All calculations are given with re-
spect to muscovite, due to its association with the 
metasomatic fluid.

An isotherm plot for the eclogite samples based 
on the bulk mineral compositions provided in 
Table 4, as well as the in-situ garnet rim analyses 
for the stage 3 samples, is presented in Figure 
7.  Figure 7a shows a reasonably similar range of 
δ18O values for the omphacite grains and gar-
net rim analyses, relative to an isotherm line of 
680 °C based on the lowest phengite δ18O value 
(solid line).  Two phengite grains have more 
positive δ18O values, which suggests that slight 
isotopic disequilibrium is occurring in phengite 
δ18O values.  However, if an isotherm is drawn 
based on the maximum phengite δ18O (dashed 
line), the majority of omphacite and garnet rim 
analyses fall within the two linear arrays, with 
the maximum of both the omphacite and garnet 
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Figure 5. a) δD signatures for mineral separates (phengite) 
in eclogite and their calculated fluid signatures and respec-
tive whole-rock signatures.  All calculations were done at a 
temperature of 680 °C.
b) δD signatures for mineral separates (phengite) in R-
eclogite and their calculated fluid signatures and respec-
tive whole-rock signature.  All calculations were done at a 
temperature of 690 °C.
Error bars only represent internal precisions of ± 2 ‰.

values trending towards the dashed isotherm.  A 
similar spread is observed between the phengite 
and omphacite δ18O values for R-eclogite based 
on isotherms calculated at a temperature of 690 
°C.  A linear array can be drawn based on the 
minimum δ18O phengite value (solid line).  Two 
of the omphacite grains plot on this line, while 
the remaining values lie towards the isotherm 
calculated from the maximum δ18O phengite 
values. The slight disequilibrium between mica 
grains and other rock forming minerals has been 
previously observed in other systems (e.g. Peak 
Hill shear zone, Raimondo et al. 2012; Peninsula 
Granite, Harris and Vogeli, 2010). This is likely 
due to micas’ susceptibly to resetting compared 
to minerals such as quartz and clinopyroxenes, in 
the presence of fluids (Chako et al., 1996). More-
over, according to observations by Giletti (1986), 
isotopic equilibrium is not necessarily attained 
by every mineral in a cooling system, due to the 
sluggish exchange of oxygen between minerals 
while passing their blocking temperatures.  In 
addition, Faver (1989) demonstrated that, in gen-
eral, only the last two minerals to equilibrate are 
expected to be in isotopic equilibrium, based on 
diffusion data.  The open nature of the Holsnøy 
system adds complexity to the isotopic equilibra-
tion of the eclogite-facies domains.  The inter-
action between minerals and the infiltrated fluid 
results in varying isotopic signatures in individual 
grains of the same mineral. Therefore, as shown 
in Figure 7b, coexisting minerals in the eclogite 
domains do not record complete isotopic equili-
bration with each other.  However, the degree of 
disequilibrium is relatively minor considering the 
majority of omphacite and garnet rim data occur 
close to or between the isotherms predicted by 
phengite measurements, particularly for stage 3 
eclogites  

An important consideration in calculating the 

isotopic signature of fluids is the temperature 
dependency of isotopic fractionation between 
the fluid and different minerals.  A temperature 
of 680 °C was used for the fluid calculations in 
the eclogite samples based on phase equilibria 
models in Chapter 2, and the stability of garnet, 
omphacite and kyanite.  This estimate falls within 
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δ18O and δD isotopic constraints on Holsnøy Island

G
ar

ne
t 3

@
8 

0.
00

20
25

76
6 

0.
01

19
53

2 
0.

00
20

25
76

6 
2.

42
1E

-0
7 

0.
00

20
25

77
 

2.
42

14
4E

-0
7 

6.
39

 
0.

36
 

0.
15

 
5.

91
 

0.
69

 
5.

91
 

0.
69

 
G

ar
ne

t 3
@

9 
0.

00
20

24
65

3 
0.

00
87

95
3 

0.
00

20
24

65
3 

1.
78

1E
-0

7 
0.

00
20

24
65

 
1.

78
07

4E
-0

7 
5.

84
 

0.
33

 
0.

15
 

5.
41

 
0.

67
 

5.
41

 
0.

67
 

G
ar

ne
t 3

@
10

 
0.

00
20

25
14

3 
0.

00
81

94
4 

0.
00

20
25

14
3 

1.
65

9E
-0

7 
0.

00
20

25
14

 
1.

65
94

8E
-0

7 
6.

08
 

0.
32

 
0.

14
 

5.
71

 
0.

66
 

5.
71

 
0.

66
 

G
ar

ne
t 3

@
11

 
0.

00
20

25
10

3 
0.

01
08

06
5 

0.
00

20
25

10
3 

2.
18

8E
-0

7 
0.

00
20

25
1 

2.
18

84
3E

-0
7 

6.
06

 
0.

35
 

0.
13

 
5.

77
 

0.
68

 
5.

77
 

0.
68

 
G

ar
ne

t 3
@

12
 

0.
00

20
24

72
6 

0.
01

11
54

7 
0.

00
20

24
72

6 
2.

25
9E

-0
7 

0.
00

20
24

73
 

2.
25

85
1E

-0
7 

5.
87

 
0.

35
 

0.
14

 
5.

57
 

0.
68

 
5.

57
 

0.
68

 
G

ar
ne

t 3
@

13
 

0.
00

20
25

79
7 

0.
01

08
98

9 
0.

00
20

25
79

7 
2.

20
8E

-0
7 

0.
00

20
25

8 
2.

20
79

E-
07

 
6.

40
 

0.
35

 
0.

14
 

6.
05

 
0.

68
 

6.
05

 
0.

68
 

G
ar

ne
t 3

@
14

 
0.

00
20

25
50

2 
0.

00
89

70
7 

0.
00

20
25

50
2 

1.
81

7E
-0

7 
0.

00
20

25
5 

1.
81

70
1E

-0
7 

6.
26

 
0.

33
 

0.
23

 
5.

03
 

0.
67

 
6.

63
 

0.
67

 
G

ar
ne

t 3
@

15
 

0.
00

20
25

86
3 

0.
00

92
34

2 
0.

00
20

25
86

3 
1.

87
1E

-0
7 

0.
00

20
25

86
 

1.
87

07
3E

-0
7 

6.
44

 
0.

33
 

0.
23

 
5.

22
 

0.
67

 
6.

82
 

0.
67

 
G

ar
ne

t 3
@

16
 

0.
00

20
25

68
3 

0.
00

91
51

9 
0.

00
20

25
68

3 
1.

85
4E

-0
7 

0.
00

20
25

68
 

1.
85

38
9E

-0
7 

6.
35

 
0.

33
 

0.
23

 
5.

11
 

0.
67

 
6.

71
 

0.
67

 
W

ei
gh

te
d 

av
er

ag
e 

0.
00

20
25

58
8 

0.
00

97
91

 
0.

00
20

25
58

8 
1.

98
3E

-0
7 

0.
00

20
25

59
 

1.
98

32
6E

-0
7 

6.
30

 
0.

34
 

0.
18

 
5.

53
 

0.
67

 
6.

33
 

0.
67

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

G
ar

ne
t 4

@
1 

0.
00

20
26

14
4 

0.
00

90
59

4 
0.

00
20

26
31

9 
1.

48
E-

07
 

0.
00

20
26

14
 

1.
83

55
7E

-0
7 

6.
58

 
0.

33
 

0.
22

 
5.

45
 

0.
67

 
7.

05
 

0.
67

 
G

ar
ne

t 4
@

2 
0.

00
20

26
31

9 
0.

00
73

05
 

0.
00

20
24

40
5 

1.
66

1E
-0

7 
0.

00
20

26
32

 
1.

48
02

2E
-0

7 
6.

66
 

0.
31

 
0.

24
 

5.
34

 
0.

66
 

6.
94

 
0.

66
 

G
ar

ne
t 4

@
3 

0.
00

20
24

40
5 

0.
00

82
06

8 
0.

00
20

24
78

6 
1.

73
4E

-0
7 

0.
00

20
24

41
 

1.
66

13
9E

-0
7 

5.
71

 
0.

32
 

0.
14

 
5.

38
 

0.
66

 
6.

98
 

0.
66

 
G

ar
ne

t 4
@

4 
0.

00
20

24
78

6 
0.

00
85

64
2 

0.
00

20
24

40
4 

1.
99

1E
-0

7 
0.

00
20

24
79

 
1.

73
40

6E
-0

7 
5.

90
 

0.
32

 
0.

14
 

5.
57

 
0.

67
 

5.
57

 
0.

67
 

G
ar

ne
t 4

@
5 

0.
00

20
24

40
4 

0.
00

98
36

6 
0.

00
20

24
85

 
1.

53
3E

-0
7 

0.
00

20
24

4 
1.

99
13

3E
-0

7 
5.

71
 

0.
34

 
0.

12
 

5.
55

 
0.

67
 

5.
55

 
0.

67
 

G
ar

ne
t 4

@
6 

0.
00

20
24

85
 

0.
00

75
73

 
0.

00
20

24
60

6 
1.

92
9E

-0
7 

0.
00

20
24

85
 

1.
53

34
2E

-0
7 

5.
93

 
0.

31
 

0.
14

 
5.

61
 

0.
66

 
5.

61
 

0.
66

 
G

ar
ne

t 4
@

7 
0.

00
20

24
60

6 
0.

00
95

30
1 

0.
00

20
24

50
7 

2.
17

7E
-0

7 
0.

00
20

24
61

 
1.

92
94

7E
-0

7 
5.

81
 

0.
33

 
0.

14
 

5.
49

 
0.

67
 

5.
49

 
0.

67
 

G
ar

ne
t 4

@
8 

0.
00

20
24

50
7 

0.
01

07
52

6 
0.

00
20

25
45

7 
1.

97
9E

-0
7 

0.
00

20
24

51
 

2.
17

68
7E

-0
7 

5.
76

 
0.

35
 

0.
13

 
5.

52
 

0.
68

 
5.

52
 

0.
68

 
G

ar
ne

t 4
@

9 
0.

00
20

25
45

7 
0.

00
97

7 
0.

00
20

24
96

3 
1.

89
1E

-0
7 

0.
00

20
25

46
 

1.
97

88
8E

-0
7 

6.
24

 
0.

34
 

0.
13

 
5.

95
 

0.
67

 
5.

95
 

0.
67

 
G

ar
ne

t 4
@

10
 

0.
00

20
24

96
3 

0.
00

93
37

7 
0.

00
20

25
21

9 
1.

76
1E

-0
7 

0.
00

20
24

96
 

1.
89

08
6E

-0
7 

5.
99

 
0.

33
 

0.
13

 
5.

72
 

0.
67

 
5.

72
 

0.
67

 
G

ar
ne

t 4
@

11
 

0.
00

20
25

21
9 

0.
00

86
93

7 
0.

00
20

24
49

5 
2.

37
E-

07
 

0.
00

20
25

22
 

1.
76

06
6E

-0
7 

6.
12

 
0.

32
 

0.
13

 
5.

92
 

0.
67

 
5.

92
 

0.
67

 
G

ar
ne

t 4
@

12
 

0.
00

20
24

49
5 

0.
01

17
07

3 
0.

00
20

25
10

7 
1.

66
6E

-0
7 

0.
00

20
24

5 
2.

37
01

3E
-0

7 
5.

76
 

0.
36

 
0.

13
 

5.
51

 
0.

69
 

5.
51

 
0.

69
 

G
ar

ne
t 4

@
13

 
0.

00
20

25
10

7 
0.

00
82

25
5 

0.
00

20
24

54
6 

2.
01

3E
-0

7 
0.

00
20

25
11

 
1.

66
57

6E
-0

7 
6.

06
 

0.
32

 
0.

13
 

5.
85

 
0.

66
 

5.
85

 
0.

66
 

G
ar

ne
t 4

@
14

 
0.

00
20

24
54

6 
0.

00
99

45
3 

0.
00

20
25

55
6 

2.
17

2E
-0

7 
0.

00
20

24
55

 
2.

01
34

7E
-0

7 
5.

78
 

0.
34

 
0.

13
 

5.
57

 
0.

67
 

5.
57

 
0.

67
 

G
ar

ne
t 4

@
15

 
0.

00
20

25
55

6 
0.

01
07

22
3 

0.
00

20
24

66
5 

1.
86

1E
-0

7 
0.

00
20

25
56

 
2.

17
18

7E
-0

7 
6.

28
 

0.
35

 
0.

13
 

6.
08

 
0.

68
 

6.
08

 
0.

68
 

G
ar

ne
t 4

@
16

 
0.

00
20

24
66

5 
0.

00
91

93
8 

0.
00

20
25

34
 

2.
32

5E
-0

7 
0.

00
20

24
67

 
1.

86
14

3E
-0

7 
5.

84
 

0.
33

 
0.

13
 

5.
56

 
0.

67
 

5.
56

 
0.

67
 

G
ar

ne
t 4

@
17

 
0.

00
20

25
34

 
0.

01
14

79
4 

0.
00

20
24

28
8 

1.
99

4E
-0

7 
0.

00
20

25
34

 
2.

32
49

8E
-0

7 
6.

18
 

0.
36

 
0.

13
 

5.
90

 
0.

68
 

5.
90

 
0.

68
 

G
ar

ne
t 4

@
18

 
0.

00
20

24
28

8 
0.

00
98

49
3 

0.
00

20
25

19
7 

1.
93

5E
-0

7 
0.

00
20

24
29

 
1.

99
37

9E
-0

7 
5.

65
 

0.
34

 
0.

13
 

5.
39

 
0.

67
 

5.
39

 
0.

67
 

G
ar

ne
t 4

@
19

 
0.

00
20

25
19

7 
0.

00
95

56
 

0.
00

20
24

21
 

1.
76

3E
-0

7 
0.

00
20

25
2 

1.
93

52
7E

-0
7 

6.
11

 
0.

33
 

0.
13

 
5.

86
 

0.
67

 
5.

86
 

0.
67

 
G

ar
ne

t 4
@

20
 

0.
00

20
24

21
 

0.
00

87
11

7 
0.

00
20

24
80

3 
2.

32
7E

-0
7 

0.
00

20
24

21
 

1.
76

34
2E

-0
7 

5.
62

 
0.

32
 

0.
12

 
5.

48
 

0.
67

 
5.

48
 

0.
67

 
G

ar
ne

t 4
@

21
 

0.
00

20
24

80
3 

0.
01

14
93

6 
0.

00
20

24
52

9 
1.

60
9E

-0
7 

0.
00

20
24

8 
2.

32
72

3E
-0

7 
5.

91
 

0.
36

 
0.

13
 

5.
68

 
0.

68
 

5.
68

 
0.

68
 

G
ar

ne
t 4

@
22

 
0.

00
20

24
52

9 
0.

00
79

46
5 

0.
00

20
25

00
6 

2.
24

2E
-0

7 
0.

00
20

24
53

 
1.

60
88

E-
07

 
5.

77
 

0.
32

 
0.

14
 

5.
46

 
0.

66
 

5.
46

 
0.

66
 

G
ar

ne
t 4

@
23

 
0.

00
20

25
00

6 
0.

01
10

71
6 

0.
00

20
25

36
6 

1.
74

E-
07

 
0.

00
20

25
01

 
2.

24
2E

-0
7 

6.
01

 
0.

35
 

0.
17

 
5.

34
 

0.
68

 
5.

34
 

0.
68

 
G

ar
ne

t 4
@

24
 

0.
00

20
25

36
6 

0.
00

85
91

 
0.

00
20

25
53

2 
1.

74
1E

-0
7 

0.
00

20
25

37
 

1.
73

99
9E

-0
7 

6.
19

 
0.

32
 

0.
24

 
4.

84
 

0.
67

 
6.

44
 

0.
67

 
G

ar
ne

t 4
@

25
 

0.
00

20
25

53
2 

0.
00

85
94

7 
0.

00
20

25
48

3 
1.

32
4E

-0
7 

0.
00

20
25

53
 

1.
74

08
9E

-0
7 

6.
27

 
0.

32
 

0.
22

 
5.

10
 

0.
67

 
6.

70
 

0.
67

 
G

ar
ne

t 4
@

26
 

0.
00

20
25

48
3 

0.
00

65
34

4 
0.

00
20

25
36

5 
2.

07
E-

07
 

0.
00

20
25

48
 

1.
32

35
3E

-0
7 

6.
25

 
0.

30
 

0.
23

 
5.

05
 

0.
66

 
6.

65
 

0.
66

 
G

ar
ne

t 4
@

27
 

0.
00

20
25

36
5 

0.
01

02
21

 
0.

00
20

25
19

7 
1.

90
9E

-0
7 

0.
00

20
25

37
 

2.
07

01
2E

-0
7 

6.
19

 
0.

34
 

0.
23

 
4.

99
 

0.
68

 
6.

59
 

0.
68

 
G

ar
ne

t 4
@

28
 

0.
00

20
25

19
7 

0.
00

94
24

4 
0.

00
20

24
76

6 
1.

60
2E

-0
7 

0.
00

20
25

2 
1.

90
86

3E
-0

7 
6.

11
 

0.
33

 
0.

23
 

4.
87

 
0.

67
 

6.
47

 
0.

67
 

G
ar

ne
t 4

@
29

 
0.

00
20

24
76

6 
0.

00
79

12
5 

0.
00

20
24

78
8 

1.
63

3E
-0

7 
0.

00
20

24
77

 
1.

60
20

9E
-0

7 
5.

89
 

0.
32

 
0.

22
 

4.
72

 
0.

66
 

6.
32

 
0.

66
 

W
ei

gh
te

d 
av

er
ag

e 
0.

00
20

25
00

4 
0.

00
93

04
 

0.
00

20
24

95
7 

1.
87

7E
-0

7 
0.

00
20

25
 

1.
88

4E
-0

7 
6.

01
 

0.
33

 
0.

16
 

5.
47

 
0.

67
 

5.
97

 
0.

67
 

 M
ol

ar
 p

ro
po

rti
on

 o
f g

ar
ne

t e
nd

-m
em

be
rs

 g
ro

ss
ul

ar
 +

 u
va

ro
vi

te
 (X

gr
os

s +
 u

va
r) 

va
lu

es
 w

er
e 

ca
lc

ul
at

ed
 fo

llo
w

in
g 

Lo
co

ck
 (2

00
8)

.



Chapter 3 δ18O and δD isotopic constraints on Holsnøy Island

-86-

the range of temperatures of 650–800 °C previ-
ously calculated based on the Fe–Mg exchange 
between garnet and omphacite and garnet and 
amphibole mineral pairs (Austrheim & Griffin, 
1985; Boundy et al., 1997; Jamtveit et al., 1990), 
as well as the use of Gibbs energy minimisation 
methods in combination with average P–T calcu-
lations by Raimbourg et al. (2007). Calculations 
of fluid composition based on mineral separates 
from the R-eclogite samples were performed at 
a temperature of 690 °C based on the stability of 
coexisting omphacite, quartz and zoisite (Chapter 
2).  To date, this is the only temperature estimate 
for the equilibration of the R-eclogites.  

As evident in the range of temperatures (i.e. 650 
°C to 800 °C; Austrheim and Griffins, 1985; 
Boundy et al., 1996; Raimbourg et al., 2007) 
obtained for the equilibration of eclogites on Hol-
snøy Island, there is the potential for an over or 
under-estimation for the calculated fluid values.  
The following equations are used to determine 
the isotopic composition of a fluid in equilibrium 
with an analysed mineral:

δ18Ofluid = δ18Oi – Δ i–fluid	 ,	 (1)	

δDfluid = δDi – Δ i–fluid 		  ,	 (2)	

where, δ18Oi and δDi   are the measured isotopic 
values, and Δ i–fluid is the fractionation factor 
between the mineral phase i and the fluid.  There-
fore, the fractionation factors can be used to 
assess the degree of bias in δ18O and δD values 
calculated for the fluid.  Thus, fractionation fac-
tors for the pyroxene–H2O (for δ18O) and musco-
vite–H2O (for δ18O and δD) mineral pairs at 650 
°C and 800 °C were determined and compared 
with those calculated at 680 °C, for stage 3 eclog-
ite samples.  For oxygen data, the pyroxene–H2O 
fractionation factor at 680 °C is – 2.1 ‰, while 
those at 650 °C and 800 °C are – 2.0 ‰ and – 2.5 

‰, respectively.  The muscovite–H2O pair results 
in fractionation factors of – 1.0 ‰ at 680 °C, – 
0.9 ‰ at 650 °C and – 1.5 ‰ at 800 °C for δ18O, 
while those for δD result in factors of – 5.2 at 680 
°C, – 6.8 at 650 °C and – 0.1 at 800 °C.

For both mineral–H2O pairs, the fractionation 
factors calculated for the δ18Ofluid at 650 °C are 
within the ± 0.2 ‰ error to that calculated at a 
temperature of 680 °C.  Fractionation factors 
calculated at a temperature of 800 °C, however, 
result in δ18Ofluid values 0.5 ‰ more negative than 
those at 680 °C.  Although the higher tempera-
ture fractionation factors have a noticeable effect 
on the calculated δ18Ofluid values, an assumption 
of calculations to determine δ18Ofluid is that the 
outputs are minimum values rather than absolute 
δ18Ofluid values (Rollinson, 1993). With respect 
to equation (1), a more negative fractionation 
factor input will result in an increased δ18Ofluid 
value.  Therefore, to calculate minimum values 
for the δ18Ofluid that infiltrated the Holsnøy system, 
calculations at lower temperatures of 650 and 680 
°C are more suitable.  For the calculation of δDfluid 
values based on the muscovite–H2O fractionation, 
however, the effect of temperature on fraction-
ation factors is arguably more significant.  While 
fractionation factors calculated at 650 and 680 
°C (– 6.8 and –5.2, respectively) still within the ± 
2.0 ‰ error, a fractionation factor of only 0.1 is 
obtained at 800 °C.  Applying this fractionation 
factor to calculate δD of fluid would result in the 
minimum possible value for δDfluid in the Holnøy 
system.  However, based on the isotherm pre-
sented in Figure 7a, phengite grains only show a 
slight isotopic disequilibrium at 680 °C, and some 
grains are arguably in equilibrium with ompha-
cite and garnet grains.  Therefore, the isotopic 
values for δD would be closer to that calculated 
at 680 °C than 800 °C.  Temperatures estimates 
by Chapter 2 are, hence, reasonable to calculate 



Chapter 3

-87-

δ18O and δD isotopic constraints on Holsnøy Island

8.00

9.00

3.0

4.0

5.0

6.0

7.0

8.0

0 100 200 300 400 500 600 700 800

3.0

4.0

5.0

6.0

7.0

8.0

0 50 100 150 200 250 300 350

3.0

4.0

5.0

6.0

7.0

8.0

0 100 200 300 400 500

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0 100 200 300 400 500

Xspss Xpy Xalm Xgrs

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 100 200 300 400 500

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 50 100 150 200 250 300 350

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 100 200 300 400 500 600 700 800

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 50 100 150 200 250 300 350 400 450 500

100 μm 

200 μm

200 μm

100 μm

a.

b.

c.

d.

Backscatter Image Proportion of garnet end-members δ18Ogarnet (‰)

Garnet 1

Garnet 2

Garnet 3

Garnet 4

Distance (μm)

Distance (μm)

Distance (μm)

Distance (μm)

Distance (μm)

Distance (μm)

Distance (μm)

Distance (μm)

M
od

al
 p

ro
po

rt
io

n
M

od
al

 p
ro

po
rt

io
n

M
od

al
 p

ro
po

rt
io

n
M

od
al

 p
ro

po
rt

io
n

δ18
O

co
rr
 (‰

, V
-S

M
O

W
)

δ18
O

co
rr
 (‰

, V
-S

M
O

W
)

δ18
O

co
rr
 (‰

, V
-S

M
O

W
)

A

A’

B B’

C

D

D’

A A’ A A’

B B’ B B’

C C’ C C’

D D’ D D’

C’

δ18
O

co
rr
 (‰

, V
-S

M
O

W
)

Figure 6.  Integrated garnet major element profiles and matrix corrected δ18O isotopic signatures along the profiles. a) Garnet 
1 and corresponding elemental profiles from A to A’; b) Garnet 2 and corresponding elemental profiles from B to B’; c) Gar-
net 3 and corresponding elemental profiles from C to C’ and d) Garnet 4 and corresponding elemental profiles from D to D’. 
Rim analyses are shaded in green while core analyses remain unshaded.
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the isotopic values of the fluid responsible for the 
conversion of granulite to eclogite on Holsnøy 
Island.  

5.2 δ18O and δD isotopic signatures

5.2.1 Whole-rock data

Whole-rock analyses of the granulite, eclogite 
and R-eclogite show the system on Holsnøy 
Island shifted towards heavier isotopic signatures 
with increasing degree of conversion to eclog-
ite-facies mineral assemblages, temperature in-
crease and fluid infiltration.  However, comparing 
the whole-rock shifts in eclogite samples (Figure 
4a) and R-eclogite samples (Figure 4b) to the 
granulite protolith, the shifts are less significant at 
stage 3 than stage 4 of deformation.

The presence of relict garnet cores can explain 
the slight discrepancies in whole-rock δ18O shifts 
(all within error of each other).  However, it 
cannot be used to explain the large negative shift 
from granulite to eclogite values observed in sam-
ple pair HOL14–8A/8B.  There is no obvious pe-
trological explanation for the comparatively high 
δ18O value in the granulite sample HOL14–8A, 
and including its signature renders the average 
granulite value more positive, as shown in Figure 
3a (dashed-red box).  If its δ18O value (+ 7.8 
‰) is not considered for calculating the average 
granulite δ18O value, then the new average for the 
granulite is + 6.2 ± 0.2 ‰, as illustrated by the 
solid red box in Figure 3a.  It can be argued that 
this reflects the positive shift from granulite to 
eclogite observed in δD.  However, this slightly 
more negative average is within error of that of 
the eclogite samples (+ 6.5 ± 0.2 ‰), and relies 
on the δ18O values of only four samples.  There-
fore, it is interpreted that no significant shift is 
recorded in the δ18O whole-rock values during 
stage 3 of deformation compared to the δD values 

(Figure 3b). 

The whole-rock dataset, however, highlights the 
ability for deuterium to record isotopic changes 
in rock systems, mostly in stage 3 of deforma-
tion.  Figure 3a shows no significant change in 
the whole-rock δ18O from granulite to eclogite, 
whereas a significant positive shift occurs in 
the δD (Figure 3b).  The lack of shift in δ18O 
from granulite to eclogite samples attests for a 
rock-buffered system in stage 3 of deformation, 
i.e. the volume of fluid available was not sig-
nificant enough to shift the δ18O of the rock as 
silicate mineral contain abundant oxygen in their 
lattices.  However, due to anhydrous nature of 
the granulite protolith compared to the hydrous 
eclogite, the δD of the system shifts readily, 
even with low fluid volumes.  The inverse (i.e. a 
fluid-buffered system) can be interpreted for stage 
4 of deformation as a significant shift in both 
δ18O and δD is observed from the granulite, to the 
eclogite, to the R-eclogite samples.

To test the relative volume of fluid present be-
tween stages 3 and 4 of deformation, water–rock 
ratios were calculated using the following equa-
tions, derived by Taylor (1974, 1977):

				          ,	 (3)

W/Ropen = ln( W/Rclosed + 1)	       ,	 (4) 

where W/Rclosed represents ratios for a closed 
system and W/Ropen for an open system.  Low-
er water–rock ratios indicate that the δ18O of a 
system is rock dominated while high water–rock 
ratios indicate that the system was fluid domi-
nated, hence changing the δ18O of a rock (Roll-

W/Rclosed=
δ18Ofinal rock - δ18Oinitial rock

δ18Oinitial fluid- δ18Ofinal fluid
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inson, 1993).  The δ18Ofinal rock used are the average 
whole-rock values for the eclogite (+ 6.5 ‰) and 
R-eclogite samples (+ 7.2 ‰), and δ18Oinitial rock 

used is the average whole-rock δ18O value for the 
granulite domains (+ 6.2 ‰).  Assuming that the 
phengite signatures are the closest vectors for the 
fluid present in both the eclogite and R-eclogite 
domains, due to phengite’s hydrous nature, the 
δ18Ofinal fluid values used the signatures in both rock 
types (i.e. + 8.5 and + 9.1, respectively).  To 
determine water–rock ratios, the δ18Oinitial fluid are 
usually assumed to be of locally derived fluid 
signatures.  Given the Holsnøy Island eclogites 
are currently interpreted to have been formed in a 
deep subduction setting (Austrheim, 2013; Jolivet 
et al., 2005; Raimbourg et al., 2005; Jamtveit 
et al., 2018), an initial δ18O value for altered 
MORB signatures (+ 10 ‰, Arthur et al., 1983; 
Muehlenbachs, 1986) was applied as the δ18Oinitial 

fluid.  The resulting W/Ropen values for stages 3 and 
4 of deformation are 0.18 and 0.75, respectively, 
attesting to a significant increase in fluid volume 
from stage 3 to stage 4 of deformation.

5.2.2 In-situ garnet analysis

Garnet is stable in both the granulite and eclogite 
mineral assemblages, which indicates its potential 
to record isotopic changes, due to its fractionation 
with the infiltrated fluid.  Moreover, the slow 
diffusion of oxygen in garnet at crustal conditions 
(Coghlan, 1990; Cole and Charkraborty, 2001; 
Vielzeuf et al. 2005b) make it a valuable isotopic 
tracer during the evolution of a system.  While 
the δ18O analyses from garnet cores and rims 
fall within error of each other, a slight negative 
shift can be observed from garnet cores to rims 
as shown in the δ18O profiles in Figure 6.  The 
weighted average for δ18O values for all four gar-
net cores range from 5.65–6.03 ‰, whereas δ18O 
values in garnet rims range from 5.08–5.63 ‰.  

By contrast Van Wyck et al. (1996) obtained bulk 
δ18O values for granulitic garnets ranging from 
5.24 to 5.87 ‰, and bulk δ18O values for eclogit-
ic garnet ranging from 5.31 to 5.93 ‰, and thus 
found no conclusive systematic shift in δ18O in 
garnet between the two rock types. However, the 
values of Van Wyck et al. (1996) are in agreement 
with those obtained for the weighted average of 
each garnet grain (core and rim included) pre-
sented Table 5, highlighting the ability for garnet 
cores to buffer the δ18O values for the bulk eclog-
itic garnet analysed by Van Wyck et al. (1996).  

The negative shift in δ18O values from garnet core 
to rim is not consistent with the expected obser-
vations for an influx of H2O-rich fluid, as indicat-
ed by the δD whole-rock shift (i.e. positive shifts 
from core to rim).  While at face value this might 
reflect of a depletion in oxygen-18 by a hydro-
thermal fluid (Taylor, 1974), this is inconsistent 
with increases in LOI documented by multiple 
authors (Chapter 2; Centrella et al., 2016; Jamt-
veit et al., 1990).  It is therefore suggested that 
the apparent negative shift is more reflective of a 
metamorphic fractionation effect at eclogite-fa-
cies conditions.  Indeed, Kohn and Valley (1998) 
demonstrated that Ca-poor garnet has compara-
tively higher δ18O values at eclogite-facies, there-
fore, establishing an inverse relationship between 
the grossular content (Xgrs) of garnet grains and 
their corresponding δ18O values.  This can ob-
served in each garnet grain, whereby the cores 
have comparatively lower Xgrs contents (Figure 6), 
and hence higher δ18O values compared to the rim 
values.  This supports the interpretation of stage 3 
of deformation being a rock-buffered system. 

While the garnet rims equilibrated in a rock-buff-
ered system, the reactions through which they 
crystallised were catalysed by the availability of 
the infiltrated fluid (Raimbourg, 2007; Chapter 



Chapter 3 δ18O and δD isotopic constraints on Holsnøy Island

-90-

2).  Putnis (2010) argued that the observed sharp 
contact between garnet cores and garnet rims 
(Figure 7; Chapter 2) are likely to reflect disso-
lution–re-precipitation reactions, owing to the 
presence of fluid.  Assuming a close-system and 
equilibrium between the garnet rims and the fluid, 
fractionation of oxygen between the two can 
provide further information on the possible δ18O 
values of the fluid as discussed below.

5.2.3 Mineral and fluid signatures

Equations 1 and 2 were used to determine the 
possible δ18O and δD values for the Holsnøy 
sytem.  To calculate the δ18O fluid signatures, the 
pyroxene–fluid fractionation coefficient by Bot-
tinga and Javoy (1975) was used for the ompha-
cite separates, while the phengite–fluid fraction-
ation coefficient from Zheng (1993b) was used 
for phengite separates in eclogite samples.  δD 
fluid signatures were calculated using phengite 
mineral separates and the Suzuoki and Epstein 
(1976) muscovite–fluid fractionation coefficient.  

The average δ18O signature for the fluid, based 
on omphacite for the eclogite and R-eclogite is + 
7.9 ‰.  These values are within error of the value 

calculated based on garnet rims, with weighted 
average of fluid δ18O values of 6.71 ± 0.38 ‰ for 
garnet 1; 7.23 ± 0.33 ‰ for garnet 2; 6.96 ± 0.29 
‰ for garnet 3; and 6.66 ± 0.20 ‰ for garnet 
4.  A plausible interpretation for the consistency 
between the isotopic values for the garnet and 
omphacite analyses is that the fluid maintained 
the same δ18O signature during exhumation of 
the slab.  However, this could also be due to 
the slow diffusivity of clinopyrexenes at lower 
temperatures (Farver, 1989), which would lead to 
non-effective fractionation during the isothermal 
evolution of the Holsnøy eclogites.  Moreover, 
the fluid signatures calculated based on phengite 
separates show a slight positive increase in aver-
age δ18O values from + 8.5 ‰ to + 9.1 ‰ from 
the eclogite to R-eclogite, which could potentially 
reflect the fluid evolution.  If it is assumed that 
phengite, like other micas, acts as an appropriate 
proxy for the fluid signatures due to its hydrous 
nature (Dehnari et al., 2019; Warren et al., 2011), 
this relative positive shift in δ18O implies the 
addition of oxygen-18 to the system during the 
retrogression.  This is consistent with an open 
system behaviour previously documented on Hol-
snøy Island (Mattey et al., 1994; Van Wyck et al., 
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1996; Kühn, 2002; Centrella et al., 2016).

In contrast, the mean δD values of phengite sepa-
rates from eclogite and R-eclogite samples show 
a negative shift from – 20.6 ‰ to – 23.1 ‰ re-
spectively (Table 4).  While this shift is small, the 
two weighted means are distinct, and are not con-
sistent with the whole-rock dataset, which shows 
a positive increase in δD values from eclogite to 
R-eclogite samples (Figure 3b).  The major shift 
in δD observed in the whole-rock isotopic com-
positions from eclogite to R-eclogite is mainly 
due to the increase in abundance of phengite it-
self, rather than a change in isotopic composition 
of the fluid.  The significantly higher abundance 
of phengite in the R-eclogite (~ 36%), compared 
to the eclogite (~ 7 %), obscures the relatively 
negative shift in δD detected by phengite sepa-
rates.  Two possible scenarios can account for a 
possible negative shift in the δD value of fluids 
during stage 4 of the metamorphic evolution: 1) 
the fluid in the Holsnøy system internally evolved 
to be isotopically lighter in deuterium composi-
tion as crystallisation occurred, or; 2) the fluid’s 
composition changed prior to infiltration.  At this 
stage, it is not possible to distinguish between the 
two possibilities.  However, a number of previous 
studies by Jamtveit et al. (1990), Andersen et al. 
(1993) and Mattey et al. (1994) suggested the 
presence of two fluid generations in the Holsnøy 
system: a D-dominant fluid that interacted with 
the granulite to form eclogite-facies mineral 
assemblages; and a relatively D-depleted fluid 
that later interacted with the eclogite during the 
amphibolite-facies metamorphism.  Based on the 
fluid signatures of the R-eclogite, it is plausible 
that the initiation of the second D-depleted fluid 
infiltration occurred before stage 4 of deformation 
at P–T conditions of 16–17 kbar and 680–700 
kbar (Chapter 2; Figure 2).

At such depths, sources of free fluids are consid-
ered to be limited as the lower crust is typically 
fluid poor, and hydrous phases are more likely to 
be stable within the crystal lattice rather than as 
a free phase (Yardley, 1981; Connolly & Thomp-
son, 1989).  To be able to understand the potential 
source of fluids, it is crucial to determine the 
type of fluid that infiltrated the Holsnøy system.  
Figure 8 shows a plot of all δ18O and δD values 
obtained in this study, as well as the isotopic 
ranges for different fluid reservoirs given by Ep-
stein (1970), Sheppard (1981), and Taylor (1970).  
While the spread in δ18O is comparatively large, 
the majority of the calculated fluid isotopic ratios 
fall within the range of metamorphic signatures, 
which usually range from + 2 .0 to + 25.6 ‰ and 
magmatic signatures which range from + 5.7 and 
+ 9.4 ‰ (Sheppard; Onuma et al., 1972; Taylor, 
1974; Graham & Harmon, 1983; Hoefs, 2009).  
However, the spread of δD based on phengite 
separates fall within the range of metamorphic 
signatures, only.  This suggests that the fluid that 
infiltrated the Holsnøy system would have likely 
been formed by a metamorphic process.

5.2.4 Additional considerations

The isotopic characterisation of the Holsnøy 
system has been the focus of numerous previous 
studies and it is generally agreed that the open 
behaviour for the conversion of granulite to 
eclogite- facies assemblages renders any isotopic 
interpretation complex (Van Wyck et al., 1996; 
Jamtveit et al., 1990; Kühn, 2002; Putnis and 
Austrheim, 2017).  This section discusses some 
considerations taken during this study, and their 
possible implications for the δ18O and δD data-
sets.  

Firstly, for a full and comprehensive check of 
mineral isotopic values, all major rock forming 
minerals should be analysed for δ18O and δD so 
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that a mass balance calculation can be performed 
and compared to the whole-rock values.  Howev-
er, finer- grained (< 0.5 mm) minerals—specifi-
cally zoisite and amphibole—were not analysed 
in this study as it was not possible to obtain clean 
mineral separates by hand-picking. The acquisi-
tion of δ18O and δD data from these two hydrous 
minerals would have enhanced discussions and 
interpretations about the composition and source 
of metamorphic fluid infiltrating the Holsnøy 
system.

Secondly, for more conclusive identification of 
fluid types that infiltrate a system, the analysis 
of both δ18O and δD on all minerals is advisable 
(Epstein et al., 1965; Epstein 1970; Taylor, 1970; 
Sheppard, 1977).  However, due to analytical 
limitations in the methods at GNS Science, δD 
analyses were not obtained on garnet and ompha-
cite grains, but only on phengite separates.  The 
δ18O and δD values calculated for the fluid based 
on phengite grains in both eclogite and R-eclogite 
samples, however, all fall within an unambigu-
ously constricted range (7.95 to 9.69 ‰ for δ18O 
and –16.0 to –27.1 ‰ for δD). Combined with 
the δ18O data obtained on garnet, omphacite and 
phengite grains, the dataset herein is the most 
extensive deuterium and oxygen isotopic dataset 
obtained for the eclogite on Holnøy Island.

Lastly, the calculations of fluid signatures based 
on omphacite separates were performed using the 
pyroxene–H2O fractionation coefficient by Bottin-
ga and Javoy (1975).  This coefficient was chosen 
as it accounts for oxygen fractionation between 
temperatures of 500–800 °C, resulting in fraction-
ation factor of –2.1 at 680 °C.  Kohn and Valley 
(1998) suggested that fractionation between 
garnet and pyroxene is affected by the Ca2+ and 
Fe3+ contents of the two minerals, and observed 
enrichments of 18O in Ca-poor, Fe-rich garnets, 

compared to omphacite and grossular in eclog-
ite-facies rocks that equilibrated at  ≤ 650 °C.  
However, to date, there is lack of experimental 
calibration for an omphacite–H2O fractionation 
coefficient.  The comparison of multiple frac-
tionation factors, determined based on different 
studies and clinopyroxene end-members at a tem-
perature of 680 °C, allowed an exploration into 
the effects of differing fractionation coefficients 
on the resultant δ18O values for fluid. Fraction-
ation factors calculated based on diopside–H2O 
and hedenbergite–H2O pairs by Zheng (1993a) 
were both –2.1 ‰.  Fractionation factors can also 
be calculated (at 680 °C) based on a combination 
of multiple mineral pairs and the results are as 
follows: The diopside –quartz (Valley 2003) and 
quartz –H2O (Hu 1979) pairs give a fractionation 
factor of – 2.6; and the diopside–grossular (Valley 
2003) and grossular–H2O (Zheng 1993a) pairs 
give a fractionation factor  of – 2.9.  As demon-
strated by equation (1), the more negative the 
fractionation factor, the higher the δ18O of the 
fluid.  Therefore, the use of a fractionation factor 
of – 2.1 results in the minimum possible signature 
of the fluid based on omphacite separates and is 
the best estimate available with the lack of exper-
imental fractionation values for omphacite–H2O.  
To overcome this lack of experimental data, Mat-
thew et al. (1983) previously used a combination 
of the quartz –diopside and quartz –grossular to 
determine the fractionation of  δ18O for omphacite 
and garnet at eclogite-facies conditions, while 
Kohn and Valley (1998) extrapolated theoretical 
omphacite fractionation based on empirical data 
from diopside.  
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6.  CONCLUSIONS

In–situ δ18O garnet analysis provides a power-
ful tool to investigate possible isotopic changes 
during fluid influx as garnet grains have the 
ability to record oxygen zonation at the sub-grain 
scale.  This method is crucial in instances where 
significant relict garnet cores are present in a met-
amorphic rock.  However, careful consideration 
should be taken when interpreting in-situ δ18O 
garnet values, based on the dependency of oxy-
gen-18 on the grossular content of garnet grains.

δ18O and δD analyses on different minerals sug-
gest metamorphic processes as the most likely 
source of fluids for the conversion of granulite 
to eclogite on Holsnøy Island.  The presence of 
a comparatively D-rich fluid is initiated between 
15 kbar and 21 kbar on the burial path, with the 

potential for a subsequent second, comparatively 
D-poor fluid, between 22kbar to 16 kbar during 
regression. 
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1. INTRODUCTION

The availability and infiltration of fluids in the 
Earth’s crust are important geological processes 
as drastic changes occur on short timescales (e.g. 
rock density, regional rheology and geochemi-
cal shifts Cooper & Ireland; Austrheim, 1998; 
Guiraud et al., 2001; Connolly & Kerrick, 2002; 
Massonne et al., 2007; Faccenda et al., 2012).  
Fluid infiltration in the crust is often associated 
with deformation and the formation of high-pres-
sure (HP) and ultra-high pressure (UHP) terranes 
(Philippot, 1993; Spandler et al., 2003; Tumiati 
et al., 2007; John et al., 2008) at great depths (> 
60 km).  However, one aspect of this process that 
is not always well understood, is the potential 
source for large volumes of free fluid(s) at HP/
UHP conditions (Andersen et al., 1993; Giarami-
ta & Sorensen, 1994; Hacker et al., 2010; Guo 
et al., 2015).  This lack of knowledge limits the 
understanding of plausible tectonic settings for 
certain HP/UHP terranes, and more significantly, 
the geodynamic processes of such terranes.  

The HP eclogite domains in the Bergen Arcs, 
western Norway (Figure 1), are an ideal location 
to study the process of fluid infiltration in an-
hydrous crustal rocks as an unaltered granulite 
protolith and a resulting eclogite domain are per-
fectly preserved next to each other. This process 
on Hoslnøy Island is progressive and the evolu-
tion of the system can be followed via different 
stages of deformation over a few kilometres and 
has been documented by a number of previous 
authors (Boundy et al., 1992; Austrheim, 2013; 
Chapter 2).  Moreover, the two domains are easily 
distinguished in the field (Figure 2).

Previous authors have investigated different 
aspects of the fluid–rock interaction that occurred 
on Holsnøy Island, such as: the initiation of fluid 
infiltration through pseudotachylyte formation 
and its association with deep-seated earthquakes 
(Austrheim & Boundy, 1994); the density and 
rheology changes occurring during the conver-
sion of granulite to eclogite (Jolivet et al., 2005); 
the mechanisms by which fluid infiltrated the 

ABSTRACT

The Lindås Nappe in the Bergen Arcs, western Norway, is one of the best examples of large-
scale formation of eclogites due to fluid infiltration within a crustal domain.  On Holsnøy Is-
land, the conversion of an anorthositic granulite to eclogite-facies mineral assemblages is pro-
gressive, and the evolution of the system can be observed via multiple stages of deformation.  
These stages span over a range of pressure–temperature (P–T) conditions with initial pseudo-
tachylyte recrystallisation at 15.2–15.7 kbar 680°C (stage 1 of deformation), to peak eclog-
ite-facies conditions of 21–22 kbar and 660–690 °C (stage 3 of deformation) and the initial 
amphibolite-facies retrogression at 16–17 kbar and 680–700 °C (stage 4 of deformation). The 
systematic sampling of altered domains and their spatially closest granulite protolith allows 
for a comparative study for the isotopic shifts caused by the influx of fluids. Whole-rock trace 
elements and Sm–Nd systematics for the eclogite show no significant shifts from granulite to 
eclogite samples, attesting for a rock-buffered system at stage 3 of deformation.  Whole-rock 
trace elements and Sm–Nd systematics for stage 4 of deformation, however, record significant 
shifts supporting a fluid-buffered system.  Comparatively higher Cu and MnO, and lower Ni 
and Co contents suggest a sediment-derived fluid for metasomatism, while higher Cr and Y 
contents, whole-rock REE data and radiogenic εNd signatures suggest a MORB-like-derived 
fluid.  These data support the dehydration of a sedimentary rock with mafic components as the 
likely source of fluid.  However, more trace element data are required to fully characterise the 
fluid source.
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system (Austrheim, 1987; Jamtveit et al., 1990; 
Schneider et al., 2007); the potential geophysical 
response of the resulting hydrous eclogite (Putnis 
et al., 2017; Jamtveit et al., 2018a); the ages and 
P–T conditions at which different events occurred 
(Austrheim & Griffin, 1985; Boundy et al., 1997; 
Chapter 2); and the geochemical fingerprint of the 

infiltrating fluids (Jamtveit et al., 1990; Andersen 
et al., 1991a; Andersen et al., 1991b; Mattey et 
al., 1994; Kühn, 2002) as a means to identify the 
source of the fluid(s).  

To characterise the geochemical signature of the 
fluid that infiltrated the Holsnøy system, a num-
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ber of studies used different stable isotopes (such 
as O, D, N, C, Cl and Ar) on multiple minerals/
phases (e.g. fluid inclusions in garnet, eclogite 
and amphibolite-facies pegmatites and veins, and 
mineral separates in both granulite and eclogite 
; Andersen et al., 1990; Jamtveit et al., 1990; 
Andersen et al., 1991b; Andersen et al., 1993; 
Van Wyck et al., 1996; Kühn, 2002).  The use 
of stable isotope chemistry revealed two gener-
ations of fluids (Andersen et al., 1993; Mattey 
et al., 1994), with significantly different isotopic 
signatures, hence two distinct sources.  Based on 
C, N and O isotopic analyses in fluid inclusions in 
garnet grains the granulite protolith and pegma-
tites, Andersen et al. (1990) and Andersen et al. 
(1993) concluded that the first generation of fluid 
was likely derived from the granulite protolith.  

The second generation of fluid is, generally, 
considered to be from an external source (Ander-
sen et al., 1990; Andersen et al., 1993; Mattey et 
al., 1994; Van Wyck et al., 1996), most likely the 
dehydration of either N2-rich metasediments or 
other crustal rocks, as proposed by Andersen et 
al. (1993) and Mattey et al. (1994), based on N, 
Ar and C analyses.  However, besides the poten-
tially N-rich nature of the units that dehydrated 
to provide N-rich fluids for the rehydration of the 
granulite domains on Holsnøy Island, no other 
isotopic characteristics are known for these po-
tential source units.  To be able to constrain which 
underlying units dehydrated to produce the fluid 
responsible for the formation of the eclogites, 
more information is needed about the geochem-
ical signature (e.g. radiogenic and trace element 

22cm

granulite
granulite

ec
lo

gl
ite

Figure 2.  Field photograph of a small scale shear zone.  
The greyish-green colour of the eclogite domain is distinct 
in colour the pink granulite.  The dotted red line represent 
displacement of garnet-pyroxene bands due to shear zone.  
*scale in photograph is 11cm long.

chemistry) of the external fluid.  Constraining 
the provenance of the externally derived fluid is 
crucial as this can help improve tectonic models 
of the Bergen Arcs, and ultimate, the geodynamic 
processed that drives the formation of HP terranes 
during fluid-rock interaction.

This study is complementary to the δ18O and δD 
constraints determined on both whole-rock chem-
istry and fluid chemistry based on the isotopic 
signature of mineral separates and in-situ δ18O 
garnet analyses previously presented in Chapter 
3.  The work presented here, however, uses the 
combination Sm–Nd isotopic data, trace element 
chemistry in whole-rock and mineral grains and 
trace element distribution in garnet grains to 
determine chemical shifts occurring during fluid 
infiltration.  While radiogenic isotopes and trace 
elements have previously been used for dating the 
fluid–rock interaction (Bingen et al., 2001; Kühn 
et al., 2002; Glodny et al., 2003) and to investi-
gate the role of fluid and deformation on elemen-
tal migration (Schneider et al., 2007; Centrella 
et al., 2016), no other studies have used them as 
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The originally emplaced anorthosite was meta-
morphosed at granulite-facies during the Gren-
villian Orogeny (c. 950 Ma; Austrheim & Griffin, 
1985) at estimated P–T conditions 8 kbar and 
800–900 °C, and characterised by an anhydrous 
peak mineral assemblage of garnet, orthopyrox-
ene, clinopyroxene and plagioclase.  The gran-
ulite cooled down and was subsequently buried 
during the Caledonian Orogeny (c. 450 Ma; 
Boundy et al., 1992; Bingen et al., 2001; Kühn et 

al., 2002; Glodny et al., 2008) during the colli-
sion of Laurentia and Baltica.  The progressive 
conversion of the anhydrous granulite to eclogite 
was enhanced by the availability of fluid, and has 
been documented in detail by previous authors 
(Austrheim & Griffin, 1985; Austrheim, 1987; 
Van Wyck et al., 1996; Austrheim, 1998; Pollok 
et al., 2008; Jamtveit et al., 2018b).  This study 
is founded on the P–T framework set in place in 
Chapter 2 (Figure 3), based on different stages of 
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Figure 3.  a) P–T path undergone by the Holsnøy domains, 
after Bhowany et al. (2018).  b) P–T–t evolution of the Hols-
nøy system after Boundy et al. (1997).

a mean to investigate the signature of the fluids 
that permeated through the granulite domains on 
Holsnøy Island. The systematic sampling of al-
tered domains and their nearest granulite protolith 
undertaken herein, allows for any chemical shift 
observed from the protolith to the eclogite to be 
assumed to be due to the composition of the fluid.  
Additionally, the samples used allow for the 
radiogenic and trace elemental characterisation 
of the infiltrated fluid within the P–T framework 
developed in Chapter 2. Together, these place 
constraints on the most likely lithology type that 
dehydrated to produce the external source of fluid 
responsible for the formation of the eclogite and 
R-eclogite.

2.  GEOLOGICAL SETTING AND BACK-
GROUND

Holsnøy Island is situated approximately 45 km 
north west of Bergen, western Norway (Figure 
1b).  The rocks on Holsnøy Island form part of 
the Lindås Nappe, which is part of an arcuate 
structure around Bergen, called the Bergen Arcs.  
The eclogite domains mainly outcrop on the north 
western part of Holsnøy Island and (Figure 1c) 
and the progressive structural evolution of the 
system can be observed within a few kilometres 
of each other (Boundy et al., 1992; Austrheim, 
2013).  
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deformation in the structural evolution of the Hol-
snøy system.  In summary, the eclogite domains 
were formed in four main stages of deformation, 
depicted in Figure 3.  Stage 1 of deformation 
involves the formation of pseudotachylyte at P–T 
conditions 15.2–15.7 kbar and 675–685 °C, as 
well as fractures, which both provided the initial 
conduit for fluid infiltration.  Stage 2 involved 
the formation of small-scale discrete shear zones 
along the initial fractures, as fluid availability in-
creased.  This stage of deformation is indicated by 
the breakdown of garnet grains to form hydrous 
assemblage (Figure 3). Stage 3 of deformation is 
the complete, large scale conversion of granulite 
to eclogite, indicated by the complete disappear-
ance of plagioclase.  This stage occurred at peak 
metamorphic conditions 21–22 kbar and 670–690 
°C, based on phased equilibria modelling done on 
eclogite sample, HOL14–7C. (Figure 3; Chapter 
2), and has interpreted peak mineral assemblage, 
garnet rims–omphacite–zoisite–phengite–kyanite 
± rutile.  Stage 4 of deformation is the formation 
of a phengite-rich retrogressed eclogite (R–eclog-
ite) at P–T conditions 16–17 kbar and 680–700 
°C, with interpreted peak mineral assemblage gar-
net–omphacite–phengite–zoisite–quartz ± rutile 
(Figure 3).  This study focuses on the two most 
fluid affected stages, 4 (eclogite) and 5 (R–eclog-
ite), to obtain potential information on the fluid 
that infiltrated the Holsnøy system.

The use of stable and radiogenic isotopes re-
vealed the potential infiltration of two distinct 
generations of fluids, each with their unique 
signatures, measured on fluid inclusions in quartz 
and garnet grains: a relatively N2–H2O-rich fluid 
reacting with the granulite pre-eclogite facies 
(i.e. stage 1 and 2 of deformation), followed by 
N2–CO2-fluid reacting with the eclogite during 
retrogression (i.e. stage 3 of deformation; Chapter 
3).  The initial fluid that infiltrated the Holsnøy 

system (i.e. first generation of fluid), pre-peak 
eclogite metamorphic conditions, has been 
interpreted to be internally derived, based on N2 
analyses done on fluid inclusions, yielding δ15N 
values of +6 ‰ in the granulite and +3 ‰ in the 
eclogite (Andersen et al., 1991b; Andersen et al., 
1993; Mattey et al., 1994).  Moreover, Jamtveit 
et al. (1990) used phase-equilibria constraints 
to estimate high water activity (XH2O> 0.75) on 
granulite, eclogite and eclogite-facies extension 
veins, for the fluid that first reacted with the 
granulite domains.  This is also consistent with 
the minor positive shifts described by Van Wyck 
et al. (1996) from whole-rock granulite to flu-
id-affected domains (+ 6.4 ‰ to + 6.6 ‰) as well 
as the positive shifts in δD observed in Chapter 3 
(– 68.0 ‰ to – 52.1 ‰).  This increase in δ18O is 
also reflected in mineral separates such as clino-
pyroxene, and in-situ garnet analyses from core 
to rim in the eclogite facies samples (Chapter 
3).  Therefore, it was interpreted by those au-
thors that an internally derived N2–H2O-rich fluid 
reacted with the granulite at conditions prior peak 
eclogite-facies. The second generation of fluid 
infiltrated the system at post-peak eclogite-facies 
conditions, during retrogression (Chapter 3; An-
dersen et al., 1993; Mattey et al., 1994), and was 
proposed to be externally derived based δ13C and 
δ15N data.  An increase in δ13C in fluid inclusions 
in garnet grains, from –10 ‰ in the eclogite to 
–5 ‰ in a retrogressed-eclogite was interpreted 
as the infiltration of a CO2-rich fluid.  While δ15N 
decreased from +6 ‰ to +3 ‰, from granulite to 
eclogite samples, Mattey et al. (1994) suggested 
an N2-rich fluid based on δ15N values of +14.7 
‰ in pegmatites.  This is supported by Andersen 
et al. (1990) who detected a second, post-peak 
eclogite, pulse of pure N2 and CO2 fluids inclu-
sions, using Raman microanalysis.  Moreover, 
Andersen et al. (1991b) suggested the intro-
duction of a ‘brine-like’ fluid based on Cl– fluid 
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inclusion in eclogite shear zones, Kühn (2002) 
suggested the same fluid type of fluids throughout 
the amphibolite-facies based the detection of Cl– 
in amphibolite grains.

While the first fluid pulse is generally agreed to 
be internally derived, the origin of the secondary 
post-peak eclogite sourced H2O–CO2–N2–Na-
Cl-rich fluid is not very clear (Andersen et al., 
1991b).  Van Wyck et al. (1996) used a combina-
tion of O and C isotopes to suggest the devolatil-
isation of an underlying sediment in close prox-
imity of the Lindås Nappe as the potential source 
for the external fluid, whereas Andersen (1991) 
previously suggested the devolatilisation of either 
a mantle-like or N2-rich crustal rock as the source 
of fluid.  However, Mattey et al. (1994) argued 
that the eclogite domains are too radiogenic—
based on Ar data—to be a mantle-like source, and 
instead leaned towards the dehydration or N2-rich 
crustal rocks being the source of the fluid.  This is 

in line with observations from Chapter 3, where-
by δ18O and δD isotopic values are consistent 
with that of metamorphic fluids.  Moreover, Mat-
tey et al. (1994) suggested a potentially K-rich 
unit-rich crustal source based on high 40Ar/36Ar 
ratio in the sheared eclogite domains.  However, 
they also concluded that the C, N and Ar compo-
sitions obtained for the fluid do not necessarily 
point to any particular sources, but is likely asso-
ciated with the devolatilisation of sediments.

To address this uncertainty around the diagnosis 
of a particular source for the external fluid that 
infiltrated Holsnøy Island, this study uses radio-
genic Sm–Nd and trace element chemistry to 
determine the chemical shifts that occurred due to 
fluid influx.  This is done in sample pairs (i.e. an 
altered domain and its spatially closest granulite 
protolith) to account for the heterogeneity of the 
granulite domains.  The Sm–Nd system has pre-
viously been used to date the ages of fluid–rock 

Sample
Location (32V)

Mineralogy Additional informationEasting (mE) Northing (mN)
Granulite

HOL14-7A 0281226 6723701 pl + g + cpx + opx + ru

HOL14-8A 0281226 6723701 pl + g + cpx + opx + ru

HOL15-6 0283310 6724215 pl + g + sp ± ru

HOL15-12 0280999 6723661 pl + g + cpx + opx ± ru ± sp

HOL15-15 0282213 6723307 pl + g + cpx + opx

Eclogite
HOL14-7C 0281226 6723701
HOL14-8B 0281226 6723701
HOL15-5 0283310 6724215
HOL15-10 0280999 6723661

Protolith to HOL14-7C

Protolith to HOL14-8B

Protolith to HOL15-5 

Protolith to HOL15-10 and 
HOL15-11

Protolith to HOL15-14, 
HOL15-13B, HOL15-13E
and HOL16-2 

Relict spinel in garnet cores 

Relict spinel in garnet cores 
HOL15-11 0280999 6723661

o + g + phen + zo + ky ± ru ± q
o + g + phen + zo + ky ± ru ± q
o + g + phen + zo ± ru ± q
o + g + phen + zo ± ru ± q
o + g + phen + zo ± ru ± q

R-eclogite
HOL15-14 0282213 6723307 o + g + phen + zo + amp ± ru ± q
HOL15-13B 0282213 6723307 o + g + phen + zo + amp ± ru ± q
HOL15-13E 0282213 6723307 o + g + phen + zo + amp ± ru ± q
HOL16-2 0282213 6723307 o + g + phen + zo + amp ± ru ± q

Table 1.  Sample location and summary
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interaction of the eclogitisation process (425–440 
Ma; Boundy et al., 1997; Kühn et al., 2002) and 
REE chemistry has previously been employed 
to investigate the role of fluid and deformation 
in elemental migration (Schneider et al., 2007).  
However, no other studies have used these two 
systems as a means to characterise the infiltrated 
fluid, and potentially, to obtain more information 
on the source of the fluid.

3.  SAMPLES

A summary of the samples used in this chapter is 
presented in Table 1.  Like in Chapter 3, the sam-
ples were systematically collected in pairs; i.e. 
the sampling of altered domains and their spatial-
ly nearest granulite protolith.  This is important 
as the characterisation of the closest granulite 
protolith for each sample needs to account for the 
potential heterogeneity of the originally emplaced 
anorthosite.  Moreover, it is ideal for a compar-
ative study whereby the geochemical signatures 
of the granulite protoliths are assumed to be that 
of the host rocks pre-fluid infiltration during the 
Caledonian Orogeny, thus providing a baseline 

for relative shifts observed in the altered domains.  
Sample pairs for stage 3 of deformation (i.e. 
eclogites) were collected no more than 3 m apart, 
and sample pairs for stage 4 of deformation (i.e. 
R-eclogites), were within 1 m of each other.  The 
interpreted peak mineral assemblages for each 
sample is presented in Table 1.  However, the 
general mineral assemblage for each lithology is 
as follows; granulite, garnet–clinopyroxene–pla-
gioclase ± rutile; eclogite, garnet–omphacite–
zoisite–phengite–kyanite ± rutile ± quartz and 
R-eclogite, garnet–omphacite–zoisite–phengite–
amphibole ± rutile ± quartz.  The type of analysis 
performed on each sample is summarised in Table 
2.

4.  METHODS

4.1 Whole-rock geochemistry and mineral major 
elemental analysis

Whole-rock analyses for major and trace ele-
ments were performed at the Department of Earth 
and Environment, Franklin and Marshall College, 
Lancaster, Pennsylvania.  Elements were analysed 

Samples

Analyses
WR major 
and trace 
elements

Mineral major
elements

WR
REE

Mineral 
REE

LA-ICP-MS
mapping Sm/Nd

Granulite
HOL14-7A     

HOL14-8A  
HOL15-6 

HOL15-12 

HOL15-15      

Eclogite
HOL14-7C      
HOL14-8B  
HOL15-5 
HOL15-10 
HOL15-11 

R-eclogite
HOL15-14  
HOL15-13B    
HOL15-13E   
HOL16-2 

Table 2. Summary of analyses performed on each sample
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by Wavelength Dispersive X-ray Fluorescence 
(WD-XRF) spectrometry, on fused disks prepared 
using a lithium tetraborate flux.  The amount of 
ferric and ferrous iron was determined by wet 
chemistry.  

Quantitative analyses of major elements in the 
major rock forming minerals were acquired using 
a CAMECA SXFive electron microprobe at the 
Adelaide Microscopy, University of Adelaide.  A 
beam current of 20nA was used, with an accel-
erating voltage of 15 kV.  The calibration of the 
instrument was done prior to analyses on an 
andradite standard. Wavelength dispersive spec-
trometers (WDS) were used to analyse for SiO2, 
TiO2, Al2O3, Cr2O3, FeO, MnO, MgO, ZnO, CaO, 
Na2O, K2O, Cl and F.  

4.2 Whole-rock REE and mineral trace elemen-
tal analysis

Whole-rock REE (La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb and Lu) analysis was 
conducted at Bureau Veritas Minerals (Perth) 
using Fused Bead Ablation ICP–MS, a method 
developed by Bureau Veritas.  Approximately 0.3 
g of each sample was fused with Lithium Borate 
flux to form a homogeneous fused bead and ele-
ments of interest were analysed using Inductively 
Coupled Plasma–Optical Emission Spectrometry 
(ICP–OES) and Inductively Coupled Plasma–
Mass Spectrometry (ICP–MS) on a 5300V Perkin 
Elmer and Nexin Perkin Elmer, respectively. 

Quantitative REE analyses on major rock forming 
minerals were obtained using Laser Ablation–In-
ductively Coupled Plasma–Mass Spectrometry 
(LA–ICP–MS) at the Adelaide Microscopy, 
University of Adelaide.  Mineral grains were 
analysed with a Resonetics M-50-LR 193 nm 
excimer laser, coupled with an Agilent 7700x 
Quadropole ICP–MS. A suite of 33 elements, 

including trace elements Y, La, Ce, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Hf, were 
measured with a total acquisition time 70.7 s, 
including a 30 s background measurement.  Spot 
sizes differed based on the grain sizes of specific 
minerals; 19 µm for smallest grains and 43 µm 
for the larger grains.  Samples were ablated with a 
fluence of ~3.5 J/cm2 and repetition rate of 10 Hz.  
The NIST612 standard was used as the primary 
standard for calibration and drift correction, and 
GSD-1G was analysed as a secondary standard 
(values reported in Table S3.1).

Post-acquisition data reduction was performed 
using the open source software Iolite (Wood-
head et al., 2007; Hellstrom et al., 2008; Paton et 
al., 2011), developed by the Melbourne Isotope 
Research Group (University of Melbourne).  
NIST612 was used as the analysed standard and 
Ca, Al and Fe as internal standards using different 
oxide values based on minerals and samples.

4.3 Trace elements maps 

Qualitative REE maps were acquired on three 
samples (HOL14–7A, HOL15–15 and HOL15–
13B) using a Resonetics M-50-LR excimer laser, 
coupled with an Agilent 7700x Quadropole 
ICP-MS at Adelaide Microscopy, The University 
of Adelaide.  Instrument conditions for mapping 
were done based on acquisition techniques out-
lined by Raimondo et al. (2017) for silicates (Is-
mail et al., 2014; Kontonikas-Charos et al., 2014; 
Sharrad et al., 2014; Xu et al., 2016).  Garnet 
maps were acquired from a standard 30 μm thin 
section, placed into the analysis chamber with a 
mounted spring-loaded holder designed for 25 
mm glass slides.  Images were acquired by the 
ablation of a series of parallel rasters across the 
garnet grain’s surface to produce a rectangular 
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    Stage 3 of deformation Stage 4 of deformation 
 Granulite   Eclogite  R-eclogite  

 HOL14-7A HOL14-8A HOL15-15 HOL14-7C HOL14-8B HOL15-13E HOL15-14 

SiO2 51.22 50.77 49.03 46.51 47.45 48.33 49.87 
TiO2 0.49 0.57 0.18 0.61 0.64 0.64 0.94 
Al2O3 18.35 19.19 23.88 18.65 19.40 20.69 22.96 
MnO 0.19 0.19 0.10 0.20 0.20 0.21 0.10 
MgO 5.69 5.45 7.14 6.60 6.17 7.10 6.34 
CaO 8.88 8.52 8.81 10.93 9.67 7.70 6.80 
Na2O 3.55 3.63 3.19 3.34 3.58 3.02 2.63 
K2O 0.72 0.71 0.65 0.79 0.50 2.49 4.36 
P2O5 0.03 0.04 0.04 0.03 0.04 0.04 0.02 
LOI 1.14 0.91 0.74 1.36 1.40 2.44 2.99 
FeO 6.97 6.40 3.41 7.23 7.07 6.22 2.88 

Fe2O3 2.58 3.50 3.24 3.35 3.59 2.63 2.37 
Total 100.59 100.59 100.05 100.41 100.50 99.76 99.59 

        
Rb 2.1 1.1 4.0 2.0 1.1 25.0 39.0 
Sr 1002.0 1212.0 993.0 948.0 1248.0 424.0 599.0 
Y 10.8 11.1 0.8 13.4 13.1 14.4 6.2 
Zr 19.0 26.0 27.0 19.0 21.0 19.0 26.0 
V 185.0 175.0 24.0 262.0 225.0 154.0 157.0 
Ni 32.0 29.0 125.0 39.0 46.0 124.0 105.0 
Cr 48.0 48.0 41.0 60.0 160.0 162.0 170.0 
Nb <1 <1 <0.5 <1 <1 <0.5 <0.5 
Ga 18.8 19.6 16.7 18.9 19.7 15.8 20.7 
Cu 9.0 11.0 7.0 34.0 21.0 61.0 12.0 
Zn 95.0 83.0 43.0 90.0 96.0 48.0 43.0 
Co 39.0 37.0 37.0 42.0 41.0 31.0 17.0 
Ba 567.0 840.0 560.0 847.0 639.0 2912.0 4813.0 
Ce 14.0 15.0 19.0 14.0 18.0 4.0 10.0 
U <0.5 1.3 <0.5 <0.5 <0.5 <0.5 1.0 
Th <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Sc 25.0 20.0 5.0 33.0 27.0 22.0 17.0 
Pb <1 2.0 <1 <1 <1 8.0 41.0 

 

Table 3. Representative whole-rock chemistry.  Element oxides are in wt % and trace elements in ppm

grid.  Each raster was pre-ablated to limit the ef-
fect of redeposition, and a background measure-
ment of 30 s was performed before each scan.  
The Resonetics M-50 uses a two-volume laser 
ablation cell (designed by Laurin Technic Pty), 
to facilitate the fast wash out of ablated material.  
Ablation was carried out in an atmosphere of 
UHP He (0.70 L min–1), mixed Ar (0.93 L min–1) 
after each ablation cell.  Different beam diame-
ters were required for different samples for opti-
mum resolution, as follows: 16 μm for HOL15–
13B, and 23 μm for HOL14–7C and HOL15–15.  
A laser repetition rate of 10 Hz was used to pro-
duce an energy density of ~ 3.5 J cm–2, and scan 

speeds of 16 μm s–1 (HOL15–13B) and 23 μms-1 
(HOL14–7C and HOL15–15).  Line spacing dif-
fered from sample to sample, depending on the 
beam diameter used (i.e. spacing of 16 μm for 
beam diameter 16 μm and spacing of 23 μm for 
beam diameter of 23 μm).  Data acquisition time 
differed from sample, depending on the dimen-
sions of the areas mapped.  However, acquisition 
was done in time-resolved analysis mode as a 
single continuous experiment.  Each analysis 
comprised a suite of 32 elements (Table S3.2), 
with a total sweep time of 0.285 s.  The prima-
ry standard, GSD-1D and secondary standard 
NIST610, were analysed before and after each 
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mapping run and are reported in Table S3.3, with 
a total acquisition time of 70.4 s, including 30.8 
s background.

Post-acquisition data reduction was performed us-
ing the open source software.  The MatLab based 
software, XMapTools (Lanari et al., 2014) was 
used for image processing and analysis.

4.4 Whole-rock Sm–Nd chemistry

Whole-rock Sm–Nd analyses were performed at 
the University of Adelaide.  Approximately 0.2 
g of rock power was digested with a 150Nd/147Sm 
mixed spike solution and evaporated to dryness 
in 2 ml of HNO3 (7 M) and 4 mL of HF (28 M) 
at 140 °C in sealed Teflon vials.  Samples were 
then digested in a 7M HNO3 and 4 mL of 28 M 
HF at 190 °C for over 96 hr.  After complete 
digestion, the samples were redissolved in 6 mL 
of 6 M HCl, and heated for two days at 160 °C 
for conversion to chlorides, then evaporated to 

dryness.  Sm and Nd samples were then separat-
ed out by ion chromatography, in Teflon-powder 
columns, and their isotopic abundance ratios were 
determined by Thermal Ionisation Spectrometry 
(TIMS) on an Isotopx Phoenix.  Throughout data 
acquisition, Nd concentrations were corrected to 
100 pg blank whereas Sm concentrations to 50 pg 
blank, and the USGS-G2 standard was used with 
measured value of 0.512280 ± 0.000002.

5.  RESULTS

5.1 Whole-rock geochemistry and mineral major 
elemental chemistry

Major and trace element whole-rock geochem-
istry was performed on three granulite samples 
(HOL14–7A, HOL14–8A and HOL15–15), two 
eclogite samples (i.e. stage three of deformation; 
HOL14–7C, HOL14–8B) and two R-eclogite 

  Stage 3 of deformation       Stage 4 of deformation 
     Granulite     Eclogite       R-eclogite 
 g pl cpx o g rim g core phen zo o g rim g core phen zo amp 
               
SiO2 40.58 64.00 47.10 54.36 37.76 37.93 46.94 38.59 55.23 39.24 40.11 46.79 38.45 43.64 
TiO2 0.09 0.00 0.17 0.24 0.11 0.11 0.52 0.09 0.19 0.06 0.16 0.87 0.04 0.41 
Al2O3 23.45 22.34 16.76 11.68 21.28 20.75 31.63 31.02 10.85 22.01 22.73 31.85 31.11 15.25 
Cr2O3 0.02 0.00 0.00 0.01 0 0 0 0.01 0.01 0.03 0.03 0.01 0.02 0 
FeO 13.01 0.01 7.25 5.33 22.31 23.3 2.34 3.23 4.63 20.7 17.55 1.87 2.98 11.32 
MnO 0.18 0.00 0.04 0.02 0.51 0.76 0 0 0.02 0.68 0.41 0 0 0.2 
MgO 15.19 0.00 12.16 8.31 7.79 9.84 2.11 0.04 9.11 8.45 13.56 2.21 0.02 12.26 
ZnO 0.00 0.02 0.02 0 0 0.03 0 0.09 0.03 0 0 0 0.09 0.01 
CaO 7.60 3.13 11.17 13.21 8.77 5.5 0.01 0 14.19 8.3 5.76 0.01 0.04 9.39 
Na2O 0.01 9.93 2.70 6.68 0.06 0.02 0.91 23.54 6.09 0.03 0.01 1.55 23.86 3.86 
K2O 0.00 0.21 0.78 0 0 0 8.8 0.02 0.01 0 0 8.76 0.02 0.76 
Cl 0.00 0.00 0.01 0.02 0 0 0.01 0 0.01 0.01 0.01 0.01 0 0.06 
F 0.00 0.00 0.00 0 0.01 0 0 0 0 0 0.01 0 0 0.09 
TOTAL 100.14 99.64 98.15 99.89 98.62 98.32 94.28 96.63 100.4 99.52 100.4 94.86 96.63 97.28 
               
No. O 12 8 6 6 12 12 11 13 6 12 12 11 13 23 
               
Si 1.72 2.83 2.95 1.94 2.93 2.94 3.2 2.99 1.96 3 2.96 3.15 2.97 6.85 
Ti 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0 0.01 0.04 0 0.05 
Al 0.72 1.16 2.01 0.49 1.95 1.9 2.54 2.83 0.45 1.98 1.98 2.53 2.84 2.82 
Cr 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0 
Fe3+ 0.05 0.00 0.09 0.08 0.19 0.21 0 0.18 0.03 0.02 0.09 0.04 0.22 0 
Fe2+ 0.17 0.00 0.70 0.07 1.25 1.3 0.13 0.03 0.1 1.31 1 0.06 0 1.49 
Mn2+ 0.00 0.00 0.01 0 0.03 0.05 0 0 0 0.04 0.03 0 0 0.03 
Mg 0.66 0.00 1.65 0.44 0.9 1.14 0.21 0 0.48 0.96 1.49 0.22 0 2.87 
Zn 0.00 0.00 0.00 0 0 0 0 0.01 0 0 0 0 0.01 0 
Ca 0.44 0.15 0.59 0.5 0.73 0.46 0 1.95 0.54 0.68 0.45 0 1.98 1.58 
Na 0.19 0.85 0.00 0.46 0.01 0 0.12 0 0.42 0 0 0.2 0.01 1.17 
K 0.04 0.01 0.00 0 0 0 0.77 0 0 0 0 0.75 0 0.15 
Cl 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0.02 
F 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 0.05 
Total 
cations 
(S) 

8.00 5.00 4.00 3.99 8 8.01 7 8.05 3.99 7.99 8.01 6.99 8.06 17.08 

 

Table 4. Representative mineral chemistry, in wt %.
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Figure 4. Relative enrichment and depletion plots for altered 
domains compared to their spatially closest granulite proto-
liths.  a) Relative changes in major oxide in wt %.  b) Rel-
ative changes in LILE, presented as %. c) Relative changes 
in HFSE, presented as %.  d)  Relative changes in transition 
metals, presented as %.

samples (HOL15–13E and HOL15–14).  Ma-
jor elements for samples in each lithology are 
presented in Table 3, in wt %.  The major ele-
ments results corresponding to each evolution-
ary stage have been presented and discussed in 
detail in Chapter 2.  However, Figure 4a presents 
the relative changes in major elements from 
granulite protolith to altered domains, in wt %.  
Both eclogite samples show consistent changes 
compared to the granulite.  The most significant 
change observed is the decrease of SiO2 in both 
samples (–4.71 wt % for HOL14–7C and –3.32 
wt % for HOL14–8B), accompanied by a mi-
nor Na2O decrease.  Relative increases occur in 
Al2O3, MgO (0.91 and 0.72 wt %), CaO (2.05 
and 1.15 wt %), FeO, Fe2O3 and LOI (Figure 4a).  
The two R-eclogite samples show consistent de-
creases in Al2O3 (–3.19 wt % and –0.92 wt % for 
HOL15–13E and HOL15–14, respectively), MgO 
(–0.80 and –0.04), CaO (–1.11 wt % and –2.01 
wt %) and Fe2O3 whereas significant increases 
are observed in LOI (1.70 wt % and 2.25 wt %).  
However, the two samples record inconsistent 
relative changes in SiO2, with HOL15–13E show-
ing a decrease of –0.70 wt % and HOL15–14 
showing an increase of 0.84 wt %.  The same 
inconsistency is observed in FeO content, with a 
relative increase in HOL15–13E (2.81 wt %) and 
a decrease HOL15–14 (–0.53 wt %).

Trace element chemistries are summarised in 
Table 3, and presented in ppm.  All lithologies 
record low Nb, U and Th contents (under detec-
tion limits).  Whereas Pb is under the detection 
limit for the granulite and eclogite samples, the 
R-eclogites samples HOL15–13E and HOL15–14 
have Pb contents of 8 ppm and 41 ppm, respec-
tively.  Cr contents in granulite samples is up to 
48 ppm, and up to 60 and 160 ppm in eclogites 
samples HOL14–7C and HOL14–8B, respec-
tively.  High Cr contents of up to 170 ppm occur 
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in the R-eclogite samples.  Cu contents in all 
granulite samples range between 7.0–9.0 ppm.  
The eclogite samples have varying amounts of 
Cu (34.0 ppm in HOL14–7C and 21.0 ppm in 
HOL14–8A) as well as in the R-eclogite sam-
ples (61.0 ppm in HOL15–13E and 12.0 ppm 
in HOL15–14).  The Ni content in the granulite 
protolith varies, with comparatively lower values 
in the eclogite protoliths (32.0 ppm for HOL14–

7A and 29.0 ppm for HOL14–8A), and higher 
content in the R-eclogite protolith (125 ppm).  
Relatively lower Ni contents occur in the eclog-
ite samples, with values of 39.0 ppm and 46.0 
ppm, whereas higher values were measured in the 
R-eclogites (124 and 105 ppm, respectively).   Co 
contents for all granulite samples are similar, with 
values ranging from 37.0 – 39.0 ppm, as well as 
for the eclogite samples, with values of 42.0 ppm 

Stage 3 of deformation
Granulite protoliths to eclogites Eclogite
Whole-rock Major minerals Whole-rock Major minerals
HOL14

-7A
HOL14

-8A g cpx pl HOL14
-7C

HOL14
-8B g core g rim o zo phen amp

La 3.67 4.38 0.019 3.57 3.42 4.82 5.64 0.003 0.001 0.0007 22.5 0.011 0.001
Ce 7.14 8.56 0.148 15.1 3.33 8.78 12.4 0.139 0.056 0.0078 47.9 0.000 0.004
Pr 1.13 1.46 0.079 3.09 0.23 1.39 2.14 0.075 0.037 0.0013 7.34 0.000 0.001
Nd 5.96 6.94 1.26 18.1 0.68 7.38 10.5 1.26 0.809 0.0146 38.5 0.000 0.014
Sm 1.50 1.84 1.57 4.54 0.03 1.89 2.70 1.60 1.32 0.0101 8.95 0.010 0.064
Eu 1.03 1.00 1.24 1.77 0.31 1.13 1.18 1.12 1.01 0.0252 4.56 0.590 0.103
Gd 1.60 1.96 3.55 2.89 0.01 2.12 2.62 3.62 3.57 0.0528 5.40 0.035 0.367
Tb 0.25 0.25 0.692 0.292 0.00 0.30 0.36 0.695 0.760 0.0100 0.451 0.000 0.088
Dy 1.51 1.56 4.92 1.17 0.00 1.74 2.05 4.94 5.70 0.0649 1.49 0.000 0.573
Ho 0.31 0.32 1.11 0.144 0.00 0.38 0.47 1.09 1.29 0.0109 0.140 0.000 0.110
Er 0.87 0.93 3.27 0.272 0.00 1.09 1.31 3.21 3.80 0.0212 0.208 0.000 0.283
Tm 0.13 0.13 0.462 0.024 0.00 0.13 0.19 0.456 0.528 0.0007 0.014 0.000 0.033
Yb 0.93 0.75 3.29 0.110 0.00 0.92 1.26 3.15 3.67 0.0092 0.055 0.000 0.216
Lu 0.12 0.14 0.500 0.010 0.00 0.13 0.18 0.481 0.542 0.0005 0.007 0.000 0.030

Eu/Eu* 2.03 1.51 1.73 1.61
(La/Lu)N 3.18 3.97 3.85 3.25
Ce/Ce* 0.82 0.81 0.79 0.84

Stage 4 of deformation
Granulite protolith to R-eclogites R-eclogite
Whole-rock Major minerals Whole-rock Major minerals

HOL15-
15 g cpx pl HOL15

-13B
HOL16

-2 g core g rim o zo phen amp

La 2.14 0.003 25.0 3.67 0.69 0.330 0.000 0.000 0.010 7.63 0.008 0.002
Ce 4.20 0.076 51.6 5.19 2.02 0.920 0.023 0.007 0.081 17.8 0.002 0.009
Pr 0.55 0.048 5.39 0.372 0.36 0.170 0.022 0.010 0.026 2.87 0.000 0.001
Nd 2.26 0.819 17.7 1.11 2.07 1.13 0.582 0.361 0.236 15.8 0.000 0.013
Sm 0.43 0.572 1.28 0.020 0.61 0.410 0.998 0.908 0.153 4.35 0.007 0.053
Eu 0.43 0.622 0.876 0.232 0.17 0.000 0.750 0.773 0.083 2.36 0.427 0.037
Gd 0.32 0.754 0.545 0.012 0.95 0.580 3.18 3.41 0.252 3.27 0.036 0.248
Tb 0.05 0.091 0.035 0.00 0.20 0.100 0.731 0.843 0.048 0.342 0.000 0.075
Dy 0.23 0.500 0.103 0.00 1.65 0.660 5.93 7.17 0.302 1.23 0.000 0.741
Ho 0.04 0.082 0.010 0.00 0.39 0.140 1.45 1.77 0.050 0.120 0.000 0.191
Er 0.15 0.219 0.022 0.00 1.03 0.480 4.46 5.52 0.122 0.138 0.000 0.582
Tm 0.00 0.027 0.002 0.00 0.15 0.060 0.627 0.781 0.014 0.004 0.000 0.084
Yb 0.09 0.165 0.009 0.00 1.02 0.590 4.32 5.43 0.089 0.025 0.000 0.562
Lu 0.02 0.024 0.000 0.00 0.15 0.060 0.618 0.802 0.010 0.003 0.000 0.083

Eu/Eu* 3.54 0.68 0 .00
(La/Lu)N 11.11 0.48 0.57
Ce/Ce* 0.91 0.95 0.91

Table 5. Whole-rock REE analyses in each lithology and representative in-situ REE analyses in major rock forming 
mineral analyses, presented in ppm. 
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for HOL14–7C and 41.0 ppm for HOL14–8B.  
However, R-eclogite contents vary; 31.0 ppm 
in HOL15–13B and 17.0 ppm in HOL15–14.  Y 
content is variable in the granulite samples, with 
eclogite protoliths HOL14–7A and HOL14–8A 
having measured values of 10.8 ppm and 11.1 
ppm, respectively, and the R-eclogite protolith, 
sample, HOL15–15, has relatively low Y content 
of 0.8 ppm.  Both eclogite samples have compar-
atively similar Y contents of 13.4 ppm and 13.1 
ppm.  However, R-eclogite samples have varying 
Y contents, of 14.4 ppm and 6.2 ppm for sample 
HOL15–13E and HOL15–14, respectively.  

Fluid mobile elements Rb, Sr and Ba were also 
measured, and their concentrations vary between 
the three lithologies.  Rb contents in the granulite 
samples vary from 1.1–4.0 ppm. Similar values 
were measured in the eclogite samples, with 2.0 
ppm in HOL14–7C and 1.1 ppm in HOL14–8B.  
However, relatively high Rb contents of 25.0 ppm 
and 39.0 ppm were measured in the R-eclogite 

samples.  Granulite and eclogite samples have rel-
atively high Sr contents with values ranging from 
993–1212 ppm for the granulites, and 948–1248 
ppm for the eclogites.  However, lower Sr con-
tents were obtained for R-eclogite samples, with 
values of 424 ppm and 599 ppm for HOL15–13E 
and HOL15–14, respectively.  Ba contents are 
also similar in the granulite and eclogite samples, 
with granulite values ranging between 560–840 
ppm, and 639 ppm and 847 ppm for eclogite 
samples HOL14–7C and HOL14–8B, respective-
ly.  However, comparatively higher Ba values 
were obtained in the R-eclogite samples; 2912 
and 4813 ppm of HOL15–13E and HOL15–14, 
respectively.  

The changes in trace element chemistry for all 
sample pairs were also calculated, and are pre-
sented as large ion lithophile elements (LILE) in 
Figure 4b, high field strength elements (HFSE) 
in Figure 4c and transition metals in Figure 4d, 
as percentage differences relative to their closest 
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all granulite protoliths. b) Eclogite-granulite sample pairs. c) 
R-eclogite-granulite sample pairs.

granulite protoliths.  All eclogite samples show 
little changes in LILE.  Minor changes in Ba, 
K2O and Sr are observed in the eclogite pairs, but 
are inconsistent (Figure 4b).   However, R-eclog-
ite samples show significant increases in LILE, 
with changes of up to 875 % for Rb, 760 % for 
Ba, 570 % for K2O, and 4000 % for Pb.  

Zr and TiO2 are the only HFSE that change from 
protolith to altered domain No changes occur 
in Nb, Th and U. Sample HOL14–8B shows a 
slight decrease in Zr, while both HOL14–7B and 
HOL14–8B samples show an increase in TiO2 
contents (Figure 4c.). Eclogite samples HOL14–
8A show a decrease of –19.2 % in Zr, as well as 
R-eclogite samples HOL14–13E and HOL15–14, 
with –29.6 % and –3.7 % decrease, respective-
ly.  Eclogite sample, HOL14–7C, has a 24.5 % 
increase in TiO2 and there is a 12.3 % gain in 
HOL14–8B.  The R-eclogite samples pairs show 
significant TiO2 increases of 255 % for sample 
HOL15–3E and 422 % for HOL15–14.

Transition metals V, Cr, MnO and Cu all show 
enrichments from granulite protoliths to altered 
samples (Figure 4d).  V content in eclogite 
increases by up to 41.6 % whereas R-eclogite 
samples increase by up to 554 %.  Cr content in 
eclogite sample HOL14–7C is increased by 25 
%, whereas in HOL14–8B by 233 %.  Cr content 
in R-eclogite samples differ by similar amounts 
(+ 295 and 314 %).  Eclogite samples has a 
slight increase in MnO content with a percent-
age increase of up to 5.3 %, whereas R-eclogite 
samples are comparatively enriched by 110 %.  
Cu content increase by 277 % in HOL14–7C, 9 % 
in HOL15-8B, 771 % in HOL15–13E and 71 % 
in HOL15–14.  Eclogite sample pairs show only 
slight increases in Co (7.7 % in HOL14–7C and 
5.3 % in HOL14–8B).  However, Co contents in 
R-eclogite samples HOL15–13E and HOL15–14 

decreases by –16 % and –54%, respectively.  Ni 
contents in both eclogite samples are higher 
by 21 % and 59 %, whereas in R-eclogite sam-
ple (HOL15–13E) it lower by – 16 %.  Lastly, 
Zn content is relatively depleted by –5.3 % in 
eclogite sample HOL14–7C, whereas relatively 
enriched by 16 % in HOL14–8B and by 12 % in 
the R-eclogite (HOL15–13E).



Chapter 4 Trace element and Sm–Nd constraints

-118-

The major element chemistry for major rock 
forming minerals have been presented in detail in 
Chapter 2.  However, representative analyses for 
minerals in each of the lithology are summarised 
in Table 4.

2 Whole-rock and mineral chemistry

The REE whole-rock analyses (Table 5) were per-
formed on two eclogite samples (HOL14–7C and 
HOL14–8B), and their corresponding granulite 
protoliths (HOL14–7A and HOL14–8A), and two 
R-eclogites (HOL15–13B and HOL16–2) and 
their corresponding granulite protolith (HOL15–
15), as presented in Table 5.  The Eu/Eu* and Ce/
Ce* ratios were calculated following McLennan 
(1989), as well as the (La/Lu)N ratio (where N  
represents the normalised values; Table 5), which 
represents the slope of REE spider diagrams. As 

for major and trace elements, the relative en-
richment and depletion for each altered domain 
relative to their closest granulite protolith have 
been calculated for REE.  These are presented in 
Figure 5, as chondrite normalised relative chang-
es.  Moreover, whole-rock REE spider diagrams 
are presented in Figure 6 to illustrate the relative 
distribution of REE in each sample pair.

 The Stage 3 eclogite samples show a relative 
enrichment in all REE compared to their granu-
lite pairs, except for sample HOL14–7C, which 
shows a negligible decrease in Yb content, of 
–0.04.  La content increases by similar amounts 
for both samples, with changes up to 3.13.  Both 
samples are enriched in light REE (LREE) com-
pared to heavy REE (HREE).  However, HOL14–
8B is more enriched in all REE than HOL14–7C 
(Figure 5).  Stage 4 R-eclogites samples are com-
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paratively depleted in LREE compared to their 
granulite pairs, except for sample HOL15–13B, 
which shows an increase in Sm by 0.78.  Sample 
HOL16–2 records larger changes in LREE, with 
decreases in La of up to –4.93 and Eu of –4.94.  
HOL16–2, however, records larger changes in 
HREE, with Ho and Tm having similar increases 
of 4.11 and 4.21, respectively, whereas Dy, Er, Yb 
and Lu record similar enrichments (Figure 5).

The whole rock REE chemistry of the granulite 
protoliths is presented in Figure 6a. All granulite 
samples have positive Eu anomalies, with Eu/
Eu* ratios of 2.03, 1.51 and 3.54 for HOL14–
7A, HOL14–8A and HOL15–15, respectively. 
The (La/Lu)N ratios for samples HOL14–7A, 
HOL14–8A and HOL15–15 are 3.18, 3.97 and 
11.11, respectively.  The REE spider diagrams 
for the Stage 3 eclogites samples, HOL14–7C 
and HOL14–8B are presented in Figure 6b, as 
well as their corresponding granulite protoliths 
(dashed lines).  Both eclogite samples have sim-

ilar patterns to that of their granulite protoliths, 
with positive Eu anomalies.  However, a slight 
decrease in the Eu anomalies is observed in both 
eclogite samples, with Eu/Eu* values of 1.73 and 
1.36 for samples HOL14–7C and HOL14–8B, 
respectively.  The (La/Lu)N  ratio for HOL14–7C 
is 3.85 whereas that of HOL14–8B is 3.25, which 
are relatively similar to that of the paired granu-
lite protoliths.  The Ce/Ce* ratios for the granulite 
and eclogite samples from stage 3 of deformation 
are similar, with values ranging from 0.79–0.84 
(Table 5).  The REE spider diagrams for the 
R-eclogite samples, HOL15–13B and HOL16–2, 
are presented in Figure 6c, along with their granu-
lite protolith, HOL15–15 (dashed line).  Sample 
HOL15–13B show a negative Eu anomaly (Eu/
Eu*= 0.68), whereas the Eu value for HOL16–2 
was below detection limit.  This indicates a shift 
from positive to negative Eu anomaly from gran-
ulite to R-eclogite.  Moreover, a shift in the slopes 
occurs from granulite to R-eclogite samples 
(Figure 6b), with (La/Lu)N ratios of 0.48 and 0.57 
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for samples HOL15–13B and HOL16–2, respec-
tively.  The granulite and R-eclogite samples in 
stage 4 of deformation have similar Ce/Ce* ratios 
ranging from 0.91–0.95 (Table 5).

In-situ REE chemistry for the major rock forming 
minerals in samples HOL14–7A, HOL14–7C, 
HOL15–15 and HOL15–13B are presented in 
Table 5 (in ppm), and their corresponding chon-
drite normalised values are displayed as spider 
diagrams in Figure 7, along with each whole-
rock analysis.  Garnet grains in granulite sample 
HOL14–7A are depleted in LREE (La to Nd) 
and enriched in HREE relative to the whole-rock 
composition (Figure 7a).  The inverse is observed 
for clinopyroxene grains, which are comparative-
ly enriched in LREE (La to Tb) and depleted in 
HREE. Plagioclase grains contain no HREE (Tb 
to Lu), and have lower LREE contents compared 
to the whole-rock composition.  Garnet analyses 
in the eclogite sample HOL14–7C show three 
distinct signatures of garnet REE compositions.  
This is supported by the zoning observed in LA-
ICP-MS maps produced for this sample, present-

ed in Figure 8.  The maps are those of elements 
showing the most prominent zonation (i.e. Y, Sm, 
Eu and Dy; Figure S3.1 for more elemental maps) 
along with core to rim transects from A to A’.  
The garnet core for the eclogite sample (Figure 
7b) has REE patterns and concentrations con-
sistent with that of garnet grains in the granulite 
sample.  Garnet maps for the eclogite samples 
show three zones in the garnet rims, labelled zone 
1, 2 and 3.  Zones 1 and 3 (indicated by squares 
in Figure 7b) are relatively depleted in REE com-
pared to zone 2 (indicated by circles) and garnet 
core.  All garnet analyses, however, are relatively 
enriched in HREE.  Zoisite grains in HOL14–7C 
are comparatively enriched in LREE and deplet-
ed in HREE (Dy to Lu), and shows a slight Eu 
anomaly.  Omphacite and amphibole analyses 
are depleted in REE compared to the whole-rock, 
and are both comparatively depleted in LREE 
and enriched in HREE. Phengite grains contain 
no REE, except for low amounts of La, Sm, Eu 
and Gd, which result in an Eu anomaly.  The REE 
spider diagrams for R-eclogite protolith, granulite 
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sample HOL15–15, are presented in Figure 7c.  
REE patterns for each mineral are similar to that 
of eclogite HOL14–7C, but have lower concen-
trations and with a more prominent Eu anomaly 
in the clinopyroxene grains.  In HOL15–15, 
plagioclase grains contain no HREE (Ho to Lu).  
R-eclogite sample, HOL15–13B, has similar REE 
partitioning and patterns compared to HOL14–7C 
(Figure 7).  However, garnet analyses show no 
notable difference between the garnet cores and 
garnet rims.  This is also observed in REE distri-
bution maps in garnet, displayed in Figure 9 (see 
more elemental maps in Figure S3.2), where the 
garnet core, established on the basis of major el-
ement chemistry, is outlined by the white dashed 
line. Mass balance calculations comparing mea-
sured whole-rock REE analyses and calculated 
whole-rock values based on mineral chemistries 
for all four samples are presented in Appendix 
S3.1 (Tables S3.4 – S3.7; Figure S3.3).

5.4 Sm–Nd isotope systematics

Sm–Nd isotopic analyses were obtained on all 
samples in this study; i.e. five granulite, four 
eclogite four R-eclogite samples (see summary 
in Table 2).  The measured Sm and Nd values 

are reported as ppm values in Table 6, as well as 
the 147Sm/144Nd and 143Nd/144Nd ratios.  Measured 
147Sm/144Nd ratios range from 0.1055 to 0.1617 
in the granulite samples, 0.0900 to 0.1675 in the 
eclogite samples and 0.1913 to 0.6075 in the 
R-eclogite samples.  The 143Nd/144Nd ratio range 
between 0.512022 to 0.512393 for the gran-
ulites, 0.511841 to 0.512279 for the eclogites 
and 0.512752 to 0.514368 for the R-eclogites. 
Figure 10a displays the variation of 143Nd/144Nd 
to 147Sm/144Nd ratios from each lithology.  There 
are two distinct groupings in the ratios, with the 
R-eclogite having distinctly higher 143Nd/144Nd 
values than the granulite and eclogite samples.  
The Nd growth curves are also presented in 
Figure 10b.  Growth curves were drawn based 
metamorphic ages of 950 Ma for the granulite 
(Table 6 and indicated by unfilled shapes in 
Figure 10b; Austrheim and Griffins, 1985; Bingen 
et al., 1997) whereas 429 Ma was used for the 
eclogite and R-eclogite samples (Table 6) as the 
documented peak metamorphic age for the com-
plete eclogitisation process during the Caledonian 
Orogeny (Boundy et al., 1997; Bingen et al., 
2004). εNd(t) values for the granulite samples 
range from –2.07 to –3.57 at 950 Ma, whereas 

 

Sample Domain Sm 
(ppm) 

Nd  
(ppm) 

147Sm/144Nd 143Nd/144Nd 2 S.E. εNd (t=0)* εNd (t=429) 

HOL14-7A Granulite 1.7 6.4 0.1621 0.512255 2.0E-06 –7.68 –5.80 
HOL14-8A Granulite 1.8 6.6 0.1617 0.512250 2.0E-06 –7.81 –5.90 
HOL15-6 Granulite 0.2 1.4 0.1055 0.512022 3.0E-06 –13.15 –8.16 
HOL15- 12 Granulite 0.3 1.2 0.1299 0.512393 3.0E-06 –11.22 –7.38 
HOL15-15 Granulite 0.4 2.1 0.1204 0.512248 2.0E-06 –11.55 –7.38 
         
HOL14-7C Eclogite 2.2 7.8 0.1675 0.512279 2.0E-06 –7.16 –5.57 
HOL14-8B Eclogite 2.7 10.3 0.1608 0.512222 2.0E-06 –8.27 –6.31 
HOL15-5 Eclogite 0.6 3.5 0.1109 0.512074 3.0E-06 –11.42 –6.73 
HOL15-10 Eclogite 0.6 3.7 0.0900 0.511841 3.0E-06 –15.87 –10.04 
HOL15-11 Eclogite 0.5 3.4 0.0978 0.512016 2.0E-06 –13.60 –8.20 
         
HOL15-13B R-eclogite 0.4 0.4 0.6075 0.514368 1.1E-06 30.40 7.89 
HOL15-13E R-eclogite 1.0 3.1 0.1913 0.512752 2.0E-06 1.72 2.01 
HOL16-2 R-eclogite 0.3 0.7 0.2535 0.512982 8.0E-06 4.70 1.58 
HOL15- 14 R-eclogite 1.0 2.5 0.2314 0.512988 2.0E-06 4.04 2.14 

Table 6. Sm–Nd systematics for samples within stages 3 (eclogite) and 4 (R-eclogite) of deformation.
CHUR and DM at t=0 values used to calculated εNd are after Goldstein et al. (1984).



Chapter 4 Trace element and Sm–Nd constraints

-122-

those of the eclogites and R-eclogites ranged 
from –5.57 to –10.04 and +1.58 to +7.89, respec-
tively, at 429 Ma.  

6.  DISCUSSION

The changes in REE, other trace elements and 
Sm–Nd chemistry from granulite to eclogite 
domains are discussed below.  This is also done 
within the P–T framework illustrated in Figure 
3, with main focus on the most fluid affected 
domains, stages 3 and 4 of deformation.  This 
discussion commences with a consideration of 
the granulite protolith. The heterogeneity of the 
protolith is evident in Figure 6a.  The granulite 
sample HOL15–15 has lower REE contents than 
granulite samples HOL14–7A and HOL14–8A.  
For example, La content in HOL14–7A and 
HOL14–8A are 3.67 ppm and 4.38 ppm, respec-
tively, whereas that of HOL15–15 is 2.14 and 
the Lu contents are 0.12 ppm and 0.14 ppm for 
HOL14–7A and HOL14–8A, respectively, and 
0.02 for HOL15–15.  Moreover, the Eu anoma-
ly for HOL14–7A and HOL14–8A are 2.03 and 

1.51, respectively, whereas that of HOL15–15 is 
11.11 (Table 5).  Positive Eu anomalies are gen-
erally associated with plagioclase in crustal rocks 
owing to its preferential partitioning in feldspars, 
compared to other REE (Weill and Drake, 1973).  
Therefore, the higher Eu anomaly in HOL15–15 
potentially indicates a greater abundance of 
plagioclase relative to clinopyroxene and garnet 
compared to HOL14–7A and HOL14–8A.  This 
highlights the importance of sampling in pairs 
for this study, to minimise errors in apparent 
chemical shifts caused by the heterogeneity of the 
granulite protolith.

6.1 Elemental and isotopic shifts and distribu-
tion

The geochemical evolution of the Holsnøy 
system has been discussed in detail by previous 
authors (Austrheim & Griffin, 1985; Austrheim, 
1987; Boundy et al., 1992; Boundy et al., 1997; 
Schneider et al., 2007; Centrella et al., 2015; 
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Putnis et al., 2017).  Mass transfer calculations 
by a number of previous authors (e.g. Van Wyck 
et al., 1996; Centrella et al., 2016) demonstrated 
that, while there are no significant changes in 
most major elemental content from granulite to 
eclogite, there is a systematic increase in LOI and 
K content (Figure 4a) that cannot be explained by 
the composition of minerals in the protolith gran-
ulite and supports the interpretation of Holsnøy 
Island being open system.  Therefore, any chemi-
cal shift that occurs from the granulite protolith to 
the altered domains can potentially reflect chang-
es caused by the fluid that infiltrated the system.

1.1.1	 STAGE 3 OF DEFORMATION

Comparing individual granulite-eclogite pairs 
(i.e. HOL14–7A vs HOL14–7C and HOL14–8A 
vs HOL14–8B) in stage 3 of deformation (i.e. 
eclogite samples), slight increases in REE are ob-
served (Figure 5).  This increase in REE content 
in the eclogite samples can be explained by one 
of the following: either 1) the addition of REE to 
the system by the infiltrated fluid, or; 2) strip-
ping away of REE from the rocks, accompanied 
by mass loss.  The conversion of the granulite 
to eclogite has resulted in a net density increase 
from 3.10 g/cm3 to up to 3.58 g/cm3 accompa-
nied by volume preservation (Austrheim, 1987; 
Austrheim, 2013; Centrella et al., 2015).  This, 
therefore, rules out the stripping away of REE 
elements from the system as a likely scenario to 
account for the enrichment observed in whole-
rock REE for stage 3 of deformation.  However, 
the similarity in the whole-rock REE patterns 
for the granulite and eclogite samples (Figure 6), 
as well as the negligible changes in Eu values 
(2.03 and 1.51 for granulite samples and 1.51 
and 1.73 and 1.61 for eclogite samples) attest to 
a rock-buffered system during stage 3 of defor-
mation.  This is also reflected in the measured 

Sm–Nd chemistry for the eclogite samples, as 
presented in Figure 10.  Measured 143Nd/144Nd and 
147Sm/144Nd ratios (Figure 10) for the granulite 
samples (light green unfilled circles) and eclogite 
samples (light green filled circles), are within 
uncertainty of each each other.  The evolution of 
the granulite Sm–Nd system to c.429 Ma (filled 
red dots, Figure 10b) results in a mean εNd(t) val-
ue – 7.0, while that of the eclogites is – 7.4 at the 
same age.  The interpretation of a rock buffered 
system at stage 3 of deformation supports results 
obtained in Chapter 3, whereby no whole-rock 
δ18O shift was recorded from granulite to eclogite 
domains.  

The REE analyses in mineral grains for the 
eclogite sample pair HOL14–7A and 7C show the 
potential redistribution of elements during fluid 
infiltration.  The LREE in clinopyroxene grains 
in the granulite likely partitioned in zoisite grains 
in the eclogite sample, as they are both the main 
LREE reservoir in their respective samples.  The 
LREE preferentially partitioning in zoisite at HP/
UHP conditions is consistent with previous stud-
ies such as Brunsmann et al. (2001) and Spandler 
et al. (2003). The breakdown of granulite-facies 
minerals, such as garnet and plagioclase likely 
resulted in the redistribution of REE within the 
garnet rims, omphacite and amphibolite grains. 
Whereas the complete breakdown of plagioclase 
occurs at eclogite-facies (Chapter 2), the Eu 
anomaly in the whole-rock eclogite samples is de-
termined by the partitioning of Sm, Eu and Gd in 
phengite grains. To check the mineral data, mass 
balance calculations were performed and com-
pared to the whole-rock data (Figure S3.3).  Both 
samples have small discrepancies between the 
calculated whole-rock compositions compared 
to the measured values.  Sample HOL14–7A has 
consistently lower calculated whole-rock values 
from La to Nd (up to 3.48 ppm) and higher cal-
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culated values from Sm to Lu (up to 1.56 ppm).  
However, HOL14–7C has consistently lower 
calculated whole-rock values based on calcula-
tions from mineral compositions (Figure S3.3b).  
Such minor discrepancies can be explained by 
either the difference in analytical techniques used 
to measure the mineral compositions and the 
whole-rock compositions or the lack of analysis 
of accessory phases such as rutile, as well as the 
symplectites in the eclogite sample.  

Of particular interest in stage 3 of deformation are 
the garnet analyses.  Eclogite sample, HOL14–
7C, has three distinct garnet REE signatures as 
highlighted in Figure 7b.  Garnet core analyses 
show similar patterns to garnet grain analyses in 
the corresponding granulite protolith, HOL14–7A 
(compare Figure 7a with 7b).  This supports the 
interpretation that garnet cores in the eclogite 
are relict from the granulite protolith, based on 
major element chemistry, made previously in 
Chapter 2 and supported by a number of authors 
(Austrheim, 1987; Erambert & Austrheim, 1993; 
Raimbourg et al., 2007).  Garnet rim analyses in 
sample HOL14–7C show two distinct signatures: 
a relatively depleted population, with slight pos-
itive Eu anomaly and flat HREE patterns and a 
relatively enriched population with no Eu anoma-
ly and flat HREE patterns.  Similar patterns were 
documented in zircon cores and rims by Bingen et 
al. (2004), and support the reported interpretation 
of the co-precipitation of garnet and zircon rims 
during fluid-infiltration.  Additionally, Raimbourg 
et al. (2007) suggested the existence of three 
generations of garnet growth based on composi-
tion: 1) gnt I is the relict granulite core; gnt II, a 
re-equilibrated zone of the relict garnet and; 3) 
gnt III, garnet overgrowth during the eclogite-fa-
cies (Figure 8a, 8b).  However, this classification 
was not identifiable in the major elemental maps 
(Figure S2.1), it can arguably be observed in the 

Y map (Figure 8a): gnt I, the core of the grain; 
gnt II the relatively enriched outer core and; gnt 
III, the rim.  However, for consistency with work 
done in Chapter 2, this study uses the interpreta-
tion of two generations of garnet growth: Gnt 1, 
relict garnet core from granulite protolith and Gnt 
2, the eclogite-facies growth.

The most noticeable feature in the HREE maps 
in Figure 8 is the distinct zonation present in the 
garnet rims (i.e. in Gnt 2).  The zonation in Gnt 2 
can be observed in the Y map and in MREE such 
as Eu and Dy (Figure 8b, c and d) and to a lesser 
extent in the Ca and Mn maps (Figure S3.1).  The 
presence of different zones in Gnt 2 explains 
the two signatures of REE analyses presented in 
Figure 6a.  Inner zone 1 and outermost zone 3 of 
Gnt 2 (Figure 8a) are relatively depleted in HREE 
compared to zone 2.  However, REE analyses for 
zones 1 and 3 could not be distinguished from 
each other.  

The REE maps presented in this chapter are the 
first acquired on the eclogite domains in the 
Bergen Arcs.  Whereas analyses on zones 1 and 3 
have been documented by Schneider et al. (2007), 
the presence of zone 2 in garnet rims has not been 
documented in previous studies.  The oscillatory 
zonation in Eu, Gd, Tb, Dy and Ho, observed in 
Gnt 2, are similar to zonation patterns in garnet 
grains previously documented by a number of 
studies, which are generally associated with fluid 
influx (Jamtveit, 1991; Jamtveit et al., 1993; 
Clechenko & Valley, 2003; Baxter & Caddick, 
2013).  However, there are other potential expla-
nations for the observed oscillatory zonation in 
the eclogite garnet.  Moore et al. (2013) charac-
terised a number of plausible explanations for the 
interpretation of Y+REE distribution in garnet 
grains, including diffusion-limited uptake during 
mineral growth, overprint zoning, equilibration 
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with an unchanging matrix, equilibration with 
reaction-modulated major- and accessory- phase 
assemblages and equilibration with externally 
sourced fluid.  Two possible scenarios can explain 
the zonation patterns observed in Figure 8.  First, 
equilibrium changes to the mineral assemblage, 
due to continuous reaction amongst major min-
erals, can have a significant role to play in the 
chemistry of eclogite-facies Gnt 2.  Although gar-
net grows as Gnt 2 during stage 3 of deformation, 
the total mode of garnet is significantly less (by 
18%) in the eclogite than in the protolith granulite 
and 75 % of total garnet consists of relict granu-
lite cores.  This results in a net percentage mode 
of only 8 volume % of eclogite garnet (Chapter 
2). This is in large part because Stage 2 involves 
garnet consumption rather than growth. This has 
as consequence the reduced mode of Gnt 1 in the 
eclogite, but results in higher REE abundance 
in Gnt 2 during re-precipitation. Second, there 
is the possibility of re-equilibration with a fluid 
as a plausible reason for the observed patterns. 
The presence of zonation in Y+REE, Ca and Mn 
(Chapter 2) aligns with the expected patterns 
observed due to fluid induced oscillatory zonation 
(Jamtveit, 1991; Moore et al., 2013).  Moreover, 
the MREE peaks in Gnt 2 (i.e. zone 2; Figures 8e, 
g and h) correspond to peaks in δ18O signatures in 
garnet rims detected by in-situ analysis in Chapter 
3.

It is likely that the growth of part of Gnt 2 in 
stage 3 of deformation was due to the re-equili-
bration of minerals in response to changes in P–T 
conditions (zone 1), in a rock-buffered scenar-
io.  However, the slight increase in whole-rock 
REE from granulite protolith to eclogite sample, 
suggests to some degree, the addition of REE in 
the system contributed to the oscillatory zoning 
observed (zone 2).  Therefore, the zonation ob-
served in the garnet grains in HOL14–7C is likely 

due to both.

6.1.2 STAGE 4 OF DEFORMATION

This stage of deformation shows the most sig-
nificant elemental shifts from granulite protolith 
to altered samples.  Firstly, REE (La/Lu)N ratios 
shift from 11.11 for the granulite HOL15–15, 
to 0.48 and 0.57 for R-eclogites samples 
HOL15–13B and HOL16–2, respectively (Fig-
ure 6c).  This is because the R-eclogite samples 
are relatively depleted in LREE, and enriched 
in HREE.  The negative Eu anomaly recorded 
by R-eclogite samples, compared to the positive 
anomaly of the granulite, can likely be explained 
by the disappearance of plagioclase (and thus 
Eu) from the rock.  However, mass balance 
calculations on REE performed using the mineral 
analyses of HOL15–13B highlight the potential 
for no representative XRF-based whole-rock REE 
analyses.  For both HOL15–15 and HOL13–13B 
the variations in REE elements are small and con-
sistent with those observed in stage 3 of deforma-
tion. For example the Eu concentration, calcu-
lated based on mineral analyses in HOL15–13B 
(Figure S3.2), varies by almost 4 ppm, compared 
to that of the measured whole-rock. One possible 
reason for this discrepancy is the heterogeneity 
of R-eclogites samples, due to the coarse-grained 
nature of phengite grains (up to 1.5 cm).  The 
aliquot of sample used for whole-rock analysis 
may have not been representative possibly con-
taining higher modal abundances of omphacite 
and amphibole, compared to the thin-section on 
which mineral abundances were estimated. From 
an analytical point, a potential explanation for 
this discrepancy is the interference of BaO during 
the phengite-grain analysis, as well as the lack of 
identification of accessory mineral phases such 
as rutile and apatite (possible LREE reservoir) 
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in the R-eclogite samples.  While there is only 
a slight discrepancy between the whole-rock 
versus mineral-based mass balance REE anal-
yses in HOL15–13B, more significant isotopic 
shifts in the whole-rock Sm–Nd systematics in 
all R-eclogite samples occur. The  143Nd/144Nd 
and 147Sm/144Nd ratios for the granulite protolith 
to the R-eclogite (HOL15–15) is consistent with 
the granulite protoliths to the eclogites in stage 
3 of deformation (Figure 10a).  The R-eclogite 
samples, however, have considerably higher 
143Nd/144Nd ratios, which result in more positive 
εNd(t) values (mean of +3.4), with lower Sm and 
Nd concentrations.  Figure 10b presents the Nd 
growth curves, based on a depleted mantle age 
model.  The evolution line slopes of the R-eclog-
ite samples are not consistent with that of the 
eclogite and granulite samples, and opposite to 
the evolution slope of DM models.  This is due to 
the very low concentrations of Sm and Nd in the 
rocks, and therefore, the quality of the results is 
highly dependent on the precision of the instru-
ment used.   Nevertheless, Figure 10a shows the 
R-eclogites are comparatively more radiogenic, 
with a decrease in the concentration of Sm and 
Nd (Table 6), but an increase in radiogenic ratios.  
A possible explanation for these apparent shifts, 
however, is the heterogeneity of the protolith for 
the R-eclogite.  While sample HOL15–15 is the 
closest anorthositic granulite to the R-eclogite 
samples, their protolith might have been of differ-
ent composition to that of HOL15–15, and closer 
to the R-eclogite composition.  However, there is 
a lack of evidence for other domains with com-
positions consistent with that of the R-eclogite 
samples in the area (e.g. dykes and sills of mafic 
composition).  Moreover, the diffuse boundaries 
between the R-eclogite outcrop and that of their 
nearest granulite indicates that the fluid reacted 
with the anorthositic granulite during the Cale-
donian Orogeny, post peak metamorphic condi-

tions.  It is, therefore, assumed in this study that 
HOL15–15 is the precursor to the R-eclogite 
samples.

Mineral analyses in both granulite HOL15–15 
and R-eclogite HOL15–13B show similar ele-
mental partitioning between minerals to samples 
from stage 3 of deformation (Figure 7).  Interest-
ingly, there is no differentiation between the core 
and rim analyses in garnet grains in R-eclogite 
sample, HOL15–13B.  Moreover, there is a lack 
of similarity in REE patterns in garnet grains in 
the granulite protolith and garnet cores in the 
R-eclogite.  This points towards the re-equilibra-
tion of garnet grains during retrogression, which 
is contradictory to the major element maps pre-
sented in Chapter 2, which showed the presence 
of a small volume of relict cores in garnet grains 
in stage 4 of deformation, with diffuse core to rim 
boundary.

REE maps for garnet in R-eclogite sample, 
HOL15–13B, are presented in Figure 9 (see more 
detailed maps in Figure S2.2), along with corre-
sponding core-to-rim element transects.  Garnet 
maps reveal major element zonation, mainly in 
Mg and Mn, supporting EPMA data by Chapter 2.  
Whereas a slight zonation in LREE is evident in 
the garnet grains with a comparatively LREE-en-
riched core, zonation is less visible in the Y and 
HREE maps.  However, Y and HREE maps show 
relatively enriched and discontinuous zones in the 
garnet rim.  This is most evident in the Y, Tb, Dy 
and Ho maps (Figure S2.2).  In this case, how-
ever, the discontinuity of the Y and HREE zones 
cannot be interpreted as oscillatory zonation but 
rather patterns dictated by fractures in the garnet 
grains, that can be observed in Y and Ce maps 
(Figure 9 a and b).

Based on REE distribution characterisation of 
Moore et al. (2013) the most likely equilibration 
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scenario for stage 4 of deformation is the equili-
bration with external fluids. In this case, the lack 
of zonation in HREE compared to LREE and 
major elements in garnet grains, the absence of 
relict granulitic garnet, and the zoning patterns 
dictated mainly by fractures suggest equilibration 
resulting from an external fluid as the most likely 
scenario.  Moreover, the consistent comparative 
depletion in LREE and enrichment of HREE as 
well as in whole-rock REE concentrations and 
the increase in radiogenic signatures support the 
potential for changes occurring due to an external 
fluid, in an open system.  This interpretation is 
further supported by δ18O and δD isotopic results 
from Chapter 3.

6.2 Trace element mobility and fluid provenance

To explain the elemental shifts, especially in stage 
4 of deformation, it is important to address ele-
mental mobility in fluids.  REE and certain trace 
elements (e.g. HFSE, Cr and Ni) are typically 
considered immobile during hydrothermal alter-
ation.  However, studies by Rubatto and Hermann 
(2003), Spandler and Hermann (2003), John et 
al. (2005), van der Straaten et al. (2008) and 
Spandler et al. (2011) documented the mobility 
of multiple HFSE and typically immobile trace 
elements at HP and UHP conditions.  Moreover, 
studies done by Taylor et al. (1981), Yongliang 
and Yusheng (1991), Gieré and Williams (1992) 
and Tsay et al. (2017), demonstrated the increase 
in REE mobility due to interaction with fluids 
rich in ligands such as F–, Cl–, CO3

2–, HCO3
– and 

PO4
3– .  The presence of both Cl– and CO3

2– in 
the Holsnøy Island eclogites has previously been 
documented.  For example, Kühn (2002) reported 
an increase in Cl content in the rocks, from gran-
ulite to eclogite to amphibolite-facies, concluding 
that the fluid that infiltrated the Holnøy system 
likely evolved to a ‘brine-like’ fluid, which is also 

supported by fluid-inclusion studies by Jamtveit 
et al. (1990) and Andersen et al. (1991).  Boundy 
et al. (2002) documented high pressure carbonate 
rocks on Holsnøy Island, and argued that CO3

2– 
likely originated from scapolite grains within 
granulite-facies domains on the island and was 
incorporated in the fluids to enhance eclogitisa-
tion.  The presence of the Cl– and CO3

2– ligands 
interacting with the granulite-facies rocks points 
towards their presence throughout the evolution 
of the Holsnøy system.  Klein-Ben David et al. 
(2011) previously showed that Cr, a typically 
immobile trace element in the crust, increases 
in solubility in KCl solutions with increasing 
salinity at high pressures.  Figure 11a presents the 
variability of both Cr (in ppm) and K2O (in wt %) 
in each domain, and shows a noticeable increase 
of both Cr and K from granulite to R-eclogite do-
mains.  It is, therefore, probable that the salinity 
of the fluid at stage 4 of deformation was high 
enough to remobilise Cr.  This Cr enrichment is 
consistent with that of fluid mobile trace elements 
such as Rb, Ba and Pb as well as Cr enrichment 
in other HP and UHP terranes, such as the Monvi-
so Ophiolite (Spandler et al. 2011).  It is probable 
that the elemental shifts from granulite protoliths 
to altered domains observed in this study were 
due to the presence of ligands that enhanced REE 
and HFSE mobility in the fluid.  Thus, the fluid 
that infiltrated the Holsnøy system also likely 
stripped away Sr (Figure 4a), Zr (Figure 4c) and 
LREE (Figure 6c), but added Sc, Rb, Ba, K, 
Pb, Ti, V, Cr, Cu and HREE to the system.  The 
strongest evidence for the source of external 
fluid is from stage 4 of deformation domains, the 
R-eclogites.  Mattey et al. (1994), and (Van Wyck 
et al., 1996) previously proposed the dehydration 
of a N-rich sediment or crustal rock, underlying 
the Holsnøy system, as the potential source of 
the second fluid type.  The δ18O and δD isotopic 
signatures presented in Chapter 3 support the 
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notion of a metamorphic fluid.  To further con-
strain the type of rock that likely dehydrated to 
provide the fluid responsible for the eclogitisation 
of the granulite protolith, whole-rock analyses of 
some trace elements (e.g. Cr, Cu, Ni, Co and Y) 
are used and compared to reservoirs previously 
published (i.e. serpentinite, GLOSS and MORB; 
Plank and Langmuir, 1993; Hattori and Guillot, 
2003; Kelemen et al., 2003; Klein, 2003; Savov 
et al., 2005; Paulick et al., 2006).  The higher Cu 
and MnO content of the fluid affected domains 
(eclogites and R-eclogites) compared to the gran-
ulite suggest a subducted sediment-derived fluid 
(GLOSS; Figure 11b), which is arguably support-
ed by relatively lower Ni and Co contents (Figure 
11c). Relatively higher Cr and Y contents (Figure 
11d and c), suggest MORB-like derived fluids 
for stage 4 of deformation, which is supported by 
the relatively flat REE trends for the R-eclogite 
(Figure 6c; White, 2013) and apparent high radio-
genic Sm–Nd signatures (Figure 10).  While the 
dataset in this study is too small to be conclusive, 
a preliminary scenario to obtain a metamorphic, 
sedimentary and MORB-like derived fluid is the 
dehydration of a sedimentary rock consisting of 
mafic components.  However, the chemical com-
plexity associated with the stage 4 of deformation 
samples, highlights the need for more isotopic 
work, particularly of potential source rocks within 
the Bergen Arcs, to fully understand and charac-
terise the source of the fluid.   

7. CONCLUSIONS

Whole-rock REE analyses in the granulite proto-
liths, eclogite and R-eclogite samples on Holsnøy 
Island demonstrated the importance of sampling 
in pairs to characterise potential shifts observed 
in an open system, as the heterogeneity of host 
rocks add uncertainties to the chemical changes 
observed.  The remobilisation of typically immo-

bile elements (e.g. REE and HFSE, Cr, Ti and Ni) 
particularly during stage 4 of deformation has sig-
nificant implications for our understanding of el-
emental distribution in the Earth’s crust, and ele-
mental recycling during HP/UHP metamorphism.  
While the dataset presented in this chapter is 
not extensive enough to confidently constrain 
the source of the fluid, the combination of REE 
data and patterns, Sm–Nd isotopic data and other 
trace elements suggest that a possible source 
involves dehydration of a sedimentary rock, with 
mafic components.  The potential remobilisation 
of typically immobile elements (e.g. REE and 
HFSE, Cr, Ti and Ni) has significant implications 
for our understanding of elemental distribution in 
the Earth’s crust, and elemental recycling during 
HP/UHP metamorphism.  However, more data 
(e.g. mineral trace elements) are required to fully 
characterise the fluid that infiltrated the Holsnøy 
system.
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1.	 INTRODUCTION

High-pressure (HP) and ultra-high-pressure 
(UHP) terranes are known to form within oro-
genic belts and their presence on the Earth’s 
surface helps geologists understand the processes 
occurring in the lower crust during subduction 
and exhumation.  The general geological interpre-
tation is that HP metamorphic assemblages (e.g. 
eclogites) are formed at great depths, with the as-
sumption that pressure is near-lithostatic (Spear, 
1993).  However, geodynamic models by Li et al. 
(2010), Schmalholz and Podladchikov (2013) and 
Gerya (2015) suggest that tectonic overpressure 
is another plausible mechanism for the emplace-
ment of HP/UHP terranes at shallower depths; 
i.e. the formation of HP/UHP terranes due to high 
differential stress in the crust during deformation, 
instead of lithospheric pressure.  While there are 
currently no known natural examples for large-
scale tectonic overpressure, Chu et al. (2017) 
documented fast forming eclogites due to melt-
ing-induced overpressure at local-scale during the 
Taconic Orogeny in New England.

A study by Yamato and Brun (2016) investigated 
the correlation between peak metamorphic pres-
sure and their near isothermal pressure decrease 

in subduction zones.  The authors concluded that 
peak metamorphic pressures do not necessarily 
correlate to maximum burial depths, but instead 
reflect a change in tectonic regime (the relaxation 
from compressional to extensional setting) prior 
to exhumation.  Moreover, the subsequent near 
isothermal pressure decrease experienced by HP/
UHP terranes likely also reflects this change in 
regime, as opposed to the ‘first stage of exhuma-
tion’ that is usually interpreted by multiple for the 
ascension of such terranes within the Earth’s crust 
studies (e.g. Palmeri et al., 2007; Guillot et al., 
2008; Gabudianu Radulescu et al., 2009; Angi-
boust et al., 2012; McClelland and Lapen, 2013).  
Moulas et al. (2013) argued that geodynamically, 
the major challenge of using pressure as a proxy 
for depth, is to propose plausible mechanisms to 
account for the extremely fast exhumation rates 
obtained for some HP/UHP terranes.    

A summary of typical exhumation rates of well-
known HP/UHP terranes is presented in Figure 
1.  It is generally accepted that exhumation due 
to erosion and uplift occur at a rate of c. 5–10 
mm/yr, based on modern day rates (Figure 1; 
Anczkiewicz et al., 2004; Glodny et al., 2005), 
while faster rates (up to 40 mm/yr) are credited 

ABSTRACT

The presence of high-pressure (HP) and ultra-high-pressure (UHP) terranes on the Earth’s surface is 
generally considered to be the consequence of rapid exhumation from great depths–– such interpre-
tations are based on metamorphic pressures being correlated to depth.  However, in some cases, the 
exhumation rates are too fast and cannot easily be explained by typical exhumation mechanisms such 
as erosion, tectonic extension, and accretion prism dynamics.  The eclogite-facies domains on Holsnøy 
Island, Bergen Arcs, are an example of an exotic terrane surrounded by relatively low-pressure do-
mains, namely the Blåmanen Nappe and the Minor and Major Bergen Arcs. The minimum estimated 
exhumation rate for the eclogite on the island is 161 mm/yr, based on diffusion durations in zoned gar-
net grains and pressure drop constraints from eclogite to amphibolite-facies assemblages.  While the 
scientific consensus is that pressure is correlated to depth in the Earth’s crust, the discrepancy between 
extremely fast exhumation rates for the Holsnøy eclogites, and the lack of plausible known exhu-
mation mechanisms highlight the importance of reassessing the systematic use of pressure as depth 
constraints.  In this study, it is concluded that HP/UHP terranes can, not only be products of deep-seat-
ed HP metamorphism, but could likely be the results of tectonic overpressure in rheologically weaker 
units at shallower depths in the Earth’s crust.
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to a of combination slab breakoff and buoyancy 
of continental crust (Ernst et al., 1997; Rubatto & 
Hermann, 2001; Jolivet et al., 2005).  However, 
exhumation rates exceeding those illustrated in 
Figure 1 are yet to be explained by conventional 
geological processes and highlight the importance 
of exploring other geodynamic scenarios such as 
the overpressure hypothesis.

This study focuses on the HP terrane on Hol-
snøy Island, western Norway (Figure 2a).  The 
eclogite-facies domains on the island are exotic 
to the area, as they are surrounded by relatively 
low-pressure terranes (i.e. the Blåmanen Nappe 
and Minor and Major Bergen Arcs; Figure 2b).  
The current tectonic models suggest the formation 
of the eclogite-facies rocks on Holsnøy Island at 
a depths ≃ 70 km in a subduction zone during 
the collision of Baltica and Laurentia, during the 
Caledonian Orogeny (Austrheim, 2013; Jolivet 

et al., 2005), followed by exhumation.  However, 
there is increasing evidence that the area expe-
rienced an extreme pressure decrease on short 
time-scales (Boundy et al., 1996; Raimbourg 
et al., 2007; Jamtveit et al., 2018).  If this were 
indeed the case, then extremely fast rates should 
be obtained for the exhumation of the eclogites, 
which cannot be explained by current mecha-
nisms.  Compared to Chu et al. (2017) who used 
the unrealistically fast rates of compression (ex-
ceeding that of plate tectonic burial, > 150 mm/
yr) as a test for overpressure, this study uses the 
rate of decompression/exhumation greater than 
geodynamically feasible as a test for overpres-
sure, assuming pressure is correlated to depth.  
This is achieved by using a combination of phase 
equilibria forward modelling and multi-compo-
nent diffusion modelling in zoned garnets to con-
strain the exhumation rates of the eclogite-facies 
domains to amphibolite-facies conditions.

2.	 GEOLOGICAL SETTING AND 
BACKGROUND

Holsnøy Island is located approximately 45 km 
north-west of Bergen (Figure 2a).  The rocks 
present on the island form part of the main 
formation of the Bergen Arcs, the Lindås Nappe 
(Kolderup, 1934), which is bounded by the Blå-
manen Nappe and major and minor Bergen Arcs 
(Figure 2b).  This location is an excellent natural 
laboratory to study deep crustal processes as the 
progressive conversion of an anhydrous granulite 
domains to hydrous eclogites, owing to fluid infil-
tration, are perfectly preserved.  Moreover, these 
progressive stages (Austrheim, 2013; Chapter 2) 
are preserved within kilometres of each other due 
to the limiting volumes of fluids available during 
each stage.

The protolith anorthositic granulite is composed 
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Figure 1.  Summary of well-known HP and UHP terranes, 
after Agard et al. (2009)
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of plagioclase, clinopyroxene, garnet and ortho-
pyroxene and was metamorphosed during the 
Grenvillian Orogeny (Krogh, 1977; Austrheim 
& Griffin, 1985) at approximately c. 950 Ma.  Its 
peak metamorphic conditions were 10 kbar and 
800–900 °C (Austrheim, 1987; Boundy et al., 
1996).  The granulite domain was subsequent-
ly buried during the Caledonian Orogeny (c. 
429–450 Ma; Austrheim & Griffin, 1985; Glodny 
et al., 2008), and reacted with fluids that infil-
trated the system to form the peak eclogite-facies 
assemblages: garnet, omphacite, zoisite, phengite 
± kyanite ± rutile ± quartz. 

The conversion of the granulite to eclogite was 
triggered by a combination of fluid availability 
and deformation during the subduction of the 
Lindås Nappe in the Caledonian Orogeny (Aus-
trheim, 1987; Jamtveit et al., 1990; Austrheim 
et al., 1997).  This study follows the initial P–T 
framework depicted in Chapter 2.  The study 
conducted in Chapter 2 was based on rocks that 

crystallised at different stages of deformation.  
Stage 1 involved the formation of pseudotachyli-
tes in the granulite, providing the initial conduits 
for fluid infiltration and their metamorphic recrys-
tallisation at P–T conditions 15.2–15.7 kbar and 
675–685 °C.  Stage 2 involved the formation of 
discrete shear zones at centimetre to metre scales 
and the formation of a hydrous metamorphic as-
semblage due to the breakdown of garnet.  Stage 
3 is the complete conversion of granulite to an 
omphacite-rich eclogite, indicated by the disap-
pearance of plagioclase and peak metamorphic 
assemblage of omphacite–zoisite–phengite–gar-
net–kyanite ± quartz ± rutile, at P–T conditions 
21–22 kbar and 670–690 °C.  Stage 4 is the 
over-print of the peak omphacite-rich eclogite 
by a later, retrogressed phengite-rich one at P–T 
conditions 16–17 kbar and 680–700 °C.

Figure 2.  a) Location of Bergen in Norway.  b) Geological map of the Bergen Arcs.  The study area is indicated by the black 
box in northern Holsnøy Island.
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3.	 APPROACH

This study focuses on the exhumation of the peak 
eclogite-facies rocks (Stage 3 sample HOL14–
7C, Chapter 2) to the amphibolite-facies (sample 
HOL17–4A; 32V 280906E, 280906 N), as it 
represents the extremely fast ascension described 
by previous authors (e.g. Raimbourg et al. 2007, 
Jamtveit et al., 2018; 2020).  In some localities, 
eclogite-facies domains sit as relict blocks within 
the sheared amphibolite-facies assemblages 
(highlighted by red outlines in Figure 3). Mus-
covite and zoisite grains define the foliation of 
the sheared amphibolite, which strikes E/W and 
wraps around the relict eclogite blocks.  Work 
conducted by Glodny et al. (2007), estimated a 
Rb/Sr age of 414 ± 2.8 Ma for the amphibolite-fa-
cies shear zones. As a result of the geochronolog-

ical and field observations, the amphibolite-facies 
domain sampled in this study has been interpreted 
to have been metamorphosed during the retro-
gression of the Holsnøy system.

The calculation of exhumation rates is performed 
by first estimating a pressure decrease from 
eclogite-facies to amphibolite-facies. Pressure 
estimates of 21– 22 kbar for the eclogite-facies 
rocks were obtained in Chapter 2 and this study 
uses phase equilibria forward modelling, in the 
same chemical system as in Chapter 2, to esti-
mate P–T conditions for the amphibolite-facies 
metamorphism.  The pressure decrease between 
the two metamorphic facies is then converted to 
the change of depth of the domain in the Earth’s 
crust, assuming pressure is lithostatic only.  Sec-
ondly, the duration for this ascension is estimated 

Figure 3. Relict eclogite blocks present in amphibolite- 
facies shear zones, outlined in red. Hammer in the middle 
of the photograph for scale.  This outcrop was sampled 
and field observation used to interpret the formation of the 
amphibolite-facies shear zone post peak eclogite-facies 
metamorphism.

based on forward diffusion modelling on zoned 
garnet grains in the eclogite sample HOL14–7C.  
The methods for each step are outlined below.

3.1  Phase equilibria modelling: amphibolite 
sample, HOL17–4A

The P–T pseudosection was calculated for amphi-
bolite-facies sample, HOL17–4A using THER-
MOCALC v.3.33 and the internally consistent 
dataset, ds55 by Holland and Powell (1998; 
updated in November 2003).  It is acknowledged 
here that internally consistent dataset ds62 could 
be used, however, ds55 was used to keep this 
study consistent to previously published P–T 
framework in Chapter 2.  The bulk-rock compo-
sitions were modelled in a geologically realistic 
system NCKFMASHTO, with the following 
activity–composition (a–x) models: amphibole 
(Diener et al., 2007; Diener & Powell, 2012); 
clinopyroxenes (Holland & Powell, 2003; Diener 
& Powell, 2012); chlorite, talc and epidote–cli-
nozoisite (Holland & Powell, 1998); garnet 
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and biotite (White et al., 2007); plagioclase and 
K-feldspar (Holland & Powell, 2003); ilmenite 
and chloritoid (White et al., 2000); muscovite and 
paragonite (Coggon & Holland, 2002). 

The amphibolite-facies sample, HOL17–4A, has 
interpreted peak metamorphic mineral assem-
blage, garnet rim–plagioclase–hornblende–mus-
covite–zoisite ± quartz ± rutile.  The foliation is 
defined by coarse-grained muscovite (0.2–0.7 
mm), finer-grained zoisite (< 0.3 mm) and horn-
blende (< 0.2 mm).  Porphyroblastic garnet grains 
(0.5–2 mm) are zoned and the cores are interpret-
ed to be inherited from the protolith, as was the 
case for garnet grains in the eclogite-facies rocks 
in Chapter 2.  The abundances of the major rock 
forming minerals were determined using pixel 
counting in the Adobe Photoshop software, and 
are as follows:  plagioclase, 32.0 %; hornblende, 
26.2 %; muscovite, 27.2 %; garnet rims, 0.3 %; 
zoisite, 12.4 %; and quartz, 3.3 %. The peak P–T 
conditions were determined by plotting the iso-
pleths for the modal abundances of garnet, quartz 
and hornblende.

3.2  Multi-component forward diffusion 
modelling on garnet grains: eclogite sample 
HOL14–7C

Garnet compositions for diffusion modelling were 
acquired on eight transects (example in Figure 
4) using a CAMECA SXFive electron probe 
micro-analyser (EPMA) at Adelaide Microsco-
py, University of Adelaide.  Calibration of the 
apparatus was conducted prior to analysis on an 
andradite standard.  A beam current of 20 nA and 
acceleration voltage of 15 kV were used for ele-
mental analyses at 2 μm intervals along the core 
to rim boundary (see below).  Elemental oxides 
were acquired in wt %, and recast as end-member 
modal proportion of garnet using excel spread-
sheet by Locock (2008).

Diffusion modelling was performed following 
methods outlined by Caddick et al. (2010) and 
Caddick and Thompson (2008), using the soft-
ware Wolfram Mathematica. Composition-de-
pendent Fe, Mg, Ca and Mn diffusivities of 
Chakraborty and Ganguly (1991), Carlson (2006), 
Vielzeuf et al. (2007) and Chu and Ague (2015) 
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were used, with formulation for multi-component 
diffusion in ionic lattices by Lasaga (1979).  The 
initial profiles for the transects were assumed 
to be ramped, based on the sharp compositional 
changes in yttrium in the garnet grains in sample 
HOL14–7C, as presented in Chapter 4.  More-
over, a ramped initial compositional profile 
results in maximum diffusion durations, hence 
minimum exhumation rates.  To ensure that this 
assumption is valid, profiles 4 and 8 were also 
performed with initial ‘stepped’ profiles (Figure 
S4.1), and the results were compared to those 
with initial ramped initial profiles. 

Three sets of fixed P–T parameters were used for 
the diffusion models.  Firstly, peak metamorphic 
conditions of 22 kbar and 680 °C for eclogite-fa-
cies sample, HOL14–7C (Chapter 2), were used 
to estimate the duration of exhumation from the 
eclogite-facies to the amphibolite-facies.  Second-
ly, the models were performed at conditions of 22 
kbar and 600 °C to assess the temperature depen-
dency of diffusion durations in the garnet grains.  
And lastly, peak P–T conditions of 10.5 kbar and 
600 °C for the amphibolite-facies metamorphism 
obtained by Jamtveit et al. (2018) were used to 
maximise the modelled durations for the exhuma-
tion of the Holsnøy system.  It should be noted 
that diffusion modelling at fixed P–T does not re-
quire transects from the centre of the garnet grain 
(core) to the edge of the grain (rim) as only the 
diffusional gradient at the core/rim boundaries is 
considered.  Therefore, transects were shortened 
in the homogeneous parts of the cores and rims to 
reduce the running times of models. 

4.	 RESULTS

4.1 Pressure decrease from the eclogite-facies 
to amphibolite-facies

The P–T pseudosection for the amphibolite-fa-
cies sample, HOL17–4A is presented in Figure 5.  
The boundaries of the peak mineral assemblage 
field are shown in bold lines.  The P–T condi-
tions for the peak assemblage were constrained to 
11.8–12.2 kbar and 723–732 °C using the modal 
abundances of quartz, garnet and hornblende.  
These estimates are not in agreement with 
previous studies, which employed conventional 
thermobarometry (Austrheim & Griffin, 1985; 
Boundy et al., 1997) to estimate P–T conditions 
of 8–9 kbar and 600 °C. A more recent study by 
Jamtveit et al. (2018) estimated P–T conditions 
of 10.5 kbar and 600 °C for the formation of the 
amphibolite-facies assemblages, using forward 
phase equilibria modelling.  Despite using the 
same method, the two estimates are different, 
especially that of temperature.  It is likely that the 
samples used in the two studies are representative 
of different stages of retrogression. The amphibo-
lite sample used in this study is from an amphibo-
lite-facies shear zone, while Jamtveit et al. (2018) 
sampled amphibolite assemblages that developed 
around feldspar-rich pegmatites that cross-cut 
both eclogite and amphibolite-facies shear zones.  
With such differing field relationships, it is diffi-
cult to ascertain whether the P–T conditions cal-
culated in this study and those of Jamtveit et al. 
(2018) are comparable. Since samples modelled 
in Jamtveit et al. (2018)  cross-cut an amphibo-
lite shear zone it is plausible that the peak P–T 
conditions reported represent a later stage in the 
evolution of the Holsnøy system.

Nevertheless, in this study the P estimates of 
11.8–12.2 kbar were used for the pressure change 
of the Holsnøy system to remain consistent with 
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P–T conditions 22 kbar, 680 °C 22 kbar, 600 °C 10.5 kbar, 600 °C 
 Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Profile 1       
Carlson (2006) 0.0049 – 0.0055 5455 – 6122  0.092–0.104 289–326 0.016–0.032 938–1880 
Chakraborty and 
Ganguly (1991) 0.038 – 0.041 732 – 790 1.03–1.18 25.4–29.1 0.420–0.500 60.0–71.4 
Vielzeuf et al. 
(2007)  0.094 – 0.106 283 – 319 1.00–1.30 23.1–30.0 0.400–0.500 60.0–75.0 
Chu and Ague 
(2015) 0.038 – 0.041 732 – 790 1.00–1.21 24.8–30.0 0.420–0.500 60.0–71.4 

Profile 2       
Carlson (2006) 0.0118 – 0.0132 2272 – 2542 0.150–0.170 176–200 0.035–0.045 667–857 
Chakraborty and 
Ganguly (1991) 0.065 – 0.075 400 – 462 1.90–2.05 14.6–15.8 0.70–0.90 33.3–42.9 
Vielzeuf et al. 
(2007) 0.172 – 0.186 161 – 174 1.95–2.10 14.3–15.4 0.75–0.90 33.3–40.0 
Chu and Ague 
(2015) 0.065 – 0.075 400 – 462 1.90–2.05 14.6–15.8 0.80–0.90 33.3–37.5 

Profile 3       
Carlson (2006) 0.068–0.076 395–441 1.20–1.40 24.4–25.0 0.280–0.320 93.8–107 
Chakraborty and 
Ganguly (1991) 0.310–0.350 86.0–97.0 9.00–9.60 3.33–3.13 3.70–4.10 7.32–8.11 
Vielzeuf et al. 
(2007) 0.690–0.730 41.0–43.0 9.40–10.0 3.00–3.19 3.50–4.00 7.50–8.57 
Chu and Ague 
(2015) 0.320–0.350 86.0–94.0 9.20–9.60 3.13–3.26 3.70–4.10 7.32–8.11 

Profile 4       
Carlson (2006) 0.042–0.050 600–714 0.820–0.900 33.65.23–36.6 0.190–0.220 136–158 
Chakraborty and 
Ganguly (1991) 0.205–0.225 133–146 5.60–6.30 4.76–5.36 2.30–2.60 11.5–13.0 

Vielzeuf et al. 
(2007) 0.490–0.540 55.6–61.2 5.80–6.40 4.69–5.17 2.30–2.60 11.5–13.0 

Chu and Ague 
(2015) 0.190–0.240 125–158  5.60–6.30 4.76–5.36 2.30–2.60 11.5–13.0 

Profile 5       
Carlson (2006) 0.004–0.007 4290–7500 0.100–0.120 250–300 0.018–0.026 1150–1670 
Chakraborty and 
Ganguly (1991) 0.050–0.060 500–600 1.40–1.80 16.7–21.4 0.600–0.800 37.5–50.0 

Vielzeuf et al. 
(2007) 0.100–0.140 214–300 1.40–1.80 16.7–21.4 0.500–0.700 42.9–60.0 

Chu and Ague 
(2015) 0.050–0.060 500–600 1.40–1.80 16.7–21.4 0.600–0.800 37.5–50.0 

Profile 6       
Carlson (2006) 0.020–0.023 1300–1500 0.370–0.440 68.2–81.1 0.080–0.095 316–375 
Chakraborty and 
Ganguly (1991) 0.150–0.180 166–200 4.50–5.00 6.00–6.67 1.80–2.10 14.3–16.7 

Vielzeuf et al. 
(2007) 0.430–0.490 61.2–69.8 4.70–5.10 5.88–6.38 1.80–2.10 14.3–16.7 

Chu and Ague 
(2015) 0.150–0.190 158–200 4.50–4.90 6.12–6.67 1.80–2.10 14.3–16.7 

Profile 7       
Carlson (2006) 0.020–0.022 1360–1500 0.400–0.460 65.2–75.0 0.08–0.095 316–375 
Chakraborty and 
Ganguly (1991) 0.170–0.200 150–176 5.00–5.60 5.36–6.00 1.80–2.60 11.5–16.7 

Vielzeuf et al. 
(2007) 0.460–0.540 55.6–65.2 5.20–5.80 5.17–5.77 2.00–2.50 12.0–15.0 

Chu and Ague 
(2015) 0.170–0.210 143–176 5–5.60 5.36–6.00 2.00–2.60 11.5–15 

       
 

 

 

Table 1. Calculated diffusion durations and exhumation rates for Profiles 1–8 (see Figure S4.2). The exhuma-
tion rates were calculated on a minimum ascension of 30 km in the Earth's crust.  Results under Stepped profiles 
indicate the two profiles performed with initial stepped profile (Figure S4.1).
Values in italics represent minimum and maximum values for exhumation durations and rates.



Chapter 5 Extreme exhumation rates: evidence of tectonic overpressure  

-149-

the software, dataset and chemical system used 
for phase equilibria modelling in Chapter 2.  
More importantly, they result in the minimum 
pressure decrease compared to estimates by 
Jamtveit et al. (2018), which results in minimum 
possible exhumation rates. To complete the P–T 
framework established in Chapter 2, the con-
straints for the amphibolite-facies was added as 
illustrated in Figure 6, as Stage 5 of deformation. 
Combining these constraints with that previously 
obtained for the peak eclogite conditions (21–22 
kbar and 670– 690 °C), the minimum pressure 
change experienced by the eclogites on Holsnøy 
Island is approximately – 8.8 kbar (Figure 6).

4.2  Diffusion models on zoned garnet grains 
and exhumation rates

Diffusion modelling (e.g. Figure 7) was per-
formed on eight garnet grains in the peak-eclogite 
sample, HOL14–7C, described in Chapter 2 and 
used to calculate the peak metamorphic condi-

tions for P–T framework presented in Figure 6.  
This sample is ideal for diffusion modelling as 
it is prominently zoned in major elements from 
core to rim (Chapter 2 and see Figure S4.2).  It 
is assumed here that, as sample HOL14–7C is 
interpreted to represent the peak metamorphic 
stage in the evolution of the Holnøy sytem, the 
zonation patterns in its garnet grains are a re-
sponse to changes in the P–T conditions during 
retrogression.

Multiple diffusion coefficients were used for the 
modelling of diffusion durations (Table 1) and the 
exhumation rates were calculated on the assump-
tion that a pressure change of – 8.8 kbar equates 
to a minimum ascension of 30 km.  For all three 
sets of P–T conditions used for the diffusion 
models, Profile 1 yielded minimum durations 
(i.e. maximum exhumation rates) while Profile 
3 yielded the longest durations (i.e. minimum 
exhumation rates).  In general, models performed 

P–T conditions 22 kbar, 680 °C 22 kbar, 600 °C 10.5 kbar, 600 °C 
 Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Duration  

(Ma) 
Exhumation rates 

(mm/yr) 
Profile 8       
Carlson (2006) 0.021–0.024 1250–1430 0.400–0.460 65.2–75.0 0.08–0.095 316–375 
Chakraborty and 
Ganguly (1991) 0.080–0.120 250–375 5.00–5.40 5.56–6.00 2.00–2.40 12.5–15.0 
Vielzeuf et al. 
(2007) 0.260–0.280 107–115 5.20–5.80 5.17–5.77 2.00–2.40 12.5–15.0 
Chu and Ague 
(2015) 0.090–0.120 250–333 5.00–5.60 5.36–6.00 2.00–2.40 12.5–15.0 
       
Stepped profiles       
       
Profile 4       
Carlson (2006) 0.018–0.024 1250–1670     
Chakraborty and 
Ganguly (1991) 0.120–0.140 214–250     
Vielzeuf et al. 
(2007) 0.180–0.200 150–167     
Chu and Ague 
(2015) 0.120–0.150 200–250     
Profile 8       
Carlson (2006) 0.0065–0.0085 3530–4620     
Chakraborty and 
Ganguly (1991) 0.024–0.040 750–1200     

Vielzeuf et al. 
(2007) 0.060–0.080 375–500     

Chu and Ague 
(2015) 0.025–0.030 1000–1200     
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using the diffusion coefficient by Carlson (2006) 
yielded the shortest durations.  Models performed 
using coefficients by Chakraborty and Ganguly 
(1991), Vielzeuf et al. (2007) and Chu and Ague 
(2015) are generally in agreement with each oth-
er, except at 680 °C, and models using coefficient 
by Vielzeuf (2007) yielded the longest duration 
(Table 1).

Diffusion models using P–T conditions of 22 kbar 
and 680 °C resulted in the shortest durations, 
ranging from 0.0049–0.730 Ma, with correspond-
ing exhumation rates of 41.0–6122 mm/yr.  The 
slower exhumation rates (< 85 mm/yr) were 
obtained on Profiles 3, 4, 6 and 7, using the diffu-
sion coefficient by Vielzeuf et al. (2007).  Models 
on all other profiles and coefficients yielded ex-
humation rates greater than 85 mm/yr.  Diffusion 
models performed at 22 kbar and 600 °C yielded 
the longest durations of all three parameter sets, 
with durations ranging from 0.092–10.0 Ma, and 
corresponding slowest exhumation rates ranging 
from 3–326 mm/yr.  Lastly, duration estimations 
range from 0.016–4.10 Ma, with corresponding 
exhumation rates of 7–1880 mm/yr for models 
run at 10.5 kbar and 600 °C.

5.	 DISCUSSION AND CONCLUSIONS

It has previously been suggested that the eclog-
ite domains on Holsnøy Island were enhanced 
by the availability of fluids during formation at 
depths of 70 km in the Earth’s crust during the 
continental collision of Baltica and Laurentia, 
during the Caledonian Orogeny (Austrheim and 
Griffin, 1985; Austrheim, 2013, Jamtveit et al., 
1990).  The domains were exhumed to amphib-
olite-facies conditions (Glodny et al., 2007), and 
then to the Earth’s surface.  Jolivet et al. (2005) 
suggested the décollement of the subduction slab, 

when buoyancy forces (due to the lower density 
of granulite slab) overcame that of the descend-
ing lithosphere, as the most likely mechanism to 
account for the seemingly fast exhumation rates, 
although no quantitative data were reported in 
the study. While this model is plausible, there is 
increasing evidence in the Bergen Arcs that the 
rocks on Holsnøy Island might not have been 
formed in a typical subduction setting, as previ-
ously suggested.  For example, field relationships 
suggest that amphibolite metamorphism occurred 
after the peak eclogite conditions, as relict eclog-
ite blocks are enclosed by sheared amphibolite 
domains in places (Figure 3).  However, Centrella 
et al. (2018) suggested that in some localities, the 
formation of the amphibolite and eclogite-facies 
domains occur at the same structural level (based 
on their continuous foliations into the shear zones 
and mass transfer calculations), in the evolution 
of the system as the fluid front migrates from 
amphibolite-facies shear zones, to eclogite and 
granulite domains.  The authors also concluded 
that the traditional scenario, whereby eclogites 
form at great depths, followed by the formation 
of amphibolites during uplift, cannot be explained 
by these spatial relationships.  Geochronology 
undertaken in previous studies indicates that the 
age for the eclogite metamorphism is often within 
uncertainty of the amphibolite metamorphsim.  
Jamtveit et al. (2018) reported 206Pb/238U ages of 
423.6 ± 1.0 Ma on zircons in an amphibolite-fa-
cies pegmatite, while mineral Sm–Nd analyses by 
Glodny et al. (2003) yielded amphibolite-facies 
ages of 422 ± 10 Ma, which are in agreement 
with reported zircon 206Pb/238U ages of 423 ± 4 
Ma by Bingen et al. (2004) and Rb-Sr ages of 425 
± 4 Ma by Glodny et al. (2003) for eclogite-fa-
cies metamorphism.  The quasi-isothermal burial 
and exhumation indicated by the P–T framework 
in Chapter 2 and updated herein (Figure 6), is 
further evidence that these rocks were not formed 
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Figure 5. Calculated P–T pseudosection for stage 5 of deformation, amphibolite-facies sample, HOL17–4A. The interpreted
peak metamorphic field is indicated in bold. The red star indicates the peak metamorphic conditions constrained by the modal 
abundances of garnet, quartz and hornblende (grey shaded regions). The mineral abbreviations used after Holland and Powell 
(1998).

in typical subduction related settings.  Jamtveit 
et al. (2018) stated that, based on a reasonable 
thermal gradient for subductions (e.g. ~ 5 °C/km), 
subduction of 5 kbar should result in a tempera-
ture increase of over 90 °C.  Hence, isothermal 
subduction is not a likely burial mechanism for 
the eclogite domains.  Lastly, it is intriguing that 
the only HP domains that exist in the Bergen Arcs 
are the eclogite-facies assemblages, which are 
localised in only a minor fraction of the Lindås 
Nappe, especially within shear zones.  The high-

est metamorphic grade experienced by domains 
in the Major and Minor Bergen Arcs, Blåmanen 
Nappe, and the majority of the Lindås Nappe, 
occur in the amphibolite-facies (Figure 2b).  This 
study adds to recent lines of evidence that poten-
tially extreme rates of exhumation may exist for 
the ascension of eclogite-facies domains to the 
amphibolite-facies in the Bergen Arcs.  

 The P–T parameters chosen for the diffusion 
models on eclogite sample, HOL14–7C, were 



Chapter 5 Extreme exhumation rates: evidence of tectonic overpressure  

-152-

Figure 6. Updated P–T path for the Holsnøy system, from 
Chapter 2.  P–T conditions for stage 5 of deformation, calcu-
lated herein and complete the evolution of the system.

22 kbar and 680 °C.  These are the calculated 
peak P–T conditions experienced by the eclogite 
domains on Holsnøy Island (Chapter 2).  The 
highest pressure recorded by the eclogite samples 
(i.e. 22 kbar) was used for modelling this would 
result in slower diffusion durations.  A tempera-
ture of 680 °C also results in slower durations as 
it is on the lower end of temperature estimates for 
the eclogites compared to previous studies (650 
– 800 °C; Austrheim and Griffins, 1985; Boundy 
et al., 1996; Jamtveit et al., 1990; Raimbourg, 
2007). This set of parameters, therefore, arguably 
yield the slowest possible exhumation rates for 
the ascension of the eclogite domains, to the am-
phibolite-facies on Holsnøy Island. In a tectonic 
scenario where pressure is correlated to depth, a 
pressure change of – 8.8 kbar corresponds to a 
minimum ascension of 30 km within the Earth’s 
crust.  Most minimum exhumation rates calculat-
ed using these three parameters result in values 
above that of typical exhumation values when 

compared to other terranes (Figure 1), and range 
between 125–6122 mm/yr.  While profiles 3, 4, 6 
and 7 yielded comparatively slower exhumation 
rates based on the diffusion coefficient of Vielzeuf 
et al. (2007), their values vary from 41.0–69.8 
mm/year, which are on the faster end of typical 
exhumation rates for HP/UHP terranes.

To test the extent of temperature dependency of 
the models and its corresponding effect on these 
extreme exhumation rates, the comparatively low-
er temperature recorded by the amphibolite-facies 
domains (600 °C after Jamveit et al. (2018)) was 
adopted. The models performed at P–T conditions 
of 22 kbar and 600 °C yielded durations approx-
imately 27 times longer than those performed at 
22 kbar and 680 °C (Table 1).  This resulted in 
rates consistent with those previously reported for 
other HP/UHP terranes (Figure 1), for most pro-
files, with values ranging from 3.0 to 36.6 mm/yr.  
However, Profiles 1, 2, 5, 6, 7 and 8 resulted in 
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comparatively faster, exhumation rates, ranging 
from 65–326 mm/yr, using the Carlson (2006) co-
efficient.  While most of these values agree with 
previously recorded exhumation rates for other 
HP/UHP terranes, the parameters at which these 
models were performed are not recorded by the 
rocks on Holsnøy Island.  Indeed, at a tempera-
ture of 600 °C, the Hoslnøy system is reported to 
be within the amphibolite-facies, and hence sig-
nificantly lower pressures than 22 kbar.  Previous 
authors estimated pressures ranging from 8–14 
kbar and temperatures of 525 to 675 °C for the 
amphibolite-facies metamorphism (Austrheim, 
1978; Austrheim and Griffins, 1985; Khün, 2002; 
Glodny, 2007).  To complement the lower tem-
perature of 600 °C used, models were also per-
formed at 10.5 kbar (after Jamtveit et al. 2019) to 
reflect more realistic conditions, recorded by the 
rocks within the system.  Models run at 10.5 kbar 
and 600 °C resulted in variable exhumation rates.  
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All values based on the diffusion coefficient by 
Carlson (2006) are reflective of significantly 
faster exhumation rates (93.8–1880 mm/yr).  
Those based on coefficients by Chakraborty and 
Ganguly (1991), Vielzeuf et al. (2007) and Chu 
and Ague (2015) yielded variable values.  Pro-
files 3, 4, 6, 7 and 8 record comparatively slower 
exhumation rates, ranging from 7.32–16.7 mm/yr, 
which are well within the typical values expected 
for HP/UHP terranes.  Profiles 1, 2 and 5, howev-
er, record faster rates ranging between 33.3–60.0 
mm/yr, which are on the faster end of exhumation 
rates recorded by HP/UHP (Figure 1).  While 
there is a significant difference between the rates 
obtained at 22 kbar and 680 °C and 10.5 kbar 
and 600 °C, those calculated using the eclog-
ite-facies conditions (i.e. 22 kbar, 680 °C) are 
arguably more representative of the ascension of 
the altered domains on Holsnøy Island.  This is 
because the amphibolite P–T conditions represent 
what the system retrogressed to after ascension 
from the eclogite-facies and therefore, postdates 
the exhumation history that this study focuses on. 
Moreover according to Chakraborty and Ganguly 
(1991) and Baxter et al. (2017), most elemen-
tal diffusion in garnet occurs at or close to peak 
temperature of a system, which provides an ideal 
avenue to estimate diffusion rates of complex P–T 
histories.  It should be noted that based on Chap-
ter 2, the maximum temperature reached by the 
Holsnøy system is 700 °C, which was not taken 
into consideration when performing the diffusion 
models in this study.  

While the diffusion models presented in this study 
provide an indication for the minimum exhuma-
tion rates for the eclogites on Holsnøy Island, 
there are limitations to be considered with the ap-
proach taken.  Firstly, the acquisition of the zona-
tion profiles is assumed to be perpendicular to the 
compositional zonation of garnet grains.  It is dif-

ficult to distinguish between different inclinations 
of zonation in thin section, which leads to the 
smearing out of signals during data acquisition 
on the EPMA.  This, therefore, results in variable 
diffusion durations between profiles, as observed 
in Table 1.  To increase the confidence in the data 
presented, more profiles are required, possibly 
acquired on different eclogite-facies samples.  
Secondly, the initial compositional profiles for 
modelling are not easily constrained.  This study 
uses the sharp compositional changes in Y in 
garnet grains as an indication for the initial profile 
for the major elemental compositions (Chapter 
4).  However, it is not possible to confidently 
constrain the initial profile of each garnet grain.  
A ramped profile is therefore, assumed for all pro-
files, as this should theoretically yield maximum 
durations, hence minimum exhumation rates.  
Two profiles (4 and 8) were run with an initial 
stepped compositional profiles (see Figure S4.1) 
to test this assumption.  In both cases, the result-
ing exhumation rates were considerably faster 
than those modelled with initial ramped profiles 
(Table 1).  Lastly, it is difficult to differentiate 
between the diffusion in response to the eclogite 
to amphibolite-facies ascension, and that beyond 
the amphibolite-facies retrogression conditions 
(i.e. to closure temperature of garnet).  In the cal-
culations undertaken for the exhumation rates, it 
was assumed that the diffusion durations obtained 
were only due to the eclogite to amphibolite-fa-
cies retrogression.  However, the eclogite-facies 
domains should also record elemental diffusion 
until the closure temperature of garnet, as diffu-
sion would still occur at a slower rates, as demon-
strated by models performed at 600 °C. There-
fore, it can be argued that the exhumation rates 
are potentially faster than those estimates in Table 
1, due to the lack of differentiation between the 
two exhumation stages.  A potential avenue to test 
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the contribution of the second stage ascension to 
those calculated in this study is by modelling the 
diffusion duration on amphibolite-facies garnet 
grains.  However, the diffusion relaxation beyond 
the amphibolite-facies might not be significant as 
volume diffusion in garnet grains decreases with 
temperatures below ~ 600 °C, as the rocks cool to 
the closure temperature of garnet (Charkraborty 
and Ganguly, 1991; Baxter et al., 2017). 

If the 22 kbar and 680 °C parameters are in-
deed, more representative of the exhumation of 
the eclogite domains to the amphibolite-facies, 
these estimates are in agreement with a previous 
study by Raimbourg et al. (2007), who suggested 
considerably faster diffusion durations between 
two generations of garnet growths (140 – 2900 
yrs) for the peak eclogite.  These durations result 
in an extremely fast and unrealistic minimum ex-
humation rate of 10344 mm/yr, for an ascension 
of 30 km.  Such extreme rates are tectonically 
not feasible and cannot be explained by known 
mechanisms for the exhumation of deeply buried 
terranes (e.g. erosion and tectonic uplift).  This 
highlights the potential need for alternative mech-
anisms/models that can lead to these rapid exhu-
mation rates, or/and begs the question of whether 
the pressure change recorded by the Holsnøy 
eclogites correlates to exhumation.  One signifi-
cant assumption in most exhumation models and 
calculations is that pressure is correlated to depth 
in the Earth’s crust.  HP terranes are hypothesised 
to form at depths of > 55 km due to the amount of 
pressure required to stabilise their assemblages.  

It is proposed here that the formation of the 
eclogites on Holsnøy Island occurred at shallower 
depths than what has previously been proposed 
and the mineralogy observed is a result of tecton-
ic overpressure, instead of lithospheric pressure.  
Schmalholz and Podladchikov (2013) modelled 

the response of pressure in the lower and upper 
crust when subjected to shear deformation due to 
viscous heating during crustal shortening.  These 
models demonstrated that within a weakened 
crustal shear zone, pressure can be significant-
ly larger than lithostatic pressure; i.e. tectonic 
overpressure can be significantly greater than the 
deviatoric stress in the same location.  Moreover, 
tectonic models by Li et al. (2010) and Gerya 
(2015) concluded that, at depth of ~ 42km in 
rheologically stronger and dry crust, overpressure 
(in weaker zones) can be up to 22 kbar when sub-
jected to deviatoric stresses of ~ 15 kbar.  These 
pressures are consistent with the pressure history 
experienced by the Holsnøy system, summarised 
in Figure 6.   Jamtveit et al. (2018) demonstrat-
ed that, in the case of the Bergen Arcs, pressure 
perturbations exceeding 5 kbar can be produced if 
the strong granulite were to be subjected to high 
differential stress.  These models can potentially 
explain why: (1) there is no evidence of HP/UHP 
domains in the Bergen Arcs besides the sheared 
eclogites on Holsnøy Island; (2) the effectively 
synchronous formation of eclogite and amphibo-
lite-facies domains based on geochronology and 
mass transfer calculations, and (3) the seemingly 
extreme exhumation rates of the eclogite do-
mains.  Therefore, it is likely that the eclogites on 
Holsnøy Island were never buried to depths > 70 
km.  If considered all together, the Bergen Arcs 
potentially only reached depths equivalent to that 
of amphibolite-facies pressures (~ 12.2 kbar), as 
indicated by most of the domains present in the 
Lindås Nappe.  This interpretation is consistent 
with more recent studies by Reuber et al. (2016), 
Marques and Mandal (2018), and Jaquet and 
Schmalholz (2018) who modelled the forma-
tion of HP/UHP terranes at much lower crustal 
depths based on varying factors such as rheology 
and deformation during subduction.  This points 
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towards the Holnøy eclogites being a potential 
example of mineralogical responses and records 
of overpressure at on a significant scale.  The P–T 
path calculated in Chapter 2 suggests records of 
an isothermal pressure increase and decrease, 
consistent with an extreme pressure variation, 
which is to be expected with an overpressure 
development and release.  Therefore, the P–T 
records on Holsnøy Island likely reflects a change 
is stress regime instead of ascension in the crust, 
as suggested previously by Yamato and Braun 
(2016). 

REFERENCES

Agard, P., Yamato, P., Jolivet, L. & Burov, 
E., 2009. Exhumation of oceanic 
blueschists and eclogites in subduc-
tion zones: timing and mechanisms. 
Earth-Science Reviews, 92, 53-79.

Anczkiewicz, R., Platt, J. P., Thirlwall, M. 
F. & Wakabayashi, J., 2004. Fran-
ciscan subduction off to a slow start: 
evidence from high-precision Lu–Hf 
garnet ages on high grade-blocks. 
Earth and Planetary Science Letters, 
225, 147-161.

Andersen, T., Austrheim, H. & Burke, E. A. 
J., 1991. Fluid-induced retrogression 
of granulites in the Bergen Arcs, Cale-
donides of W. Norway: Fluid inclu-
sion evidence from amphibolite-facies 
shear zones. Lithos, 27, 29-42.

Austrheim, H., 1987. Eclogitization of lower 
crustal granulites by fluid migration 
through shear zones. Earth and Plan-

etary Science Letters, 81, 221-232.

Austrheim, H., 2013. Fluid and deforma-
tion induced metamorphic process-
es around Moho beneath continent 
collision zones: Examples from the 
exposed root zone of the Caledonian 
mountain belt, W-Norway. Tectono-
physics, 609, 620-635.

Austrheim, H., Erambert, M. & Engvik, A. 
K., 1997. Processing of crust in the 
root of the Caledonian continental 
collision zone: the role of eclogitiza-
tion. Tectonophysics, 273, 129-153.

Austrheim, H. & Griffin, W. L., 1985. Shear 
deformation and eclogite formation 
within granulite-facies anorthosites 
of the Bergen Arcs, western Norway. 
Chemical Geology, 50, 267-281.

Bhowany, K., Hand, M., Clark, C., Kelsey, 
D., Reddy, S., Pearce, M., Tucker, N. 
& Morrissey, L., 2018. Phase equi-
libria modelling constraints on P–T 
conditions during fluid catalysed 
conversion of granulite to eclogite in 
the Bergen Arcs, Norway. Journal of 
Metamorphic Geology, 36, 315-342.

Bingen, B., Austrheim, H., Whitehouse, M. J. 
& Davis, W. J., 2004. Trace element 
signature and U–Pb geochronology of 
eclogite-facies zircon, Bergen Arcs, 
Caledonides of W Norway. Contri-
butions to mineralogy and petrology, 
147, 671-683.

Boundy, T. M., Essene, E. J., Hall, C. M., 



Chapter 5 Extreme exhumation rates: evidence of tectonic overpressure  

-157-

Austrheim, H. & Halliday, A. N., 
1996. Rapid exhumation of low-
er crust during continent-continent 
collision and late extension: Evidence 
from 40Ar/39Ar incremental heat-
ing of hornblendes and muscovites, 
Caledonian orogen, western Norway. 
Geological Society of America Bulle-
tin, 108, 1425-1437.

Boundy, T. M., Mezger, K. & Essene, E. J., 
1997. Temporal and tectonic evolu-
tion of the granulite-eclogite associ-
ation from the Bergen Arcs, western 
Norway. Lithos, 39, 159-178.

Caddick, M. J., Konopásek, J. & Thompson, 
A. B., 2010. Preservation of Garnet 
Growth Zoning and the Duration of 
Prograde Metamorphism. Journal of 
Petrology, 51, 2327-2347.

Caddick, M. J. & Thompson, A. B., 2008. 
Quantifying the tectono-metamorphic 
evolution of pelitic rocks from a wide 
range of tectonic settings: mineral 
compositions in equilibrium. Contri-
butions to Mineralogy and Petrology, 
156, 177-195.

Carlson, W. D., 2006. Rates of Fe, Mg, Mn, 
and Ca diffusion in garnet. American 
Mineralogist, 91, 1-11.

Chakraborty, S. & Ganguly, J., 1991. Compo-
sitional zoning and cation diffusion in 
garnets. In: Diffusion, Atomic Order-
ing, and Mass Transport, pp. 120-
175, Springer.

Chu, X. & Ague, J. J., 2015. Analysis of 
experimental data on divalent cation 
diffusion kinetics in aluminosilicate 
garnets with application to timescales 
of peak Barrovian metamorphism, 
Scotland. Contributions to Mineralo-
gy and Petrology, 170, 25.

Chu, X., Ague, J. J., Podladchikov, Y. Y. & 
Tian, M., 2017. Ultrafast eclogite 
formation via melting-induced over-
pressure. Earth and Planetary Science 
Letters, 479, 1-17.

Coggon, R. & Holland, T. J. B., 2002. Mixing 
properties of phengitic micas and re-
vised garnet‐phengite thermobarome-
ters. Journal of metamorphic geology, 
20, 683-696.

Diener, J. F. A. & Powell, R., 2012. Revised 
activity–composition models for clin-
opyroxene and amphibole. Journal of 
metamorphic geology, 30, 131-142.

Diener, J. F. A., Powell, R., White, R. W. 
& Holland, T. J. B., 2007. A new 
thermodynamic model for clino‐and 
orthoamphiboles in the system Na2O–
CaO–FeO–MgO–Al2O3–SiO2–
H2O–O. Journal of metamorphic 
geology, 25, 631-656.

Ernst, W., Maruyama, S. & Wallis, S., 1997. 
Buoyancy-driven, rapid exhumation 
of ultrahigh-pressure metamorphosed 
continental crust. Proceedings of the 
National Academy of Sciences, 94, 
9532-9537.



Chapter 5 Extreme exhumation rates: evidence of tectonic overpressure  

-158-

Ganguly, J., Cheng, W. & Chakraborty, S., 
1998. Cation diffusion in aluminosil-
icate garnets: experimental determi-
nation in pyrope-almandine diffusion 
couples. Contributions to Mineralogy 
and Petrology, 131, 171-180.

Gerya, T., 2015. Tectonic overpressure and 
underpressure in lithospheric tectonics 
and metamorphism. Journal of Meta-
morphic Geology, 33, 785-800.

Glodny, J., Austrheim, H., Molina, J. F., 
Rusin, A. I. & Seward, D., 2003. Rb/
Sr record of fluid-rock interaction in 
eclogites: The Marun-Keu complex, 
Polar Urals, Russia. Geochimica et 
Cosmochimica Acta, 67, 4353-4371.

Glodny, J., Kühn, A. & Austrheim, H., 2008. 
Geochronology of fluid-induced 
eclogite and amphibolite facies 
metamorphic reactions in a subduc-
tion–collision system, Bergen Arcs, 
Norway. Contributions to mineralogy 
and petrology, 156, 27-48.

Glodny, J., Lohrmann, J., Echtler, H., Gräfe, 
K., Seifert, W., Collao, S. & Figueroa, 
O., 2005. Internal dynamics of a 
paleoaccretionary wedge: insights 
from combined isotope tectonochro-
nology and sandbox modelling of the 
South-Central Chilean forearc. Earth 
and Planetary Science Letters, 231, 
23-39.

Holland, T. J. B. & Powell, R., 1998. An 
internally consistent thermodynamic 

data set for phases of petrological in-
terest. Journal of metamorphic Geolo-
gy, 16, 309-343.

Holland, T. J. B. & Powell, R., 2003. Activ-
ity–composition relations for phases 
in petrological calculations: an asym-
metric multicomponent formulation. 
Contributions to mineralogy and 
petrology, 145, 492-501.

Jamtveit, B., Bucher-Nurminen, K. & Aus-
trheim, H., 1990. Fluid controlled 
eclogitization of granulites in deep 
crustal shear zones, Bergen arcs, 
Western Norway. Contributions to 
mineralogy and petrology, 104, 184-
193.

Jamtveit, B., Moulas, E., Andersen, T. B., 
Austrheim, H., Corfu, F., Petley-Ra-
gan, A. & Schmalholz, S. M., 2018. 
High Pressure Metamorphism Caused 
by Fluid Induced Weakening of Deep 
Continental Crust. Scientific reports, 
8, 17011.

Jolivet, L., Raimbourg, H., Labrousse, L., 
Avigad, D., Leroy, Y., Austrheim, H. 
& Andersen, T. B., 2005. Softening 
trigerred by eclogitization, the first 
step toward exhumation during conti-
nental subduction. Earth and Plane-
tary Science Letters, 237, 532-547.

Kolderup, C. F., 1934. The geology of the 
Bergen Arcs. Proceedings of the Ge-
ologists’ Association, 45, 373-IN17.

Krogh, E. J., 1977. Evidence of Precambrian 



Chapter 5 Extreme exhumation rates: evidence of tectonic overpressure  

-159-

continent-continent collision in West-
ern Norway. Nature, 267, 17-19.

Kühn, A., 2002. The influence of fluid on the 
granulite to eclogite and amphibolite 
facies transition: a study in the anor-
thositic rocks from the Lindås Nappe, 
Bergen Arcs, West Norway. Unpub. 
PhD Thesis, University of Oslo.

Lasaga, A. C., 1979. Multicomponent ex-
change and diffusion in silicates. 
Geochimica et Cosmochimica Acta, 
43, 455-469.

Li, Z. H., Gerya, T. V. & Burg, J.-P., 2010. 
Influence of tectonic overpressure 
on P–T paths of HP–UHP rocks in 
continental collision zones: thermo-
mechanical modelling. Journal of 
Metamorphic Geology, 28, 227-247.

Mattey, D., Jackson, D. H., Harris, N. B. W. 
& Kelley, S., 1994. Isotopic con-
straints on fluid infiltration from an 
eclogite facies shear zone, Holsenøy, 
Norway. Journal of metamorphic 
geology, 12, 311-325.

Moulas, E., Podladchikov, Y. Y., Aranovich, 
L. Y. & Kostopoulos, D., 2013. The 
problem of depth in geology: When 
pressure does not translate into depth. 
Petrology, 21, 527-538.

Raimbourg, H., Goffé, B. & Jolivet, L., 2007. 
Garnet reequilibration and growth in 
the eclogite facies and geodynamical 
evolution near peak metamorphic 
conditions. Contributions to Mineral-

ogy and Petrology, 153, 1-28.

Rubatto, D. & Hermann, J. r., 2001. Exhuma-
tion as fast as subduction? Geology, 
29, 3-6.

Schmalholz, S. M. & Podladchikov, Y. Y., 
2013. Tectonic overpressure in weak 
crustal‐scale shear zones and impli-
cations for the exhumation of high‐
pressure rocks. Geophysical Research 
Letters, 40, 1984-1988.

Vielzeuf, D., Baronnet, A., Perchuk, A., 
Laporte, D. & Baker, M., 2007. Cal-
cium diffusivity in alumino-silicate 
garnets: an experimental and ATEM 
study. Contributions to Mineralogy 
and Petrology, 154, 153-170.

White, R. W., Powell, R. & Holland, T. J. B., 
2007. Progress relating to calcula-
tion of partial melting equilibria for 
metapelites. Journal of metamorphic 
geology, 25, 511-527.

White, R. W., Powell, R., Holland, T. J. B. 
& Worley, B. A., 2000. The effect of 
TiO2 and Fe2O3 on metapelitic assem-
blages at greenschist and amphibolite 
facies conditions: mineral equilibria 
calculations in the system K2O-FeO-
MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3. 
Journal of metamorphic geology, 18, 
497-512.

Yamato, P. & Brun, J. P., 2016. Metamorphic 
record of catastrophic pressure drops 
in subduction zones. Nature Geosci-
ence, 10, 46.





CHAPTER 6 

Final comments and Conclusions



Chapter 6 Conclusions

-162-

The eclogite domains on Holsnøy Island have 
been the subject of many significant studies in 
different fields of geology, such as seismicity 
in the lower crust (Austrheim & Boundy, 1994; 
Putnis et al., 2017; Jamtveit et al., 2018a; Petley‐
Ragan et al., 2018), fluid-rock interaction in the 
lower crust, the role of fluid-infiltration and de-
formation (Austrheim & Griffin, 1985; Erambert 
& Austrheim, 1993; Jolivet et al., 2005; Austrhe-
im, 2013) and processes in HP terranes (Aus-
trheim, 1987; Jamtveit et al., 1990; Austrheim, 
2013; Jamtveit et al., 2018b) .  This thesis uses 
a combination of both conventional and innova-
tive methods to understand the evolution of the 
fluid-rock interaction that occurred on Holsnøy 
Island.  The chapters presented include multiple 
new datasets for the area, as well as adding to the 
existing datasets in the literature.

Firstly, a detailed structural relationship analysis 
was carried out to understand the evolution of the 
fluid-rock system with increasing fluid availabil-
ity.  Combining Chapters 2 and 5, five significant 
stages of deformation were identified, based on 
cross cutting relationships.  Phase equilibria mod-
elling performed on samples four of the stages 
depicts the first robust P–T path for the enigmatic 
rocks on Holsnøy Island (Figure 6; Chapter 5).  
A near isothermal pressure change is recorded 
by the different domains, with initial infiltration 
along fractures and pseudotachylytes at P–T 
conditions 15.2–15.7 kbar and 675–680 °C, peak 
eclogite conditions at 21–22 kbar and 670–690 
°C, and retrogression through 16–17 kbar and 
680 –700 kbar to amphibolite-facies conditions 
11.8–12.8 kbar and 720–732 °C.

Secondly, the chemical characterisation of the 
fluid signatures was performed by a systematic 
sampling approach, whereby any altered domain 

collected has a corresponding granulite protolith, 
which acts as the baseline for pre-infiltration sig-
natures (Chapter 3 and 4).  Collection of samples 
was done within the P–T framework from Chap-
ter 2, to keep the constraints within a tectonic 
context.  Whole-rock δ18O isotopic values for the 
stage 3 peak eclogite show no shifts from gran-
ulite protolith ( + 6.5 ‰) to altered domains ( + 
6.5 ‰).  However, in-situ δ18O in garnet grains in 
eclogite samples show a slight negative shift from 
core to rim (5.65–6.03 ‰ for the core values and 
5.08–5.63 ‰ for rim values).   Stage 4 of defor-
mation shows a positive shift in whole rock δ18O 
from granulite protoliths to R-eclogite samples, 
with average values of + 7.2‰ for the R-eclog-
ites. The δD values show a general positive shift 
from granulite protoliths to altered domains, with 
an average values of – 68.0 ‰ for the granulites, 
– 52.1 ‰ for the eclogites and – 35.9 ‰ for the 
R-eclogite samples.  Calculated δ18O and δD 
values for the fluids, based on measured values 
on mineral separates (omphacite, garnet and 
phengite) are consistent with that of metamorphic 
fluids, suggesting the dehydration of hydrous 
units as a possible source of fluid. Trace element 
chemistry (i.e. comparatively higher Cu and MnO 
and lower Ni and Co contents) suggest a sedi-
ment-derived fluid.  Comparatively higher Cr and 
Y contents, as well as whole-rock REE patterns 
and εNd(t) signatures at stage 4 of deformation, 
suggest MORB-like signatures (i.e. mafic sedi-
ment input).  Combined, the findings of Chapters 
3 and 4 suggest the dehydration of a sedimenta-
ry-unit with mafic components as a likely source 
of the fluids.  These two chapters include the first 
δD constraints for the eclogites on Holsnøy Island 
and REE garnet maps for the domains on Hol-
snøy Island.  Moreover, combining the datasets 
from both chapters provide the first detailed and 
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robust isotopic constraints on this system, allow-
ing for the characterisation of the fluids that infil-
trated the granulite domains on Holsnøy Island, 
within a specific P–T framework.

Thirdly, the estimation of exhumation rates for 
Hoslnøy system from eclogite-facies to amphib-
olite-facies were calculated using a combination 
of phase equilibria modelling, to constrain the 
pressure drop and forward diffusion modelling in 
zoned garnet, to constrain exhumation durations.  
Tectonically infeasible minimum rates of exhu-
mation, ranging from 41 to 6122 mm/yr were 
calculated based on different diffusion coefficients 
by Chakraborty and Ganguly (1991), Carlson 
(2006), Vielzeuf et al. (2007) and Chu and Ague 
(2015) .  These extreme rates can, however, be 
explained by the overpressure hypothesis in a 
sheared crust as illustrated by models published 
by  Li et al. (2010) and Gerya (2015); i.e. the 
hypothesis that a comparatively weaker crust can 
experience significantly larger deviatoric stress in 
the same location.  This likely makes the Holsnøy 
eclogite the first documented petrological expres-
sion of tectonic overpressure.

Lastly, this thesis highlights the need to reassess 
the general scientific consensus that pressure 
equates to depth in the Earth’s crust.  The tectonic 
infeasibility of the extreme exhumation rates re-
corded by the domains on Holsnøy Island attests 
for the potential misuse of pressure as a proxy for 
depth in the Earth’s crust, therefore, the misin-
terpretation of P–T paths for certain areas.  Such 
misinterpretations can have significant impacts 
on the reconstruction of tectonic models for these 
areas.  As a whole, this study provides a sound 
basis for future work done on HP/UHP terranes, 
and encourages future researchers to reconsider 
their interpretation of pressure and P–T paths, 
when constructing tectonic models.  

An interesting avenue to pursue for future studies 
is to consider other forces acting on rocks, other 
than lithostatic pressure, as the major driving 
force for metamorphic processes.  Locations anal-
ogous to the Hoslnøy system (i.e. highly sheared 
domains with mineral assemblages recording 
higher P–T conditions than the wall rock), such 
as the HP of the Alpine Orogen (Schmalholz & 
Podladchikov, 2013; Gerya, 2015) or the Isdal 
Shear Zones (Putnis et al., 2017), where the 
conventional tectonic models do not fit field and 
measured observations should be targeted to 
further investigate the overpressure hypothesis 
as valid a mechanism for the emplacement of HP 
and UHP terranes.
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Table S1.1 Sample and map locations. 

Samples/maps Lithology description Location ( UTM 
32V)

HOL2A_2015 (stage 1) Recrystallised pseudotachylite  in the granulite 
facies rocks that get overprinted by mylonite

0283435 E
6724274 N

HOL4B_2014 (stage 2)
Partially hydrated sheared domain.  Rock type still 

contains plagioclase which suggests it wasn’t 
formed at eclogite facies.

0283368 E
6724132 N

HOL7C_2014 (stage 3)
Peak eclogite denoted by the complete 

disappearance of plagioclase in matrix. Rock 
sample sits right outside the margin of a granulite 

‘breccia’

0281226 E
6723701 N

HOL13A_2015 (stage 
4)

Phengite-rich domains within peak eclogite.  
Domain is about 1m around the margins of a 

granulite ‘breccia’.

0282213 E
6723307 N

Fig. 3a (stage 1) Pseudotachylite overprinted by partially hydrated 
shear zone (2x2 m)

0283335 E
6724250 N

Fig. 3b (stage 2)
Discrete shear zones and fractures with partially 
hydrated domains running along their margins 

(50x15m)

0283370 E
6724131 N

Fig. 3c (stage 3) Granulite ‘breccia’ sitting in highly sheared eclogite 
matrix (18 x 15m)

0281191 E
6723619 N

Table S1.2.  Bulk-rock compositions of wall-rocks and samples in wt%.

Major 
Oxides

Granulite 
wall-rock to 

HOL2A_2015
(wt %)

HOL2A_2015
(wt %)

Granulite 
wall-rock to 

HOL7C_2014
(wt %)

HOL7C_2014
(wt %)

Granulite wall-
rock to 

HOL13A_2015
(wt %)

HOL13A_2015
(wt %)

SiO2 50.40 50.81 51.22 46.51 49.03 48.33
TiO2 0.17 0.08 0.49 0.61 0.18 0.64

Al2O3 25.69 24.72 18.35 18.65 23.88 20.69
MnO 0.06 0.09 0.19 0.20 0.10 0.21
MgO 4.40 4.72 5.69 6.60 7.14 7.10
CaO 10.54 10.02 8.88 10.93 8.81 7.70

Na2O 4.05 4.06 3.55 3.34 3.19 3.02
K2O 0.45 0.57 0.72 0.79 0.65 2.49
P2O5 0.03 0.07 0.03 0.03 0.04 0.04
LOI 0.68 0.91 1.14 1.36 0.74 2.44
FeO 2.83 2.80 6.97 7.23 3.41 6.22

Fe2O3 -3.15 -3.11 -7.75 -8.04 3.24 2.63
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Appendix S1.1

Determination of mineral abundances by pixel counting using Photoshop

• Open photomicrograph in Photoshop
• Go to Window menu  Histogram
• On top-right corner of the Histogram window choose ‘Expanded view’ and ‘Show

Statistics’
• Select whole map and record the pixel number given at the bottom of histogram

window
• Using the ‘Magic Wand’ tool (tools panel), select desired grain (e.g. garnet)
• Right click the grain and select ‘Similar’.  This selects all grains with the same colour
• Adjust the ‘Tolerance’ on the top toolbar to adjust the selection of mineral grains (if

tolerance is too large, other mineral grains with similar colours can be selected)
• When all the grains with same colour has been selected, record the pixel number
• Repeat for other mineral(s)
• Calculate percentage abundances based on different pixel counts
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Figure S1.1.  Calculated T–MH2O for HOL2A_2015 (stage 1). P–T pseudosection was calcu-
lated using bulk-rock composition at 0.044 MH2O.
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Figure S1.2.  Calculated P–T pseudosection with peak field boundaries calculated at differ-
ent percentage of LOI (red dashed line) for sample HOL7C_2014.  The peak field boundaries 
were calculated with 50%, 60%, 70%, 80%, 90% and 100% of LOI.  Decreasing water con-
tent does not affect the position of the peak field boundaries in P–T space.
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Figure S1.3.  Calculated P–T pseudosection with peak field boundaries calculated at different 
percentage of LOI for sample HOL13A_2015.  The red-dashed line represent the H2O line 
which migrates up pressure and temperature as water content is decreased from 100% of LOI 
to 82% LOI, making the peak field smaller.  At 80% LOI, the peak field boundaries can no 
longer be calculated.
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Figure S1.4.  Calculated P–MO for HOL7C_2014 (at 680 °C) and HOL13A_2015 (at 700 °C).  For 
both samples, the calculated fields spans over a large area in P–T space, especially at higher pressure.  
Peak field for HOL7C_2014 lies in a range of ~ 0.15–0.42 and > 19.5 kbar while HOL13A_2015 ex-
tends in the range of ~0.02– 0.49 and >14.2 kbar.  Measured MO values, represented by the red dashed 
line, for both samples lie in the peak fields.
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a. b.

Figure S1.5.  Field photograph of kyanite blades in rock type representing stage 2 of defor-
mation.

Figure S1.6.  Photomicrograph of euhedral spinel inclusion in garnet in partially hydrated 
sample, HOL4B_2014.
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Figure S1.7.  TCInvestigator output contours for (a) x(garnet) and (b) na(K-feldspar) which 
were used to constrain P–T conditions for sample HOL2A_2015. (c) garnet abundance, (d) 
plagioclase abundance, (e) kyanite abundance, (f) K-feldspar abundance. (g) j(omphacite), 
and (h) z(garnet) showing modal proportions varying parallel to the peak field boundary.  Cold 
colours show low abundances and warmer colours represent higher abundances.
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Figure S1.8. TCInvestigator output contours for (a) z(garnet), (b) x(omphacite), (c) 
j(omphacite) and (d) kyanite abundance that were used to constrain the P–T conditions for 
sample HOL7C_2014.  Cold colours show low abundances and warmer colours represent 
higher abundances.
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Figure S1.9.  TCInvestigator output contours for (a) phengite abundance. (b) omphacite 
abundance, (c) quartz abundance, and (d) zoisite abundance that were used to constrain the 
P–T conditions for sample HOL13A_2015.  Cold colours show low abundances and warmer 
colours represent higher abundances.
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1

Sample preparation
The analysed garnet grains for sample HOL14-7C were cut from thin sections in small circular
chips. Each chip was mounted in a 25 mm epoxy disc, with a UWG-2 standard (Valley et al.,
1995; Vielzeuf et al., 2005a; Page et al., 2010) positioned adjacent to them. Both the sample 
and standards were located within 5 mm of the centre. Each mount was ground using a Struers
MD-1200.  They were then polished using a combination of 9 μm, 3 μm and 1 μm cloths on 
magnetic discs. At each stage of the polishing process, the mount was visually inspected 
using a high-resolution reflected light microscope to monitor scratches, uneven polish and 
rounding of the grain edges. Once polishing was complete, the mount was imaged using
reflected and transmitted light, and finally coated with 30 nm of high-purity gold.

Calculating δ18O values

Yield- and background-corrected 18O/16O raw ratios (Rraw) were drift-corrected using a linear
regression:

mxRR −= rawdrift ,
 (1) 

where m is the slope of the regression and x is the analysis number for the session, scaled to
ensure that the intercept (c) crosses the x-axis at x = 0. The raw and drift-corrected data are 
presented in Table 5. The drift-corrected ratios were expressed as raw delta values (V-
SMOW) using: 







 −= 1 

0.0020246
  1000O drift

drift
18 R
δ

.  (2) 

The instrumental mass fractionation (α) was then calculated as the σdrift
–2 (see below) 

weighted average of all estimates αi of the δ18Odrift values for the bracketing standards using:









+









+

=

1000
O

1

1000
O

1
α

std
18

drift
18

δ

δ

i

, (3)

where δ18Ostd is the δ18O value of the standard material relative to V-SMOW (5.80 ‰;
Valley et al., 1995; Vielzeuf et al., 2005a; Paget et al., 2010). The δ18O value of each
sample spot relative to V-SMOW was obtained by adjusting for instrumental mass
fractionation using:
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2
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 (4) 

The δ18Osample values were then corrected for cation composition following the method of
Page et al. (2010). Instrumental bias relative to UWG-2 was assessed in three separate
analytical sessions under similar operating conditions. A matrix-corrected δ18O value, based 
on the molar fraction of  grossular + uvarovite (Xgross + uvar), was then calculated using:

( )CBXAXδδ ++−= 2
sample

18
corr

18 OO ,  (5) 

where A = –8.61 ± 0.27, B = 12.98 ± 0.27 and C = –1.30 ± 0.07.

Error propagation
The propagated error associated with drift correction was determined using the following:

2
reg

2
drift

σσσ iR +=
,

 (6) 

where σi is the internal precision (standard error of the mean of the 20 cycles for a single 
analysis i) and σreg is the standard error of the estimate of the regression, given by:

cmcm σxρσσxσ σ2222
reg ++=

,  (7) 

where σm and σc are the standard errors associated with the estimation of m and c
respectively, and ρ is the correlation coefficient between analysis number and Rraw. The 
uncertainty of δ18Odrift is given by:

2

drift drift0.0020052
1000







 ⋅= Rσσ

.  (8) 

The uncertainty of individual αi estimates is given by:
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 (9) 

where σstd is the uncertainty of the reference value for the UWG-2 standard (0.01 ‰). The 
uncertainty associated with α (σα) is the weighted mean standard error of the individual
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estimates αi obtained from the drift-corrected UWG-2 standards. The propagated 
uncertainty for the δ18O value of each sample spot is given by:
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  10001
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δ
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σ α

. (10) 
Finally, the uncertainty associated with the cation composition correction scheme was
calculated using:

( ) ( ) [ ]CACBBACBA σσXσXσσXσXσσXσσ 2322222
samplecorrected 2 ++++++= σρ .

(11) 
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Figure S3.1.  LA-ICP-MS maps qualitative maps showing elemental distribution and concentration 
in a zoned garnet grain in eclogite sample, HOL14–7C.  Dotted line represents the core-rim boundary.  
Warmer colours represent higher concentrations.   Maps were processed in XMapTools, and concentra-
tions are presented in ppm.
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Figure S3.2.  LA-ICP-MS maps qualitative maps showing elemental distribution and concentration in 
a zoned garnet grain in R-eclogite sample, HOL15–13E.  Dotted line represent the core-rim boundary.  
Warmer colours represent higher concentrations.   Maps were processed in XMapTools, and concentra-
tions are presented in ppm.
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Appendix 3 Trace element and Sm-Nd constraints
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Trace Element Maps 
 

   

Mass Element  Integrated time/Mass 
(sec) 

7 Li 0.01 
23 Na 0.002 
24 Mg 0.002 
27 Al 0.002 
29 Si 0.002 
31 P 0.002 
43 Ca 0.005 
49 Ti 0.005 
51 V 0.005 
53 Cr 0.005 
55 Mn 0.002 
57 Fe 0.002 
88 Sr 0.01 
89 Y 0.008 
90 Zr 0.008 
139 La 0.008 
140 Ce 0.008 
141 Pr 0.008 
146 Nd 0.01 
147 Sm 0.015 
153 Eu 0.015 
157 Gd 0.015 
159 Tb 0.01 
163 Dy 0.01 
165 Ho 0.008 
166 Er 0.008 
169 Tm 0.008 
172 Yb 0.008 
175 Lu 0.008 
178 Hf 0.005 
232 Th 0.005 
238 U 0.005    

Sampling period (sec) 0.285 
Acquisiton time (sec) 70.395 

 

Table 3.2. Dwell time for each mass for LA-ICP-
MS trace elements maps.
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Figure S3.3. Calculated whole rock compositions based on mass balance calculations vs measured 
whole-rock compositions.
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Figure S3.4.  LA-ICP-MS maps qualitative maps showing elemental distribution and concentration in 
a zoned garnet grain in granulite sample, HOL15–15.  Dotted line represents the core-rim boundary.  
Warmer colours represent higher concentrations.   Maps were processed in XMapTools, and concentra-
tions are presented in ppm.







Appendix 4 

Supplementary material for Chapter 5: 
Extreme exhumation rates: evidence of tectonic overpressure
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Figure S4.2.  Initial profile for all 8 profiles modelled for durations of exhumation.
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Retrogressed granulite microstructures

EBSD maps and pole �gures of the retrogressed granulite and  shear zone. Phase 
maps are produced by indexed di�raction patterns. Crystallographic orientation 
maps are either given an all Euler colour scheme or an inverse pole �gure (IPF) Z 
scheme. Pole �gures of the principle crystallographic directions or planes are 
coloured with All Euler, and are contoured to highlight the development of a crys-
tal preferred orientation. 
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Geologic Setting and Methods
Samples were selected from within and adjacent to the shear zone along route 565 on the 
island of Radøy within the Bergen Arcs region of Western Norway. Two sampls were select-
ed; a retrogressed granulite which exhibits white plagioclase grains in the field and a piece 
of shear zone with a well developed foliation and lineation.

EBSD data was collected at Curtin University’s Microscopy and Microanalysis Facility using 
a Tescan Mira 3 �eld emission gun SEM with an accelerating voltage of 20 kV. Large area 
maps (LAMs) were collected from a deformed domain within the regressed granulite (type 
2) and from within the amphibolite shear zone (type 3). The shear zone sample was ana-
lysed such that the lineation (340°, 75°) was aligned with the x direction of the SEM acquisi-
tion surface. 

Introduction and aims of the study

An investigation of the feedbacks generated between lower crust–derived �uids and deformation microstructures formed within retrogressed granulites 
from the Bergen Arcs on the west coast of Norway was undertaken. The aim of the study is to assess the  P–T conditions and deformation microstructures 
that form during �uid in�ltration into nominally impermeable lower crustal rocks. The overarching aim of this study is to link the physical properties of the 
�uid a�ected rock systems to the broader scale geophysical response of the crust 100’s of Myrs after a �uid �ow event.  
 In order to achieve these aims the �rst part of the study involves sampling granulite facies rocks that have been subsequently modi�ed within a shear 
zone near Isdal, Norway. The granuilte protolith is made up of a Precambrian anorthosite – gabbro assemblage of plagioclase and coronas of garnet 
around clinopyroxene. Local alteration of the granulite to eclogite and amphibolite occurred during the Caledonian orogen and has been attributed to the 
in�ltration of �uids during the high strain event (Mukai et al., 2014 - JPet). These textural relationships o�er the opportunity to study the active mecha-
nisms during hydration of the lower crust and evaluate the relationships of solid-state di�usion, dissolution-reprecipitation and dynamic recrystallization.
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Conclusions and future work

(1) Within the retrogressed granulite sample a reduction in the grain size of the plagioclase can be 
seen in the shear fabric, this corresponds with the development of a crystal preferred orientation and 
the breakdown of the garnet and/or clinopyroxene to amphibole of pargasite composition.

(2) Within the  shear zone the amphibole and epidote have developed a strong CPO aligned with the 
foliation and lineation of the shear zone, while the CPO of the plagioclase is much weaker. The am-
phibole fabric is consistent with (100) [001] slip; in agreement with experimental and natural obser-
vations  of plasticity in amphibole. 

(3) Pseudosection modelling and Zr-in-rutile thermometry constrain the conditions of shearing to 
pressures of between 12-13 kbar and temperatures of 628 ± 28°C, i.e. eclogite facies conditions, 
consistent with trace element chemistry of garnet.

(4) The formation of the eclogite shear zones at Isdal and the Holsnøy examples occured at di�er-
ent crustal levels and further high-precision geochronology will yield information about the 
burial and exhumation rates during the Caledonian Orogeny.

Future work will focus on the timing of syn-deformational garnet growth via Lu–Hf garnet geochro-
nology and experminental determinations of conductivity of granulite and shear zone in order to 
better understand changes in conductivity and the implications for imaging deep fossil �uid rock in-
teractions in buried terranes.

P–T conditions of shear zone formation

Initiation of shear zone:  a thin (~75 µm) rim of pargasite amphibole can be 
seen between the garnet and plagioclase, while the rim of amphibole is 
thicker (600 µm) when between the clinopyroxene and plagioclase. Plagi-
oclase is coarse grained (mm’s in diameter) and is breaking down to form 
bundles of clinozoisite. The trace element pattern of garnet from this 
sample displays an unusual hump, interpreted to re�ect the growth of 
garnet during the breakdown of plagioclase. FoV is 50 x 25 mm.

Shear zone: within the sheared domain of the granulite the grain size 
has been signi�cantly reduced (max diameter = 74 µm) as has the 
growth twinning. The plagioclase from the sheared domain also dis-
plays a weak crystallographic preferred orientation (CPO) which does 
not appear to be inherited from the ‘parent’ grains. Within the strained 
domain there is also an increase in the reaction of garnet to pargasite, 
which also displays a strong CPO. New garnet is formed at the expense 
of plagioclase as is evident in the trace element patterns that are cha-
recteristic of eclogite facies garnet i.e. �at HREE and no Eu anomaly and 
is signi�cantly di�erent to the REE pattern ot the granulite. Rutile, kyan-
ite, zoisite and epidote are also present. Epidote contains a strong CPO. 
FoV is 50 x 25 mm.

Pseudosection: A P–T  pseudosection in the NCFMASHTO system was construct-
ed in THERMOCALC using the DS6 Holland & Powell dataset. A restricted �eld 
above kyanite-in and below omphacite-in constrains P to between 12-13 kbar 
and T to 600-650. Zr-in-rutile thermometry re�nes the T to 628 ± 28°C and P to 
between 12–13 kbar and T to 600-650. Zr-in-rutile thermometry re�nes the T to 
628 ± 28°C.
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Comparison with Holsnøy eclogite shear zones

Recently, Bhowany et al (JMG, 2018) applied phase equilibria modelling to constrain the P–T condi-
tions during the formation of eclogite facies shear zones on the nearby island of Holsnøy. They sug-
gested the shear zones represent �uid ingress at peak conditions of  21 kbar and 700 °C, some 8 kbar 
higher-P and ~50 °C hotter. Putnis et al (JPet, 2018) speculated that the timing of shearing at 
Isdal and the formation of eclogite shear zones may have been simultaneous and relfect local 
perturbations in the stress �eld at the grain scale. While this mechanism may lead to variations 
in the recorded pressures we do not believe this variation could lead to the observed di�erences 
in the temperatures predicted for the assemblages. Our �ndings are consistent with the hypoth-
esis that the eclogite facies and Isdal shear zones formed in response to �uid in�ltration at di�er-
ent depths in the crust and the pressure di�erences record di�erences in burial depth, not local 
grain-scale driven variations. To test the di�erences in timing will require further investigation 
via high-precision geochronology.
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