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CHAPTER 1
Introduction

This thesis deals with several issues that form the current limit of  our knowledge on deep pro-
cesses in the earth. Before introducing the individual topics that are treated in following chapters, 
various challenges and current questions in research on deeply subducted terranes are presented in 
section 1.1. Principles like metamorphic conditions, stress states in tectonics, and fluids in the deep 
earth are also introduced. This is followed by an overview the more conventional tools that can 
help us tackle these issues in section 1.2, emphasising the multitude of  ways in which minerals can 
be recorders of  these geological parameters. It is explained how garnet can be interrogated for this 
information, and in what ways these methods and techniques are currently falling short to obtain 
the full picture of  metamorphism during subduction. Section 1.3 explains elastic geothermoba-
rometry, a relatively new method that can overcome several challenges that limit other techniques, 
and thus will aid in taking the next step in our understanding of  the deep Earth. Finally, section 
1.4 presents scope of  this thesis, and an overview of  all chapters of  this thesis.



7

Chapter 1: Introduction

1.1 Tectonics, pressure, temperature, and fluids

Since the formation of  the Earth’s crust, the dynamic upper zone of  the Earth has been governed 
by plate tectonics, responsible for volcanism, earthquakes and other natural hazards, large-scale 
elemental cycles, and the formation of  economically viable mineral deposits (Garson & Mitchell, 
1977; Satake & Atwater, 2007; Spandler & Pirard, 2013; Jagoutz & Kelemen, 2015; Hawkesworth 
et al., 2017). As rocks are pushed, dragged, or buried deeper in the Earth, an increase in tempera-
ture and pressure causes the minerals in these rocks to respond accordingly, by mineral reactions. 
This process is called metamorphism. The reactions that take place in these rocks are directly con-
trolled by metamorphic pressure P and temperature T (Spear, 1993).

1.1.1 The use of  metamorphic conditions

Despite the unequivocal importance of  subduction zones in modern plate tectonics, our under-
standing of  processes at depth is limited due to the challenge of  in-situ studies. This problem 
is overcome by techniques like seismic tomography, using variations in the propagation of  seis-
mic waves to study structures and composition of  the deeper earth (Zhao, 2001; Deschamps & 
Trampert, 2003), or through the study of  high-pressure metamorphic rocks exhumed at suture 
zones (Penniston-Dorland et al., 2015). The latter allows us to study the microscale fingerprints of  
mechanisms that cause, or are caused by, tectonics at depth. To place these processes into the con-
text of  active tectonics, their place within the subduction setting must be established, commonly 
done through metamorphic conditions. Metamorphic pressure is often considered to be a direct 
indicator of  depth, based on the assumption that differential stress has an insignificant effect on 
pressure P, and therefore the density ρ of  overlying rocks and the gravitational acceleration g can 
be used to estimate depth h:

=   ×   ×  ℎ 
An example of  the use of  determining pressure-temperature conditions for metamorphic systems 
is to find the link between deep earthquakes and their origin, suggested to be related to mineral 
reactions and/or fluid activity (Abers et al., 2013; Okazaki & Hirth, 2016), which are sensitive to 
metamorphic conditions. Furthermore, the relation between pressure and temperature yields geo-
thermal gradients. Temperature takes longer to re-equilibrate after perturbances of  tectonic and/
or magmatic origin, thus studying geothermal gradients aid in understanding geodynamic settings.
Several issues regarding metamorphic conditions in subduction zones are still debated, for exam-
ple the strong deviation between observed metamorphic conditions from exhumed rocks and con-
ditions modelled for present day subducting slabs (Van Keken et al., 2018), possibly a bias on the 
exhumation of  particularly hot subduction zone rocks. Another main issue concerns if  pressure is 
a trustworthy measure for depth (Schmalholz & Podladchikov, 2014; Gerya, 2015; Tajčmanová et 
al., 2015; Yamato & Brun, 2017).

1.1.2 Differential stress and non-lithostatic pressure

The use of  metamorphic pressure as indicator of  depth relies on the assumption of  lithostatic 
stress, where the three principal stress components are equal to the pressure exerted by overlying 
rocks. Principal stresses are defined as the isotropic components of  the stress tensor, perpendicu-
lar to one another, where σ1 is the highest stress and σ3 is the lowest. A deviation from a lithostatic 
(or hydrostatic) state of  stress can also have an impact on the pressure which is calculated as the 
mean of  the principal stresses: 
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Following this formula, an increase in σ1 will result in an increase of  P at a third of  that value. 
Differential stress, defined as the difference between σ1 and σ3, is required for the deformation of  
rocks and thus tectonics as a whole. Therefore, true lithostatic pressure is an exception rather than 
the standard. The questions that follow, are how far the deviation from lithostatic pressure can be, 
how these deviations originate and on what scales they can occur.
A recent development in metamorphic geology is the recognition of  strong pressure deviations in 
natural systems, experiments, numerical simulations, and analogue models (e.g., Gerya, 2015; Ta-
jčmanová et al., 2015; Chu et al., 2017; Cionoiu et al., 2019; Luisier et al., 2019; Moulas et al., 2019). 
Additionally, well-studied high-pressure systems were re-interpreted as the result of  local pressure 
perturbations (Vrijmoed et al., 2009; Jamtveit et al., 2018; Cutts et al., 2020). Several models have 
been developed for the distribution of  stress and/or pressure in the earth that deviate from the 
lithostatic standard, also referred to as over- and underpressure. These models can be divided into 
grain- to outcrop-scale, and large scale.
 Yamato and Brun (2017) provide a simple view on large-scale overpressure resulting from 
high differential stress in subduction zones, based on a trend between peak metamorphic pressure 
and post-peak isothermal pressure drop observed in (ultra)high-pressure ((U)HP) metamorphic 
rocks. This model involves a horizontal stress component which is significantly higher than the 
vertical lithostatic stress component during compression, and significantly lower during extension 
(see Figure 1.1a for the effect on P of  an increased σ1; this effect is reversed during extension). 
Based on this suggestion, the pressure recorded in subduction-zone rocks overestimates depth by 
a factor 2. Numerical simulations of  subduction systems back up the occurrence of  strong large-
scale over- and underpressures (Gerya, 2015), up to GPa scale and/or over 50% higher than the 
lithostatic pressure. Depending on the style of  subduction, the upper part of  the downgoing slab 
experiences overpressure while the lower part is at underpressure, or vice versa (Li et al., 2010). 
The presence of  such large-scale overpressures is challenging to reveal based on natural systems, 
as exhumed (U)HP metamorphic rocks are generally dismembered and only rarely yield insights 
into continuous km-scale pressure variations. So far, Pleuger and Podladchikov (2014) and Zuza et 
al. (2020) have proposed large-scale geological models that do not fit without overpressure.
 An issue for the high differential stress proposed by Yamato and Brun (2017) is that it is 
generally deemed unfeasible on a large scale due to the comparatively low strength of  rocks in the 
ductile regime (Stöckhert, 2002; Bürgmann & Dresen, 2008). The strength of  dry rocks can be in 
the order of  100 MPa, however this is limited to the brittle regime. The occurrence of  differen-
tial stress in the order of  >300 MPa is uncommon and often described as short-lived exceptions 
(Küster & Stöckhert, 1999; Trepmann & Stöckhert, 2001; Andersen & Austrheim, 2006). 
 However, there is abundant evidence for small-scale overpressure. Host-inclusion systems 
with an inclusion that should undergo further volume increase than the host allows, are a prime ex-
ample of  pressure perturbations in earth systems. Straightforward examples are mineral inclusions, 
e.g. quartz in garnet (Alvaro et al., 2020) or coesite in diamond (Howell et al., 2010), which become 
stressed during exhumation as a result of  contrasting elastic properties. Although these examples 
mostly regard systems that are inert from a metamorphic point of  view as pressures are generated 
during exhumation, there are other similar systems that are relevant at depth. Generation of  melt 
in an impermeable system can lead to overpressurization of  the melt body and subsequent record-
ing of  higher pressures than lithostatic (Vrijmoed et al., 2009; Chu et al., 2017; Cutts et al., 2020). 
Additionally, it has been demonstrated though experiments, numerical simulations, and in natural 
systems, that rigid objects in a weaker deforming matrix will result in an increase of  pressure in 
the matrix around the object (Moulas et al., 2014; Vrijmoed & Podladchikov, 2015; Cionoiu et al., 

=  1 + 2 + 3

3
 



9

Chapter 1: Introduction

2019; Luisier et al., 2019). The reverse is also valid for weak objects in a rigid matrix (Figure 1.1b; 
Tajčmanová et al., 2015; Jamtveit et al., 2018). In essence, metamorphic rocks form aggregates of  
materials with contrasting properties and when stressed, these rocks will be under a heterogeneous 
pressure (Tajčmanová et al., 2015). Fluids other than pressurised melt pockets also contribute to 
the heterogeneity of  pressure in metamorphic systems, by fluid pressure which can be anywhere 
from lower than lithostatic (Küster et al., 1999; Connolly & Podladchikov, 2013) to higher than 
lithostatic, bound by the tensional strength of  the rock (Connolly, 2010; Tarling et al., 2019).

Figure 1.1: Two Mohr circle models for overpressure expressed by principal stresses. See main text for explanation 
on symbols and further background. For simplicity, σ2 is not taken into account, although in reality it does matter 
for the magnitude of  ΔP, which will be equal to or up to 1/3rd lower than in this diagram. (a) The model of  tectonic 
over- and underpressure as proposed by Yamato and Brun (2017). Under a lithostatic vertical stress, a strong drop of  
horizontal stress from σn >>> σv to σn <<< σv at the transition from compression to extension, leads to a drop in P 
in the order of  up to several GPa. Note how both systems deviate significantly from the lithostatic pressure value. (b) 
The overpressure model for weak inclusions in a strong matrix, modified after Jamtveit et al. (2018). This model relies 
on the elevation of  σ3 localized in a weak inclusion within a strong matrix under high differential stress.

Currently it is possible to estimate the magnitude of  differential stress during deformation by the 
study of  mineral deformation and how it relates differential stress and strain rate to other variables 
like (sub-) grain size or dislocation density (e.g., De Bresser, 1996; Stipp & Tullis, 2003; Goddard 
et al., 2020). However, there is no method available for determining the differential stress recorded 
in minerals during metamorphism rather than during deformation. Such a method would yield 
valuable insights into the evolution of  differential stress during tectonics, how they relate to met-
amorphic pressure, and eventually, a way to accurately determine depth for metamorphic systems.

1.1.3 Fluids in the deep Earth

The importance of  fluids in subduction systems is well established, as they control rheology, 
metamorphism, metasomatism, and volcanism (Peacock, 1990; Scambelluri & Philippot, 2001; 
Bürgmann & Dresen, 2008; Putnis & Austrheim, 2010; Gerya & Meilick, 2011; Spandler & Pirard, 
2013). At a small scale, fluids are a key element in metamorphism as they drastically increase dif-
fusion rates in grain boundaries, and thus enhance transport of  elements to reaction sites (Rubie, 
1986). In dry systems, this transport forms a limiting factor on reaction kinetics. 
 At the scale of  subduction zones, the volumes of  fluids released from the slab (Van Keken 
et al., 2011) and the difference in fluid composition from dehydration at the source rock to sol-
ute-rich fluid in the mantle wedge, require that fluid-rock interaction takes place along the inter-
vening pathways (Hermann et al., 2006; Bebout, 2007; Herms et al., 2012; Dragovic et al., 2015; 
Taetz et al., 2018; Brovarone et al., 2020). A viable process of  fluid interaction with high-pressure 
rocks is dissolution-precipitation (e.g., Ague & Nicolescu, 2014; Angiboust et al., 2017; Ferrando 
et al., 2017; Giuntoli et al., 2018). As this mechanism can take place at low differential stresses, it is 
widespread in subduction zones (Wassmann et al., 2011; Wassman & Stöckhert, 2013b). However, 
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as precipitation does not necessarily occur at or near the site of  dissolution, this fluid-driven pro-
cess can facilitate mass loss at the reaction sites and mass transfer in subducting slabs while leaving 
barely perceptible traces. Several factors such as complex solubilities and speciation, retrograde 
overprinting, limited exhumation and exposure, dismemberment of  large-scale fluid systems, and 
other gaps in the rock record challenge our progress in this field. Exhumed high-pressure rocks 
that exhibit evidence of  fluid-rock interaction should therefore be inspected carefully and be treat-
ed as open systems.

1.2 Garnet as recorder of  geological events

Garnet is a common metamorphic mineral, forming a key part of  mineral assemblages throughout 
a wide range of  metamorphic facies and lithologies. Besides this widespread occurrence, garnet is 
also resistant to retrograde breakdown during exhumation, and can record the evolution, age, and 
conditions of  its host rock in a variety of  ways (Ague & Carlson, 2013; Baxter & Scherer, 2013; 
Baxter et al., 2013; Caddick & Kohn, 2013) (Figure 1.2). This capacity makes garnet one of  the 
most useful metamorphic minerals to interrogate for information on geological events. Before go-
ing into detail about how garnet can store geological information, we must consider metamorphic 
mineral reactions in general and what they tell us. 

Figure 1.2: Subdivision in three types of  ways in which garnet can be a recorder of  events of  metamorphism, de-
formation, fluid-rock interaction, and how it can record duration and age of  events. This can be recorded in terms 
of  chemical composition of  major and trace elements and isotopes, through the preservation of  inclusions of  other 
minerals which are by themselves evidence for earlier metamorphic stages, and through microstructural evidence of  
growth and deformation.
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1.2.1 Insight from mineral reactions

Thermodynamics dictate how temperature and pressure affect the stability, and by extent the com-
position, of  minerals. As temperature and pressure conditions change, the free energy of  a mineral 
can change at a different rate than that of  a hypothetical isochemical counterpart, leading to a 
reaction at conditions where the counterpart becomes more stable and when kinetics allow for the 
reaction to occur. Commonly observed reactions are incorporated in definitions of  metamorphic 
facies due to their use for distinguishing broad pressure-temperature ranges and by extension, tec-
tonic settings. Key mineral reactions for high- and ultrahigh-pressure metamorphism are:
(1) NaAlSi3O8 (albite) = NaAlSi2O6 (jadeite) + SiO2 (quartz)
(2) SiO2 (quartz) = SiO2 (coesite)
(3) C (graphite) = C (diamond)
Reaction 1 defines the eclogite metamorphic facies, where the presence of  albite indicates low-
er pressure metamorphism, and the formation of  coesite after quartz (reaction 2) is used as the 
definition for ultra-high pressure metamorphism (Chopin, 1984). The stability of  diamond over 
graphite (reaction 3) is also commonly considered evidence for ultrahigh-pressure metamorphism 
(Sobolev & Shatsky, 1990). The mechanism of  diamond formation and thus the involved reaction 
is still debated, but it is likely not formed from graphite (Martin & Hammouda, 2011; Sverjensky 
et al., 2014; Smith et al., 2016; Maeda et al., 2017; Frezzotti, 2019). As result, the observation of  
relict coesite and jadeite component in clinopyroxene (omphacite), are commonly used indicators 
for deep subduction metamorphism. Other tools often utilized for the determination of  these 
metamorphic conditions, are experiments and thermodynamic modelling for the determination of  
mineral reactions and assemblages (e.g., Hermann, 2003; Massonne & Fockenberg, 2012).

1.2.2 Mineral composition

Not all (ultra)high-pressure rocks have the right bulk chemical composition for the previously 
mentioned reactions to have occurred, but there are other ways in which mineral reactions can 
indicate extreme metamorphic pressures. The composition of  minerals is also affected by chang-
es in pressure and temperature, as various endmembers of  a solid solution series have different 
thermodynamic properties. In order for the composition of  a mineral to be dependent on P-T, 
an exchange with one or more other minerals must be able to take place. Basic examples involve 
the exchange of  Mg and Fe between two minerals, but these exchange reactions can involve many 
more minerals. Many cation exchange geothermobarometers have been calibrated to utilize these 
reactions (e.g., Krogh & Råheim, 1978; Krogh Ravna & Terry, 2004), and thermodynamic mod-
elling allows for the study of  mineral compositions as function of  P-T (Powell & Holland, 2010). 
 Minerals that grow gradually over longer time spans may form compositional zoning if  
P-T conditions, and as result also the fractionation of  free elements between minerals, evolve in re-
sponse to active tectonics (e.g., Dutrow & Henry, 2011; Caddick & Kohn, 2013). As newer grown 
zones surround and protect the inner part of  the crystal from re-equilibration, a wide range of  
compositions can be preserved (Figure 1.3a), and in some cases even recording multiple orogenic 
cycles (Rubatto et al., 2011). Garnet in particular is commonly studied for its capacity to preserve 
multi-component internal zoning, yielding high quality insight into the evolution of  metamorphic 
conditions (e.g., Le Bayon et al., 2006; Herwartz et al., 2011). Combining this zonation in garnet 
with thermodynamic modelling based on corresponding changes to the effective bulk chemical 
composition of  the rock, or rather the volume of  equilibrium relevant for the garnet, it is possible 
to reconstruct the entire P-T path of  garnet growth (Tinkham & Ghent, 2005; Moynihan & Pat-
tison, 2013; Vrijmoed & Hacker, 2014; Lanari et al., 2017). This approach is particularly powerful 
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when combined with inclusions preserved in garnet (see section 1.2.3). 
 Oscillatory zonation is a succession of  reversed compositional changes akin to tree rings, 
a peculiar type of  zonation that can form by various mechanisms and is often linked to disequilib-
rium (e.g. Stowell et al., 2011), thus rendering garnet composition unsuitable for thermodynamic 
modelling. Open-system behaviour caused by the circulation of  external fluids can alter the growth 
environment of  garnet in cycles, recording valuable data on the origin and composition of  the flu-
ids (Clechenko & Valley, 2003; Park et al., 2019). In exceptional cases, an oscillation or irregularity 
in the P-T path can result in oscillatory zoning (García-Casco et al., 2002; Kohn, 2004).

Figure 1.3: Examples of  different types of  zonation in garnet, illustrated by element distribution maps. (a) Regular, 
concentric metamorphic zonation of  Mg and Mn of  a metapelite from the Sierra de los Filabres, SE Spain. Tempera-
tures experienced by this garnet were not sufficient to result in significant diffusion (Van Schrojenstein Lantman et al., 
unpublished data). (b) Chaotic element distribution as result of  textural sector zoning of  Mg, Fe, Mn and Ca in garnet 
that grew in a chemical disequilibrium, from Connecticut, USA (modified after Wilbur & Ague, 2006). (c) P and Mg 
element distribution in eclogite-facies granulite garnet from the Saxon Granulite Massif, Germany. The distribution 
of  P still exhibits the zonation caused by a process of  dissolution-reprecipitation, whereas Mg has been redistributed 
by diffusion (modified after Ague & Axler, 2016). White scale bars represent 500 µm.

Parts of  the geological record preserved in compositional zoning can be obscured by mineral 
dissolution phases interrupting growth, mineral replacement, irregular and/or disequilibrium 
growth, and diffusion (Figure 1.3; Wilbur & Ague, 2006; Caddick et al., 2010; Angiboust et al., 
2011; Ague & Axler, 2016; Rubatto et al., 2020). However, these each do provide other insights 
into the conditions during crystal growth, modification, and/or dissolution-precipitation. Ad-
ditionally, diffusion of  garnet zonation can be used as a tool for unravelling the timescale of  
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heating stages (Caddick et al., 2010).
 The previously discussed geothermobarometry methods all rely on the assumption of  
equilibrium between the targeted minerals. In reality, many situations of  disequilibrium have been 
observed, often the result of  overstepping due to sluggish kinetics and nucleation or reaction affin-
ities (Rubie, 1998; Waters & Lovegrove, 2002; Pattison et al., 2011). Overstepping can also result in 
compositional zoning in garnet that appear to record different P-T conditions than in reality (Spear 
& Wolfe, 2019). As not all elements behave similarly, it is likely depending on metamorphic grade 
that equilibrium on a thin-section scale was only achieved by certain elements (Carlson, 2002). 
 In order to apply trace element thermometers such as Zr-in-rutile, Ti-in-zircon and Ti-
in-quartz (Zack et al., 2004; Watson & Harrison, 2005; Wark & Watson, 2006), all three minerals 
need to be in equilibrium together. If  this is not the case, the system is either not saturated in the 
required element, or may even lead to higher concentration of  this element than is expected from 
equilibrium (Ferry & Watson, 2007). Other issues arise from bulk composition adjustments caused 
by open-system behaviour, and element fractionation and capture in growing crystals (Vance & 
Mahar, 1998; Evans & Bickle, 2005; Tinkham & Ghent, 2005; Goncalves et al., 2013). Finally, 
certain methods may not be calibrated for unconventional mineral compositions, for example by 
the presence of  an element that only fractionates into one mineral or an uncommon bulk compo-
sition, which can also greatly alter the stability of  certain minerals (Ashworth, 1975).

1.2.3 Preservation of  inclusions

Similar to how mineral compositions formed during an earlier metamorphic stage can be preserved 
in the core of  crystals, so can other minerals be entrapped during the growth of  a host crystal, and 
preserved as inclusions. Inclusions form an effective way of  assessing metamorphic evolution in a 
rock matrix that is completely overprinted by later stages, particularly when the inclusion minerals 
become highly unstable between formation and exhumation. Coesite is an example of  such an 
unstable mineral that is only rarely observed as intergranular phase (Liou & Zhang, 1996), and is 
more commonly observed as inclusions in minerals that are more resistant to breakdown such as 
garnet, omphacite, tourmaline, diamond, apatite, and dolomite (e.g., Chopin, 1984; Schertl & Okay, 
1994; Reinecke, 1998). The composition of  inclusions is also preserved when post-entrapment 
conditions did not reach high enough temperatures at sufficient timescales to result in effective 
volume diffusion. Not only single crystals are trapped as inclusions in garnet. Inclusions of  fluids 
and melts can also be preserved, representing the composition of  the fluid in which the host min-
eral grew (Frezzotti et al., 2011; Korsakov et al., 2011; Cesare et al., 2015).
 Certain processes can affect the preservation of  inclusions, like host fracturing (Whit-
ney, 1996), melting of  inclusions within the host (Perchuk et al., 2008), and chemical interaction 
between inclusion and host (Frezzotti et al., 2011; Zhou et al., 2020). However, when studied 
thoroughly, inclusions form an effective way of  reconstructing the evolution of  the mineral assem-
blage of  the rock matrix, and how the compositions of  those minerals evolved during the growth 
of  their host mineral.

1.2.4 Microstructures

Microstructural aspects of  garnet can record deformation and metamorphism features from be-
fore, during and after its growth (Figure 1.2). A well-studied example of  a microstructure that 
strongly relies on the matrix before and during garnet growth, is that of  inclusion trails and snow-
ball-garnet. A metamorphic fabric that exhibits heterogeneous distribution of  minerals is likely to 
lead to different quantities of  inclusions as soon as garnet grows over it. Often this is the case for 
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quartz inclusions, as many garnet-forming reactions do not consume quartz (Hawkins et al., 2007; 
Robyr et al., 2007). As a result, the foliation before garnet growth is preserved as inclusions. When 
the rock fabric actively undergoes deformation, this can result in a complex sequence of  different 
orientations of  inclusion trails. The origin of  rotated inclusion trails is still debated, resulting from 
syn-growth rotation of  the garnet, and/or rotation of  the dominant foliation (Bell & Johnson, 
1989; Passchier et al., 1992; Robyr et al., 2009). In the latter case, the orientation of  inclusion trails 
can be used to reconstruct large-scale tectonics (e.g., Aerden, 2004; Aerden & Ruiz-Fuentes, 2020).
 Other single-crystal microstructures in garnet are generally the result of  deformation (Fig-
ure 1.2). The majority of  deformation in garnet will result in grain flattening, be it through ductile 
deformation (Kleinschrodt & Duyster, 2002) or pressure solution (Smit et al., 2011). Fracturing 
and cataclasis are also common microstructural features in garnet deformed in the brittle regime 
or as result of  extreme strain rates in the ductile regime (e.g., Prior, 1994; Trepmann & Stöckhert, 
2002; Yamato et al., 2019). 
 The arrangement of  several garnets into polycrystal structures is also a potential indicator 
of  growth and deformation features. Coronitic garnet is a disequilibrium texture of  garnet crystals 
along grain contacts of  partially reacted magmatic precursor minerals, formed in diffusion-limited 
metamorphism and signifying an incomplete reaction (Mørk, 1986). Garnet aggregates can also 
grow from separate nucleation and eventual coalescence between individual garnets, aligning their 
crystallographic orientation and resulting in one large polycrystalline mass (Spiess et al., 2001). In 
contrast to these growth-related microstructures, garnets stacked into chains resulted the motion 
of  rigid garnets in an actively deforming matrix, eventually aligning the garnets (Massey et al., 
2011).

1.2.5 Interaction of  stress, deformation and composition

Geothermobarometry normally assumes that the pressure in a system is hydrostatic. Under natural 
conditions, hydrostatic pressure is exception rather than rule, yet the effect of  differential stress on 
mineral reactions is poorly understood (Wheeler, 2014). One example where a reaction is affected 
by differential stress, is the quartz to coesite transition, which depends on the maximum princi-
pal stress rather than the mean stress or confining pressure (Richter et al., 2016). This study also 
suggests that deformation enhances reaction kinetics. Another example is that the dehydration of  
gypsum is not controlled by confining pressure, but rather by fluid pressure (Llana-Fúnez et al., 
2012).
 A part of  the effect of  differential stress on metamorphism and mineral reactions falls 
back on differential stress controlling pressure and being problematic as proxy for depth. A study 
by Moore et al. (2019) outlines how reaction products in grain boundaries between plagioclase 
are dependent on the orientation of  the grain boundary with respect to the orientation of  σ1 and 
σ3. The result is that two distinct mineral assemblages are observed representing 0.9 and 1.1 GPa 
respectively, formed simultaneously within the same domain of  the rock. This case is similar to the 
locally-induced reaction of  calcite to aragonite in the experiment of  Cionoiu et al. (2019). Without 
context, these minerals or mineral assemblages could be interpreted as separate events at different 
depths. Even if  the difference in pressure caused by local perturbations and differential stress is 
not sufficient to cross a discrete mineral reaction boundary, it can still result in a significant change 
in mineral composition within the system (Tajčmanová et al., 2015).
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1.3 Elastic geothermobarometry

The recent development of  elastic geothermobarometry provides a solution for metamorphic, 
hydrothermal and possibly even magmatic systems where any of  the previously discussed prob-
lems prevent conventional geothermobarometry. This method relies on the contrast in elastic 
properties between a stiff  host and a soft inclusion. Figure 1.4 provides a schematic overview of  
the principle behind the development of  elastic strains in host-inclusion systems. As a mineral is 
entrapped by a host, thus becoming an inclusion, the trapped mineral occupies the same volume as 
the cavity within the host where this inclusion is located. When P-T conditions change following 
entrapment, the inclusion and host will respond differently to the changing conditions. In case the 
inclusion is driven to expand further than the host mineral allows it to, the inclusion and the ad-
jacent part of  the host will become strained to partially accommodate this expansion. The elastic 
strain of  inclusions can be determined by analysis with X-ray diffraction or Raman spectroscopy, 
and subsequently an isomeke (line in P-T space for a constant inclusion pressure) can be calculated 
for the entrapment conditions of  the inclusion. This method has been carefully calibrated and ap-
plied to quartz in garnet, zircon in garnet, and several minerals in diamond (Anzolini et al., 2019; 
Bonazzi et al., 2019; Zhong et al., 2019; Alvaro et al., 2020; Campomenosi et al., 2020; Nestola, 
2020 and references therein).

Figure 1.4: Schematic diagram of  the basic concept behind elastic strains in inclusions. See main text for further 
explanation of  how this method works. Figure on the right titled “coe in grt” is an optical micrograph of  a coesite 
inclusion in garnet under cross-polarized light.

The compressibility and thermal expansion of  minerals, which determine how volume changes 
under influence of  pressure and temperature respectively, do not scale equally between minerals. 
The ratios of  compressibility and thermal expansion between host and inclusion will determine 
the slope of  the isomekes. Host-inclusion systems where the contrast in elastic properties is largest 
for compressibility will function as a geobarometer, for example quartz inclusions in garnet. Alter-
natively, zircon is less compressible than garnet under relevant metamorphic conditions, yet due 
to the difference in thermal expansion, zircon inclusions in garnet function as geothermometer 
(Zaffiro, 2020). In order to use a single type of  inclusion to determine P-T conditions of  garnet 
growth, an independent geothermobarometer may be required. It is also possible to combine sev-
eral host-inclusion systems to obtain well-constrained P-T results (Zhong et al., 2019).
 When reversing this method, strain states can be calculated for inclusions entrapped at 
defined metamorphic conditions. The resulting strain states will be valid for host-inclusion systems 
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that formed under hydrostatic stress, as differential stress during entrapment can currently not be 
taken into account. However, this also means that any significant deviation from these strain states 
obtained from inclusions can indicate differential stresses during entrapment (Bonazzi et al., 2019). 
Thus, studying the elastic strains of  inclusions provides a direct, yet currently unquantifiable, ap-
proach of  probing not only the P-T conditions of  entrapment but also potentially the stress state.
 Host-inclusion systems can be (partially) reset (Zhong et al., 2018; Cesare et al., 2021), 
which relies on modification of  the host, allowing for a reset of  the hypothetical difference in 
volume of  the relaxed inclusion and host. Plastic deformation of  the host is the expected mecha-
nism for resetting, essentially imposing a closure temperature on the system due to the strong tem-
perature effect on plastic deformation (Zhong et al., 2020). However, a significant strain may be 
necessary to overcome the strength of  the host. As internal strain is also adjusted during resetting 
and depends on the initial entrapment, the potential for resetting must be considered separately 
per case.

1.4 Scope of  this thesis

The aim of  this thesis is to utilize and further develop the use of  garnets and inclusions therein as 
tool of  unravelling metamorphic conditions, fluid-rock interaction, deformation, stress, and strain, 
in systems where these are otherwise unobtainable. The ultrahigh-pressure metamorphic Lago di 
Cignana unit (LCU) in the Western Alps of  Italy is the focal point of  this thesis. This locality pro-
vides an example of  fluid-rich metamorphic rocks within the subduction zone, allowing us to test 
several of  the topics summarized in Chapter 1, with the aim of  a combined understanding of  the 
extent and interaction of  stress state, deformation, and fluid-rock interaction.

Chapter 2 provides a background on the geology of  the LCU, starting out from the larger geolog-
ical setting of  the Western Alps and zooming in step-wise to the outcrop scale. Field observations 
and samples are also be described here.

Chapter 3 contains detailed descriptions of  all the methods, analytical techniques, and calculations 
used in this thesis.

Chapter 4 is the paper titled Extensive fluid-rock interaction and pressure solution in a UHP fluid pathway 
recorded by garnetite, Lago di Cignana, Western Alps and is accepted for publication in Journal of  Met-
amorphic Geology under the same title by Van Schrojenstein Lantman, Scambelluri, Gilio, Wallis 
and Alvaro. This paper combines the study of  garnet microstructures, chemical composition, and 
quartz inclusions in garnet, of  a garnetite-bearing quartzite from the LCU, with the aim of  recon-
structing the evolution of  metamorphism and fluid-rock interaction. These lithologies contain a 
record of  pulsed fluid flow throughout prograde and peak subduction metamorphism, resulting 
in dissolution of  quartz, carbonates and garnet. The latter are concentrated as result of  their rel-
ative insolubility, comprising a newly described mechanism for the formation of  garnetite. The 
formation of  what are essentially garnet stylolites, results in pressure solution and grain boundary 
migration as the garnet crystals get into contact. Quartz inclusions trapped in euhedral garnet 
overgrowths on deformed garnetite are analysed by Raman spectroscopy for their elastic strain, 
resulting in the insight that the host garnet grew at (near-) hydrostatic conditions in a fluid-rich en-
vironment. Overall, the paper provides an extreme example of  fluid-rock interaction along a long-
lived major fluid pathway accommodating the migration of  fluids produced in the subducting slab.
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Chapter 5, titled Garnet deformation and recrystallization at (U)HP-LT conditions: pressure solution and 
grain-boundary migration, is a study on the microstructural aspects of  garnet crystals within several 
garnetite bodies of  the Lago di Cignana unit. Within this chapter, the history of  deformation that 
these rocks underwent is explored, to understand how garnet deforms in a fluid rich environment 
at temperatures where plastic deformation is not feasible. Furthermore, this microstructural analy-
sis provides extra constraints on the formation and evolution of  the garnetite bodies as was initial-
ly established in Chapter 4, and the role that these lithologies play in the rheology of  the metasedi-
mentary unit that they are a part of. This chapter provides the first detailed look at grain-boundary 
migration within garnet, and is also the first to analyse pressure solution at ultra-high pressures 
in-depth. Particularly because of  the latter, this research is the next step taken in understanding 
the behaviour of  cold slabs at great depths, as pressure solution creep was predicted at these con-
ditions but never confirmed before this study.

Chapter 6, titled Elastic geothermobarometry on zircon in garnet: resetting of  a host-inclusion system by frac-
turing and sealing, and the preservation of  metastable inclusions, studies the effect of  fracturing and sealing 
of  garnet, on zircon and coesite inclusions preserved therein. Chemical composition relationships 
link this episode of  fracturing and sealing to the outermost rim of  these garnets, which contains 
quartz inclusions. Therefore, the preservation of  coesite within the fractured garnet mantle is pe-
culiar. To test the degree to which these inclusions were affected by the fracturing, zircons in the 
same zone as the coesite inclusions were analysed with Raman spectroscopy to obtain their elastic 
state of  strain, and calculate conditions of  entrapment. These zircon inclusions yield entrapment 
conditions that are at temperatures significantly higher than the retrograde, clockwise P-T path de-
termined for the Lago di Cignana unit. It is currently unclear what the cause of  this overestimation 
is, however if  it is indeed related to resetting of  the host, then the fracturing and sealing must be 
a rapid process in the order of  days for the coesite to be preserved.

Chapter 7, titled Trace element analysis of  garnet and its inclusions: separating contamination from mineral 
composition, is focused on the trace element aspects of  the garnetite-bearing quartzite that is studied 
in detail in Chapter 4. The first purpose of  trace analysis of  garnet within this system is to study 
the different garnet populations in order to gain further insight into the metamorphic evolution 
and fluid-rock interaction recorded by garnet. One of  the garnet populations is consistently con-
taminated by sub-micron inclusions of  rutile and minor zircon, however. Using the varying degree 
of  contamination, data is filtered into garnet composition and contamination composition. Zr-in-
rutile geothermometry is then applied to the contaminant rutile.

Chapter 8 is part of  the manuscript titled Trace-element migration during crystal-plastic deformation in 
UHP rutile: dislocations in low-angle boundaries as high-diffusivity pathways and is currently in advanced 
preparation to be submitted to a journal, by R. Verberne, H.W. van Schrojenstein Lantman et al. 
In this chapter, the formation and deformation of  rutile in an omphacite vein in eclogite from the 
LCU are explored. Firstly, the conditions of  rutile growth and vein formation are studied by iden-
tification of  quartz and coesite inclusions, and Zr-in-rutile thermometry. Subsequently, we anal-
ysed the deformation of  large rutile grains that resulted in the formation of  low-angle boundaries 
using a range of  techniques down to the atom scale, including transmission electron microscopy 
and atom probe tomography. This analysis demonstrates how low-angle boundaries acted as fast 
diffusion pathways during metamorphism.

Chapter 9 summarises the conclusions of  this PhD thesis, outlines how the results advance our 
knowledge in this field of  study, and explores future steps to take.
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Appendix A is a repository for data used in Chapter 4, namely full Electron Probe Micro-Analysis 
(EPMA) analyses, Raman peak positions, shifts, and elastic strains in quartz. This Appendix also 
contains a figure displaying the locations of  EPMA analyses.

Appendix B contains section overviews with Electron Backscatter Diffraction (EBSD) map lo-
cations, an Euler colormap for crystal orientation figures used in Chapter 5, and all EBSD maps 
used for aspect ratio and SPO analysis in Chapter 5.

Appendix C contains the peak positions and fitting errors for Raman spectra of  zircon inclusions 
and the zircon reference crystal used in Chapter 6.

Appendix D is a compilation of  all the LA-ICP-MS data including uncertainties and detection 
limits, mostly used in Chapter 7 but also in Chapter 8.

Appendix E contains the acquisition conditions for rutile needles analysed in Chapter 8.
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The Alpine chain in the Mediterranean area is an orogen resulting from a long and complex colli-
sion between the Eurasian and African plates. This complexity is exemplified by the Alps, formed 
by the protracted convergence and eventual collision of  Europe and Greater Adria (Zanchetta et 
al., 2012; Van Hinsbergen et al., 2020), but also involving the microcontinents Margna-Sesia (or 
Cervinia) and Briançonnais (Stampfli et al., 1998; Rosenbaum & Lister, 2005; Pleuger et al., 2007). 
The former is often considered as a part of  the Austro-Alpine domain, the latter as part of  the 
Iberian plate. Furthermore, the collisions between (micro-) continents resulted in several short-
lived subduction zones within the Alpine Tethys (Rosenbaum & Lister, 2005; Weber et al., 2015).
 The Alps can be subdivided into the Adria-derived Austro-Alpine nappes, the Europe-de-
rived Helvetic nappes, and the Penninic Domain in between which represent remnants of  the 
Alpine Tethys, essentially forming the suture between Europe and Adria. Peak metamorphic ages 
of  (ultra)high-pressure metamorphic rocks from Alpine subduction range from ~90 Ma in the 
Austro-Alpine Domain in the Eastern Alps up until 33 – 31 Ma in the Penninic Domain in the 
Western Alps and the Tauern Window in the Eastern Alps (Duchêne et al., 1997; Glodny et al., 
2005; Thöni, 2006).

2.1 Penninic Domain of  the Western Alps

The Penninic Domain comprises the metamorphic core of  the Western Alps, forming an arcuate 
range from Genoa around the Po Plain up to the Swiss Rhône. Further towards the northwest, the 
Penninic Domain borders the Austro-Alpine Southern Alps and Helvetic Lepontine Alps, and the 
external units flank it to the south and east (Figure 2.1a). A general trend of  increasing metamor-
phic grade towards the core of  the arcuate orogen characterizes the Penninic Domain, from the 
greenschist- to blueschist-facies Briançonnais Domain in the outer part to the eclogite-facies Inter-
nal Crystalline Massifs and the blueschist- to eclogite-facies Piemonte zone (green in Figure 2.1a). 
Peak metamorphic ages in the Penninic Domain trend inversely to metamorphic peak conditions, 
thus younger ages towards the east (Beltrando et al., 2010). This distribution of  metamorphic ages 
is an indicator of  the sequence of  subduction and collision of  the several oceanic and (micro-) 
continental Alpine Domains (Rosenbaum & Lister, 2005).

2.2 Zermatt-Saas zone

The Alpine high-pressure ophiolites of  the Piemonte zone (Figure 2.1) are the dismembered rem-
nants of  the Mesozoic Tethyan Ocean that was subducted during Alpine plate convergence and 
orogeny (Dal Piaz et al., 1999 and references therein). The Piemonte zone consists of  several 
domains that can be characterized by different metamorphic conditions (Figure 2.2). The Lago di 
Cignana Unit is a coesite- and diamond-bearing ultrahigh-pressure metamorphic (UHPM) ophiol-
itic sliver cropping out between two major metaophiolitic units: the underlying Zermatt-Saas Zone 
(ZSZ) recording eclogite-facies metamorphic conditions of  520 ± 20 °C, 2.3 GPa (Angiboust et 
al., 2009), and the overlying Combin Zone (CZ) recording blueschist-facies conditions of  300–345 
°C, ~0.9 GPa (Reddy et al., 1999).
 The relation between the LCU and the ZSZ is still debated. One possibility is that the LCU 
is one of  several minor bodies of  diverse origin that crop out along the contact between the ZSZ 
and CZ (Dal Piaz et al., 2001; Gilio et al., 2019), which differ in their peak-metamorphic age, P-T 
evolution, and provenance (Theodul Glacier Unit, Etirol-Levaz Slice, Allalin Gabbro; Weber et al., 
2015; Bucher & Grapes, 2009; Beltrando et al., 2010). The alternative is that the LCU is located 
within the upper levels of  the ZSZ, and only deviates in terms of  peak metamorphic pressure, 
while metamorphic ages and temperatures match (Groppo et al., 2009; Skora et al., 2015). 
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Figure 2.1: (a) Geological overview of  the Western Alps, modified after Beltrando et al., 2010. The light green zone 
in the Penninic Domain marks the Piemonte zone. D.B.: Dent Blanche nappe. White square labelled b indicates the 
location of  the map in (b). (b) Geological map of  the large-scale context of  the Zermatt-Saas zone in the vicinity of  
the Lago di Cignana unit, modified after Kirst & Leiss (2017) and references therein. The red square in the main map 
indicates the location of  Lago di Cignana and Figure 2.2a. The inset provides the location of  (a) and (b).

Figure 2.2: Overview of  P-T paths for the LCU, ZSZ and CZ. The LCU P-T path by Reinecke (1998) is determined 
based on metasediments, the one by Groppo et al. (2009) on eclogite. The two paths for the ZSZ by Groppo et al. 
(2009) concern eclogites directly above (higher P) and below (lower P) the LCU.
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2.3 Lago di Cignana unit

The LCU (Figure 2.3) consists of  coesite-bearing eclogite, serpentinite (Gilio et al., 2019) and 
metasediments varying from calcschist and marble to several types of  manganiferous quartz-
ites (Reinecke, 1998; Forster et al., 2004). The quartzite varies from schistose garnet-amphi-
bole-phengite quartzites, to purple, hydrothermally Mn-enriched quartzite similar to other Mn-rich 
metasediments from the ZSZ (Tumiati et al., 2010).

Figure 2.3: (a) Geological map of  the Lago di Cignana area, modified after Kirst & Leiss (2017) and references 
therein. Stars indicate sample locations for 1: eclogites LCG1401, C18-09. 2: schistose quartzite and garnetite EC5.1, 
EC5.3, metasedimentary garnetite C18-3. 3: metasedimentary garnetite C18-6. 4: garnetite in quartz vein C18-10.

Garnetite is present in several metasediments and eclogites as lenses and boudins. Certain LCU 
garnetites contain fluid inclusions with solutes that originated from the dissolution of  carbonate 
and quartz (Frezzotti et al., 2011). Furthermore, Hawkins et al. (2009) observed an assemblage 
of  daughter minerals in fluid inclusions in garnetite, consisting of  jadeite, paragonite, phengite, 
chlorite, amphibole, titanite and K-feldspar alongside Ca-sulfates, phosphates and oxides. This ev-
idence suggests the dissolution of  a polymineralic component of  the system during garnet growth, 
beyond quartz and carbonates (Frezzotti et al., 2011; Hawkins et al., 2009). Boron concentrations 
and isotopic ratios in white mica within several lithologies in the LCU area indicate that a fluid 
derived from partially dehydrated serpentinites was the driver behind fluid-rock interaction in 
quartzite, but not in eclogite (Halama et al., 2020).
 Garnet- and glaucophane-rich zones in the eclogite are suggested to reflect compositional 
differences related to pillow basalts (Van der Klauw et al., 1997). The peak metamorphic assem-
blage consists of  garnet, omphacite, glaucophane, lawsonite, phengite, rutile and minor coesite 
and zircon. The latter two are also present as inclusions in omphacite and garnet (Groppo et al., 
2009; King et al., 2004). Lawsonite has broken down to pseudomorphs of  epidote and paragonite. 
Titanite, ilmenite, Ca-amphibole, and biotite preserved as inclusions in garnet cores represent an 
early prograde metamorphic mineral assemblage. The eclogite is rich in TiO2 (>2 wt. %), result-
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ing in an abundance of  rutile (Groppo et al., 2009). A multitude of  veins has been identified in 
the LCU eclogites, consisting of, for example, omphacite, glaucophane, quartz (potentially after 
coesite), epidote/clinozoisite and retrogressed lawsonite (Borghini et al., 2015). The relative tim-
ings of  vein formation range from UHP metamorphism to retrograde metamorphic stages during 
exhumation.
 The LCU eclogites were pervasively deformed by dislocation creep of  pyroxene with dy-
namic recrystallisation resulting from grain boundary migration. At the onset of  extension, the 
deformation became localized leading to the formation of  shear bands (Van der Klauw et al., 
1997). Little to no deformation took place in the eclogites during the first 40 km of  exhumation, 
down to P-T conditions of  <1.5 GPa, 500–550 °C (Van der Klauw et al., 1997). Following this 
part of  exhumation, further deformation within eclogites is associated with a retrograde mineral 
assemblage of  hornblende, albite, and epidote (Kirst and Leiss, 2017).

2.4 Outcrops and samples

2.4.1 Studied lithologies

The garnetite-bearing schistose quartzite displayed in Figure 2.4a is the subject of  study for a 
significant part of  this thesis. Garnetite is a common occurrence in metasesdiments in the LCU, 
but this particular one contains a high amount of  garnetite and best preserved the relationship 
between host rock and garnetite. The Mn-rich schistose quartzite forms a 5 m-thick layer, at the 
centre of  which is a 30 cm-thick zone where the majority of  the garnetite is located. This outcrop, 
labelled EC5, is mainly studied through quartzite sample EC5.3 and garnetite + quartzite sample 
EC5.1.
 The variety in metasediments in the LCU also results in a variety in garnetites that they 
host, exhibiting different colours, sizes, and structures (Figure 2.4b,c). As material for comparison 
to the garnetite in the previously described outcrop, several other garnetites from various metased-
iments were also sampled. Most notable are garnetites C18-6 (Figure 2.4b), C18-10 and C18-3. 
C18-10 consists of  several broken up pieces of  garnetite hosted in a quartz vein. C18-3 is located 
within the same lithology as EC5.3, and appears to be a quartz-rich variety of  garnetite EC5.1.
 Eclogite is also sampled for study, in particular for its garnetite and omphacite veins. Gar-
netite is not as common an occurrence in eclogite as it is in metasediments, and is mostly present in 
glacier-polished surfaces, making it challenging to sample. As result, only one sample was obtained 
of  garnetite in eclogite (C19-08), which does not represent the full system as is displayed in Figure 
2.4d. Therefore, only the garnetite itself  could be studied properly and not its relation to the lo-
cal host eclogite. An omphacite-glaucophane vein of  approximately 1 cm thick was also sampled 
(LCG1401; Figure 2.4e). Like the other veins observed in the eclogite, this sampled vein appears 
undeformed in the outcrop. The omphacite crystals in these veins exhibit a strong shape preferred 
orientation and are up to 1 mm in length. Garnet is only present in the wall rock.
 Locations of  all studied samples are given in Figure 2.3. Although not sampled, and not 
part of  the LCU, an important lithology in the vicinity is the partially dehydrated serpentinite. The 
ZSZ serpentinite displayed in Figure 2.4f  is a scree block from Mt. Pancherot (Figure 2.3), and 
contains many olivine veins formed in fractures with a preferential orientation.
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Figure 2.4: Overview of  revelant lithologies. (a) Garnetite-bearing schistose quartzite outcrop EC5. (b) Metasedi-
ment-hosted garnetite C18-6. (c) Not sampled garnetite, possible type of  diamond-bearing garnetite. (d) Garnetite 
lens and layers in eclogite. (e) Omphacite-glaucophane vein in eclogite. (f) Serpentinite with olivine veins, from ZSZ 
scree closeby LCU.

2.4.2 Outcrop structures

Garnetite in metasediments generally occurs as lenses, discontinuous layers, dismembered fold 
hinges and limbs transposed along a phengite foliation (Figure 2.5a). Isoclinal folding in garnetite 
progressed to a high degree (Figure 2.5a), further supported by a thin layer of  phengite foliation 
included within garnetite (Figure 2.5b). The competent nature of  garnetite with respect to the 
quartzite is also highlighted by its boudinaged nature, and by how the foliation in the quartzite is 
strongly dependent on the configuration of  the garnetite (Figure 2.5c). Locally, garnetite occurs as 
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sigmoidal clasts (Figure 2.5d). Internally, garnetite can exhibit a strongly heterogeneous nature in 
terms of  garnet content (highlighted by colour; see Figures 2.4a, 2.5b,c) and commonly includes 
patches and veins of  quartz (Figure 2.4a,c, 2.5b). 
 The garnetite-bearing metasediments rarely exhibit signs of  folding at a distance from 
the garnetite. However, isoclinal folding highlighted by differential weathering in garnetite-less 
calcschists (Figure 2.6a,b), underlines the strongly deformed nature of  the LCU. Isoclinal folding 
is also observed within eclogite (Figure 2.6c). Mafic boudins locally occur within metasedimentary 
layers (Figure 2.6d).
 Overall, the LCU exhibits widespread evidence for strong deformation of  most litholo-
gies, albeit expressed by different microstructures. The eclogite hosting omphacite veins forms an 
exception to the pervasive deformation of  peak-metamorphic assemblages. Fold axes and foliation 
are generally subhorizontal to slightly NE-dipping, consistent with the larger-scale structure of  the 
LCU and ZSZ (Forster et al., 2004). The metasedimentary units appear less competent than the 
garnetite found therein, and also weaker than the mafic bodies.

Figure 2.5: Outcrop-scale garnetite microstructures. (a) A thin garnetite layer thickened in a fold hinge. (b) Garnetite 
folded around a thin layer of  host rock, highlighted by the light blue dashed ellipse. (c) Stack of  several garnetite bod-
ies, indicated by white dashed lines. Solid blue lines indicate the highly folded foliation in the host rock. (d) An array 
of  sigmoidal clasts of  garnetite in schistose quartzite.
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Figure 2.6: Outcrop-scale microstructures. (a) Differential weathering exposing isoclinal folds of  several scales in 
calcschist. White dashed lines indicates foliation. (b) Isoclinal folding in calcschist. (c) Isoclinal folding in eclogite. (d) 
Mafic boudin hosted in metasediments.
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3.1 Sample preparation

Samples were processed into sections 100 µm thick for petrographic analysis and electron mi-
croscopy. For the purpose of  strain analysis on inclusions in garnet, sections 250 µm thick were 
prepared to maximize the number of  inclusions without strain dissipation due to proximity to the 
surface of  the section. Sections were polished with a 0.05-µm colloidal-silica suspension in prepa-
ration for high-quality electron microscopy.

3.2 Electron Probe Micro-Analysis

Electron probe micro-analysis (EPMA) measurements of  major elements were performed using a 
JEOL JXA 8200 Superprobe at the Department of  Earth Sciences, University of  Milan. An accel-
erating potential of  15 kV and a beam current of  15 nA were used for spot analyses with a 30 sec-
ond counting time. Measurements for element-distribution maps were performed with a combina-
tion of  wavelength-dispersive spectroscopy (WDS) and EDS, at 15 nA and 100 nA for high-detail 
maps. Standards used for WDS calibration are grossular for Si, Al, Ca; ilmenite for Ti; metal for Cr; 
fayalite for Fe; forsterite for Mg; rhodonite for Mn; omphacite for Na; K-feldspar for K. Element 
distribution maps were plotted using the “Oslo” or the inverted “roma” colour-blind-friendly and 
constant-contrast scientific colour maps (Crameri, 2018).

3.3 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) data (for Chapter 4, 5; see 3.7 for Chapter 8) were ac-
quired on a Phillips XL-30 field-emission gun scanning electron microscope equipped with an 
Oxford Instruments’ Nordlys-Nano EBSD detector and AZtec 3.3 acquisition software. EBSD 
maps were acquired at an accelerating voltage of  30 kV. Map dimensions and step sizes are giv-
en in the appendix of  the corresponding chapter. Data were processed using the MTEX v5.1.1 
toolbox (Bachmann et al., 2010) for MATLAB®. Crystal structure data of  spessartine (Geiger & 
Armbruster, 1997) was used for processing of  EBSD data.
 Grain reconstruction was performed with a minimum misorientation value for grain 
boundaries of  2° in Chapter 4, and 1° for grain boundaries and 0.2° for subgrain boundaries 
in Chapter 5. Although these values are low, no subgrain boundaries were misidentified as grain 
boundaries by comparing reconstructed grains to compositional zoning. All grains below 5 pixels 
in size were considered to result from misindexing and were removed. Unindexed areas 1 pixel in 
size were filled in by interpolation. Grains in contact with the outer boundary of  the map were 
removed from grain-size analysis. 
 Grain shape analysis for the purpose of  determining the aspect ratio and orientation of  the 
long axis, was performed using the improved fitEllipse function (https://github.com/mtex-tool-
box/mtex/issues/332) for MTEX, fitting ellipses of  equal area as the grains. This method is not 
perfect with respect to more complex grain morphologies. To reduce noise, and because unde-
formed garnet crystals will not result in an aspect ratio of  1.0, only grains with an aspect ratio of  
at least 1.4 were taken into account for shape preferred orientation polar plots. Fitting of  strain 
ellipses to calculated grain ellipse apexes of  long and short axes was performed using the function 
EllipseDirectFit by Chernov (2020) after Fitzgibbon et al. (1999). The EBSD maps were colour 
coded using the “Imola” and inverted “roma” colour-blind-friendly and constant-contrast scien-
tific colour maps (Crameri, 2018), unless specified otherwise.
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3.4 Raman spectroscopy

Raman spectra of  a variety of  mineral inclusions in garnet, rutile, and omphacite were collected 
with a Horiba LabRam HR Evolution spectrometer (holographic gratings of  1800 grooves/mm) 
equipped with an Olympus BX41 confocal microscope at the controlled temperature of  20(1) °C. 
Raman spectra were excited using the 514.532 nm line of  a solid state (YAG) laser. The laser power 
on the sample surface was approximately 1–2 mW. The spectrometer was calibrated to the silicon 
Raman peak at 520.5 cm–1. The spectra were baseline corrected for the continuum luminescence 
background when necessary, temperature reduced to account for the Bose-Einstein occupation 
factor (Kuzmany, 2009) and normalized to the acquisition time. Peak positions, full-widths at 
half  maximum (FWHMs), and integrated intensities were determined from fits with pseudo-Voigt 
functions (pseudoVoigt = (1-q)*Lorentz+q*Gauss, where q is the mixing coefficient). Spacing be-
tween datapoints of  a spectrum is 0.522 cm-1, so the analytical error derived from the maximum 
distance of  any point along a spectrum to a datapoint is 0.261 cm-1.

3.5 Elastic-strain analysis

Elastic strains were determined for quartz and zircon inclusions in garnet by using the relation-
ship between strain and shifts in the position of  selected Raman peaks (Angel et al., 2019; Murri 
et al., 2019). The shift, Δω, of  each Raman peak is the difference between the peak positions in 
the inclusion, ωi, and an unstrained reference crystal, ω0. To reduce shifts in peak position due to 
instrumental drift and/or minor changes to room temperature, the unstrained standard was mea-
sured multiple times per session. The ω0 values were averaged and then subtracted from the ωi 
of  the strained inclusions analysed in between two consecutive standards. Sets of  Δω (modes 128, 
206, 464 and, when available, 265) for each inclusion were converted to strain using the software 
stRAinMAN (Angel et al., 2019), applying the Grüneisen tensors for the inclusion mineral (quartz: 
Murri et al., 2018; zircon: Stangarone et al., 2019) and relaxation of  the strains (Angel et al., 2014a). 
Strain interference can occur due to complex inclusion geometries or inclusion proximity to the 
sample surface, outer edge of  the garnet, or other inclusions. Therefore, we only analysed non-fac-
eted, rounded and sub-rounded inclusions, isolated by at least three times their radius (Campom-
enosi et al., 2018; Mazzucchelli et al., 2018; Zhang, 1998).
 From the strain states of  inclusions, isomekes were calculated using the Cij method in the 
online application EntraPT (Mazzucchelli et al., 2021). In this application, a garnet endmember 
must be selected for the elastic properties of  the host. The host garnets mainly consist of  an al-
mandine + spessartine mixture, however a complete set of  elastic and thermodynamic properties 
for these two garnet endmembers is unavailable in literature. Thus, we calculated expected strains 
for given entrapment P-T conditions using data for grossular and/or pyrope. Grossular is closest 
to the elastic behaviour of  spessartine, and results for a spessartine host should fall between those 
of  grossular and pyrope. Differences between elastic properties of  garnet endmembers are small, 
and as a result, only minor variations (<5% at near-identical ratio of  ε1+ε2 vs. ε3) in expected 
strains should occur when using properties of  a different endmember (Zaffiro, 2020).

3.5.1 Quartz inclusions

A gem-quality quartz crystal was selected as unstrained reference crystal. As quartz does not incor-
porate amounts of  trace elements that significantly alter its elastic properties or Raman spectrum, 
no chemical analysis was required.
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Out of  twelve Raman-active modes of  quartz, four were selected to be used for the determination 
of  elastic strains (Figure 3.1). Selection criteria are that peaks must not overlap with the spectrum 
of  the host garnet, and that the peaks must be sufficiently sensitive to strain to result in significant 
peak shifts compared to the analytical error. The selected peaks are similarly sensitive to ε1+ε2 vs. 
ε3, which will result in a large uncertainty along the lines of  constant peak position (Figure 3.1).

Figure 3.1: Overview of  the effect of  strain components ε1+ε2 vs. ε3 on the shift in the peak position ω (cm-1) for 
four selected Raman modes of  quartz. Data is from Murri et al. (2018), colormap is “Vik” (Crameri, 2018). The 
strain values of  used density functional theory simulations are given as black circles in the top left graph. See text for 
explanation on selection of  modes.

3.5.2 Zircon inclusions

A gem quality zircon crystal from the Mud Tank carbonatite complex in Australia was used as ref-
erence (Gain et al., 2019). This crystal is the same material as is used in the study by Zaffiro (2020) 
for the determination of  the equation of  state of  zircon. 
 The Raman spectrum of  Zircon has thirteen Raman-active modes, which vary in sensitivi-
ty to strain and in the degree of  sensitivity to ε1+ε2 vs. ε3. The sensitivity of  seven selected modes 
(Campomenosi et al., 2020) to ε1+ε2 vs. ε3 results in the spacing between, and slope of, lines of  
equal shift of  the Raman peak (Figure 3.2). Obtaining strain values with a low uncertainty relies 
on the use of  multiple Raman modes, preferably with a high as possible sensitivity, and a high va-
riety in isoline slope. A high analytical error or fitting error compared to the shift in peak position 
should be avoided, and therefore less sensitive peaks are usually unreliable.
 The chemical composition and metamictization of  zircon can have a strong impact on 
its Raman spectrum and elastic properties (Campomenosi et al., 2020 and references therein). A 
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Figure 3.2: Overview of  the effect of  strain components ε1+ε2 vs. ε3 on the shift in the peak position ω (cm-1) for 
seven selected Raman modes of  zircon. Data is from Stangarone et al. (2019), colormap is “Vik” (Crameri, 2018). 
The strain values of  used DFT simulations are given as black dots in the top left graph. See text for explanation on 
selection of  modes.

protocol to test for metamictization in zircon inclusions was established by Campomenosi et al. 
(2020), using the full width at half  maximum (FWHM) of  the B1g Raman mode at approximately 
1009 cm-1. The suggested FWHM for zircon crystals is smaller than 5 cm-1, illustrated by a relation 
between FWHM and a negative shift in the peak position of  the 1009 mode (“trend 1” in Figure 
2 of  Campomenosi et al., 2020). The value of  5 cm-1 as limit for the FWHM is based on a Raman 
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spectroscope with a spectral resolution of  2 cm-1, whereas the spectrometer used in this study has 
a spectral resolution of  0.52 cm-1. Therefore, a stricter limit could be applied.
 

3.6 LA-ICP-MS

Trace element mineral composition of  rutile was determined by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) at the IGG-CNR (Istituto di Geoscienze e Georisorse of  
the National Research Council) of  Pavia. The instrument couples an Excimer Laser 193 nm ArF 
(GeoLas200 Microlas) with a Triple Quadrupole (8900 QQQ from Agilent). Elements that were 
measured are: 7 Li, 9 Be, 11 B, 23 Na, 25 Mg, 27 Al, 29 Si, 39 K, 43 Ca, 44 Ca, 45 Sc, 47 Ti, 51 V, 53 
Cr, 55 Mn, 57 Fe, 59 Co, 60 Ni, 63 Cu, 66 Zn, 75 As, 85 Rb, 88 Sr, 89 Y, 90 Zr, 93 Nb, 95 Mo, 118 
Sn, 121 Sb, 133 Cs, 138 Ba, 139 La, 140 Ce, 141 Pr, 146 Nd, 149 Sm, 151 Eu, 157 Gd, 159 Tb, 163 
Dy, 165 Ho, 167 Er, 169 Tm, 173 Yb, 175 Lu, 177 Hf, 181 Ta, 182 W, 208 Pb, 232 Th and 238 U.
 NIST-SRM610 was used as an external standard, whereas Ti was adopted as internal stan-
dard for rutile, and Si for garnet. In each analytical run the USGS reference samples BCR2 and 
NIST612 (Norman et al., 1996; Pearce et al., 1997; Rocholl et al., 1997) were analysed together 
with the unknowns for quality control. Precision and accuracy are better than 5% and 10%, respec-
tively. Data reduction was performed using the Glitter software package (Van Achterbergh, 2001). 
A 50 µm wide laser beam was deployed to analyse 16 spots over six rutile grains, measuring core 
and rim separately when grain size allowed it, and using an average TiO2 content of  99 wt% as in-
ternal standard. The wt% SiO2 as internal standard for garnet was determined per garnet popula-
tion (see Appendix D for values). Rare earth element composition diagrams display concentrations 
that were normalized against the chondrite composition from McDonough & Sun (1995).

3.7 Scanning Electron Microscopy

Rutile was characterised by using the TESCAN MIRA3 field-emission scanning electron micro-
scope (SEM) at the John de Laeter Centre (JdLC), Curtin University, Perth, Australia. BSE images 
were collected at a working distance of  15 mm and an accelerating voltage of  20 kV. For combined 
electron backscatter diffraction (EBSD) and energy dispersive x-ray spectroscopy (EDS) imaging 
the SEM was operated at a working distance of  15 mm with the stage tilted to 70°. An accelerating 
voltage of  20 kV was applied with a beam intensity of  17, yielding a beam current of  3 nA. EBSD 
data were acquired at a step size of  1 μm and the match units for rutile (Swope et al., 1995) and 
omphacite (Oberti and Caporuscio, 1991) were obtained from the American Mineralogist crystal-
lography database (801 448-45x).
 Transmission Kikuchi Diffraction (TKD) was performed on the Atom Probe tomography 
(APT) specimens to assist with targeting the low-angle boundaries during sample preparation for 
ATP and to provide correlation with APT data. TKD was performed with a step size of  15 nm 
and at a working distance of  9 mm, 90° tilt, an accelerating voltage of  30 kV, and a beam intensity 
of  15, yielding a beam current of  2 nA. 
 Post-processing of  EBSD (for Chapter 8 only) and TKD data was performed in Matlab®, 
version R2019a, using the free toolbox MTEX Version 5.3 (Bachmann et al., 2010). Images were 
plotted using the colourblind friend colourkey of  Crameri (2018). Post-processing involved a noise 
reduction procedure by applying a wildspike correction and removal of  ‘grains’ < 5 pixels. The 
procedure was followed by applying a 5x5 pixel Median Filter, part of  the MTEX toolbox. The 
function works similar to a nearest-neighbour extrapolation in for example Channel5. The filter 
smooths the EBSD data and is designed to preserve subgrain boundaries in the process.
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3.8 Focused-Ion-Beam SEM

Specimen preparation for transmission electron microscopy (TEM) and APT was conducted on 
the Tescan Lyra Ga+ Focused Ion Beam Scanning Electron Microscope (FIB-SEM), which is part 
of  the Advanced Resource Characterization Facility (ARCF) within the JdLC. The FIB-SEM was 
operated at an accelerating voltage of  30 kV. TEM and APT specimens were extracted from one 
low-angle boundary in a single grain. The TEM foil was mounted on a copper half-grid and thinned 
to < 100 nm followed by a 2 kV cleaning routine to remove damage induced by 30 kV specimen 
preparation. APT specimens were precisely targeted using electron-beam deposited markers and 
followed by the standard lift-out and sharpening procedures and 2 kV clean up routine (Rickard et 
al., 2020). TKD imaging ensured the low-angle boundary (LAB; see Chapter 8) was present close 
to the apex of  the tip after final sample preparation and consequently within the field-of-view for 
APT analysis. Final secondary electron (SE) imaging was performed in SEM-mode only at a work-
ing distance of  6 mm and an accelerating voltage of  10 kV.

3.9 Transmission Electron Microscopy

TEM analysis was performed on the FEI Talos FS200X Field Emission Gun TEM equipped with 
a Super-X EDS detector housed in the John de Laeter Centre, Curtin University, Australia. The 
TEM was operated at 200 kV. TEM imaging was conducted in both bright- and dark-field (BF 
and DF) modes. The TEM diffraction investigation was conducted with the assistance of  Kikuchi 
patterns that were generated by convergent beam electron diffraction (CBED). A small spot was 
used to minimize the beam-related damage to the sample, and the sample was tilted to align a zone 
axis or meet a two-beam condition to acquire selected area diffraction (SAD) patterns. Both BF 
and DF TEM imaging were undertaken with the objective apertures after tilting the sample to a 
diffraction condition within 20°.
 Chemical analysis was conducted using the attached two pairs of  Super-X detectors. The 
TEM is fitted with four scanning transmission electron microscopy (S/TEM) detection systems: 
High Angle Annular Dark Field (HAADF), upper Dark Field (DF4), lower Dark Field (DF2), and 
Bright Field (BF). The contrast in HAADF images results predominantly from chemical/phase 
differences and the contrast in BF images results predominantly from orientation differences. The 
DF4 and DF2 detectors reveal both chemical and orientation contrasts at different angles. TEM, 
S/TEM, and EDS data acquisition were conducted with the Velox software.

3.10 Atom Probe Tomography

Five needle-shaped specimens were run in the atom probe yielding 38×106–95×106 ion counts. 
All specimens remained intact after the run. APT analyses were performed on a Cameca Local 
Electrode Atom Probe (LEAP) 4000X HR that is part of  the ARCF in the JdlC. The LEAP was 
operated in laser-assisted mode at a pulse rate of  200 kHz, a laser pulse energy of  50 pJ, a base 
temperature of  50 K and a detection rate of  0.8% (1600 ions s-1) based on recommendations by 
Verberne et al. (2019). Post-processing was performed using Cameca’s Integrated Visualization 
and Analysis Software (IVAS) 3.8.0. Peaks in the mass spectra were labelled per individual element 
for specific ionization states and ranged with a constant width of  0.2 Da unless resulting in the 
measurement of  background signals. Detailed information about acquisition and post-processing 
is provided in Appendix E based on Blum et al. (2018). For visualization and compositional analy-
ses, isoconcentration surfaces were computed in 3D using IVAS (Hellman et al., 2000).
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CHAPTER 4
Extensive fluid-rock interaction and 
pressure solution in a UHP fluid path-
way recorded by garnetite

Abstract

This study combines the microstructural and petrological analysis of  garnet and its inclusions in 
quartzite-hosted garnetite from the ultrahigh-pressure Lago di Cignana metaophiolite (Western 
Alps). We present a comprehensive record of  metamorphism, compaction, and the state of  stress 
during interaction between oceanic metasediments and infiltrating fluids along a major open-sys-
tem fluid pathway.
The arrangement of  garnet into garnetite layers is attributed to concomitant compaction and 
dissolution that resulted in the formation of  a garnet stylolite. The fluid pulses that were accom-
modated by this pathway subsequently resulted in several stages of  garnet deformation, dissolu-
tion, local reprecipitation, and recrystallization. Abundant evidence for pressure solution in garnet, 
alongside near-hydrostatic to hydrostatic conditions indicated by elastic strains of  quartz inclu-
sions in garnet obtained through Raman spectroscopy, support low differential stresses during 
fluid-rock interaction.
The high degree of  dissolution recorded by the garnetite showcases the strong potential for com-
paction by fluid-assisted volume loss and mass transfer. Dehydration of  subducting rocks with 
subsequent migration of  resulting fluids through the slab provides a mechanism of  mass transfer 
and has the potential to drive compaction and exert control on differential stress along fluid path-
ways.

Published as: Van Schrojenstein Lantman, H.W., Scambelluri, M., Gilio, M., Wallis, D., Alvaro, M., 2021. Extensive 
fluid-rock interaction and pressure solution in a UHP fluid pathway recorded by garnetite, Lago di Cignana, Western 
Alps. Journal of  Metamorphic Geology, doi.org/10.1111/jmg.12585
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4.1 Introduction

The importance of  fluids in subduction systems is well established, as they control rheology, meta-
morphism, metasomatism, and volcanism (Peacock, 1990; Scambelluri & Philippot, 2001; Bürg-
mann & Dresen, 2008; Gerya & Meilick, 2011; Spandler & Pirard, 2013). In subduction zones, the 
volumes of  fluids released from the slab (Van Keken et al., 2011) and the difference in fluid com-
position from dehydration at the source rock to solute-rich fluid in the mantle wedge, require that 
fluid-rock interaction takes place along the intervening pathways (Hermann et al., 2006; Bebout, 
2007; Herms et al., 2012; Dragovic et al., 2015; Taetz et al., 2018; Brovarone et al., 2020). Despite 
the relevance of  fluid-rock interaction for interpreting geological processes, several factors, such 
as complex solubilities and speciation, retrograde overprinting, limited exhumation and exposure, 
and other gaps in the rock record challenge our progress in this field.
 A viable process of  fluid interaction with high-pressure rocks is dissolution-precipitation 
(e.g., Ague & Nicolescu, 2014; Angiboust et al., 2017; Ferrando et al., 2017; Giuntoli et al., 2018). 
As this mechanism can take place at low differential stresses, it is widespread in subduction zones 
(Wassmann et al., 2011; Wassman & Stöckhert, 2013b). However, as precipitation does not nec-
essarily occur at or near the site of  dissolution, this fluid-driven process can facilitate mass loss 
at the reaction sites and mass transfer in subducting slabs while leaving barely perceptible traces. 
Tracing dissolution can be further complicated by retrograde overprinting, which is common in 
high-pressure terranes. Considering the long distances of  up to several kilometres over which mass 
transport is hypothesized in subduction settings, finding an intact fluid pathway on this scale with-
in dismembered high-pressure terranes is unlikely. Therefore, field-based studies will only probe 
small portions of  fluid pathways, which should be treated as open systems (Plümper et al., 2017). 
Consequently, to understand the process of  mass transfer through the slab, the single components 
of  such large-scale systems must be studied individually.
 The ultrahigh-pressure metamorphic (UHPM) Lago di Cignana unit (LCU) is a famous 
coesite- and diamond-bearing Alpine meta-ophiolite (Reinecke, 1991; Frezzotti et al., 2011) and 
a rare example of  oceanic crust that reached 90-110 km depths (Reinecke, 1998; Groppo et al., 
2009). Garnetite is common to various LCU lithologies, and although garnetites are typically sedi-
mentary, metasomatic, melt- or fluid-related in origin (e.g., Spry et al., 2000; Vrijmoed et al., 2006; 
Angiboust et al., 2017; Hadjzobir et al., 2017), no origin mechanism has been established for the 
LCU garnetites. Infiltration of  external fluids and extensive fluid-rock interaction within this unit 
have been revealed by detailed fluid-inclusion and geochemical studies, suggesting influx of  locally 
solute-rich serpentinite-derived fluids (Hawkins et al., 2009; Frezzotti et al., 2011; Halama et al., 
2020). Therefore, the LCU potentially includes remnants of  a large-scale fluid pathway, which has 
not yet been identified and described in detail.
 In this study, we examine the relation between the LCU Mn-rich quartzites and the garne-
tite lenses that they host using a combination of  petrological, mineralogical and microstructural 
data. The observations elucidate how fluid pathways shaped the metasediments, how garnetite 
formed by a newly-described mechanism involving pressure solution, how fluid-rock interaction 
evolved over time during metamorphism, and the stress regime during this process.

4.2 Geological background

The Alpine high-pressure ophiolites of  the Piemonte zone (Figure 4.1) are the dismembered rem-
nants of  the Mesozoic Tethyan Ocean that was subducted during Alpine plate convergence and 
orogeny (Dal Piaz et al., 1999 and references therein). The Lago di Cignana Unit is a coesite- and 
diamond-bearing UHPM ophiolitic sliver cropping out between two major metaophiolitic units: 
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the underlying Zermatt-Saas Zone (ZSZ) recording eclogite-facies metamorphic conditions of  
520 ± 20 °C, 2.3 GPa (Angiboust et al., 2009), and the overlying Combin Zone (CZ) recording 
blueschist-facies conditions of  300–345 °C, ~0.9 GPa (Reddy et al., 1999).
The relation between the LCU and the ZSZ is still debated. One possibility is that the LCU is 
one of  several minor bodies of  diverse origin that crop out along the contact between the ZSZ 
and CZ (Dal Piaz et al., 2001; Gilio et al., 2019), which differ in their peak-metamorphic age, P-T 
evolution, and provenance (Theodul Glacier Unit, Etirol-Levaz Slice, Allalin Gabbro; Weber et al., 
2015; Bucher & Grapes, 2009; Beltrando et al., 2010). The alternative is that the LCU is located 
within the upper levels of  the ZSZ, and only deviates in terms of  peak metamorphic pressure, 
while metamorphic ages and temperatures match (Groppo et al., 2009; Skora et al., 2015).
 The LCU consists of  coesite-bearing eclogite, serpentinite (Gilio et al., 2019) and metased-
iments varying from calcschist and marble to several types of  manganiferous quartzites (Reinecke, 
1998; Forster et al., 2004). The quartzite varies from schistose garnet-amphibole-phengite quartz-
ites, to purple, hydrothermally Mn-enriched quartzite similar to other Mn-rich metasediments 
from the ZSZ (Tumiati et al., 2010). Garnetite is present in several metasediments and eclogites 
as lenses and boudins. Certain LCU garnetites contain fluid inclusions with solutes that originated 
from the dissolution of  carbonate and quartz (Frezzotti et al., 2011). Furthermore, Hawkins et 
al. (2009) observed an assemblage of  daughter minerals in fluid inclusions in garnetite, consisting 
of  jadeite, paragonite, phengite, chlorite, amphibole, titanite and K-feldspar alongside Ca-sulfates, 
phosphates and oxides. This evidence suggests the dissolution of  a polymineralic component of  
the system during garnet growth, beyond quartz and carbonates (Frezzotti et al., 2011; Hawkins et 
al., 2009). Boron concentrations and isotopic ratios in white mica within several lithologies in the 
LCU area indicate that a fluid derived from partially dehydrated serpentinites was the driver behind 
fluid-rock interaction in quartzite, but not in eclogite (Halama et al., 2020).

Figure 4.1: Geological map of  the large-scale context of  the Zermatt-Saas zone in the vicinity of  the Lago di Cig-
nana unit, modified after Kirst and Leiss (2017) and references therein. The red square in the main map indicates the 
location of  Lago di Cignana and Figure 4.2a.
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Figure 4.2: (a) Geological map of  the Lago di Cignana area with sample location, modified after Kirst and Leiss 
(2017) and references therein. (b) P-T paths determined for Lago di Cignana based on metasediments (Reinecke, 1998) 
and eclogite (Groppo et al., 2009). Mineral abbreviations are from Whitney and Evans (2010).

4.3 Methods

4.3.1 Sample preparation

Samples were processed into sections 100 µm thick for petrographic analysis and electron mi-
croscopy. For the purpose of  strain analysis on inclusions in garnet, sections 250 µm thick were 
prepared to maximize the number of  inclusions without strain dissipation due to proximity to the 
surface of  the section. Sections were polished with a 0.05-µm colloidal-silica suspension in prepa-
ration for high-quality electron microscopy.

4.3.2 Electron microscopy

Electron probe micro-analysis (EPMA) measurements of  major elements were performed using 
a JEOL JXA 8200 Superprobe at the Department of  Earth Sciences, University of  Milan. An ac-
celerating potential of  15 kV and a beam current of  15 nA were used for spot analyses with a 30 
second counting time. Measurements for element-distribution maps were performed with a com-
bination of  WDS and EDS, at 15 nA and 100 nA for high-detail maps. Element distribution maps 
were plotted using an inversion of  the “roma” scientific colour map (Crameri, 2018).
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4.3.3 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) data were acquired on a Phillips XL-30 field-emission 
gun scanning electron microscope equipped with an Oxford Instruments’ Nordlys-Nano EBSD 
detector and AZtec 3.3 acquisition software. An EBSD map of  1638 x 1228 pixels was acquired at 
a step size of  0.9 µm and an accelerating voltage of  30 kV. Data were processed using the MTEX 
v5.1.1 toolbox (Bachmann et al., 2010) for MATLAB®. Grain reconstruction was performed 
with a minimum misorientation value for grain boundaries of  2°. Although this value is low, no 
subgrain boundaries were misidentified as grain boundaries as subgrains are absent in the analysed 
garnet crystals. All grains below 5 pixels in size were considered to result from misindexing and 
were removed. Unindexed areas 1 pixel in size were filled in by interpolation. Grains in contact 
with the outer boundary of  the map were removed from grain-size analysis. The EBSD map was 
colour coded by grain size using an inversion of  the “roma” scientific colour map (Crameri, 2018).

4.3.4 Raman spectroscopy

Raman spectra of  quartz inclusions in garnet were collected with a Horiba LabRam HR Evolu-
tion spectrometer (holographic gratings of  1800 grooves/mm) equipped with an Olympus BX41 
confocal microscope at the controlled temperature of  20(1) °C. Raman spectra were excited using 
the 514.532 nm line of  a solid state (YAG) laser. The laser power on the sample surface was ap-
proximately 1–2 mW. The spectrometer was calibrated to the silicon Raman peak at 520.5 cm–1. 
The spectra were baseline corrected for the continuum luminescence background when neces-
sary, temperature reduced to account for the Bose-Einstein occupation factor (Kuzmany, 2009) 
and normalized to the acquisition time. Peak positions, full-widths at half  maximum (FWHM), 
and integrated intensities were determined from fits with pseudo-Voigt functions (pseudoVoigt = 
(1-q)*Lorentz+q*Gauss, where q is the mixing coefficient).

4.3.5 Elastic-strain analysis

Elastic strains in quartz were determined for 17 quartz inclusions in garnet by using the relation-
ship between strain and shifts in the position of  selected Raman peaks (Angel et al., 2019; Murri 
et al., 2019). The shift, Δω, of  each Raman peak is the difference between the peak positions in 
the inclusion, ωi, and an unstrained reference crystal, ω0. To reduce shifts in peak position due to 
instrumental drift and/or minor changes to room temperature, the unstrained standard was mea-
sured multiple times per session. The ω0 values were averaged and then subtracted from the ωi 
of  the strained inclusions analysed in between two consecutive standards. Sets of  Δω (modes 128, 
206, 464 and, when available, 265) for each inclusion were converted to strain using the software 
stRAinMAN (Angel et al., 2019), applying the Grüneisen tensors for quartz (Murri et al., 2018) 
and relaxation of  the strains (Angel et al., 2014a). Strain interference can occur due to complex 
inclusion geometries or inclusion proximity to the sample surface, outer edge of  the garnet, or 
other inclusions. Therefore, we only analysed non-faceted, rounded and sub-rounded inclusions, 
isolated by at least three times their radius (Campomenosi et al., 2018; Mazzucchelli et al., 2018; 
Zhang, 1998).
 For comparison with the strain state in inclusions measured with Raman, numerically pre-
dicted strains were calculated based on expected entrapment conditions using the software Eo-
sFit7c (Angel et al., 2014b). The prograde P-T path for the LCU (Reinecke, 1998; Groppo et al., 
2009) was divided into four segments of  0.5 GPa by 100 °C (varying with pressure along the P-T 
path), from 1.0 GPa to 3.0 GPa. Pressure was extended into the coesite field to accommodate 



51

Chapter 4: Fluid-rock interaction recorded in garnetite

any potential overstepping of  the quartz-coesite transformation. Precise P-T values and resulting 
calculated strain states are available in the supplementary material. The host garnet mainly consists 
of  an almandine + spessartine mixture, however a complete set of  elastic and thermodynamic 
properties for these two garnet endmembers is unavailable in literature. Thus, we calculated ex-
pected strains for given entrapment P-T conditions using data for grossular. Differences between 
elastic properties of  garnet endmembers are small, and as a result, only minor variations (< 5% 
at near-identical ratio of  ε1+ε2 vs. ε3) in expected strains should occur when using properties of  a 
different endmember (Zaffiro, 2020).

4.4 Sample description

Garnetite layers and lenses are present in several of  the LCU lithologies, including the Mn-rich 
schistose quartzite investigated here (Figure 4.3a–c) and eclogite (Figure 4.3d). However, this 
quartzite best preserves the relationship between the host rock and the garnetite. In contrast, the 
eclogite contains only sparse garnetite, and the structural relationship between eclogite and garne-
tite is unclear.
The Mn-rich schistose quartzite forms a 5 m-thick layer, at the centre of  which is a 30 cm-thick 
zone where the majority of  the garnetite is located. Here, the garnetite occurs as lenses, discon-

Figure 4.3: Outcrop photographs of  the garnetite pods in quartzite. (a) Fresh cross section through quartzite with 
garnetite lens, displaying the complex interior of  the garnetite. (b) Deformed garnetite lens exhibiting the sheared 
nature of  these rocks. Garnetite continues as a layer of  thin boudins through the exposure. (c) Stack of  several gar-
netite bodies, indicated by white dashed lines. Solid blue lines indicate the highly folded foliation in the host rock. (d) 
Garnetite as occurring in eclogite from the LCU. A garnet-poor, omphacite-rich rim surrounds the garnetite layers and 
lenses. Dashed black line indicates the inferred boundary between host rock and garnetite with rim.
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tinuous layers, dismembered fold hinges and limbs transposed along a phengite foliation (Figure 
4.3a–c). This garnet quartzite can thus be subdivided into (i) garnet- and phengite-bearing schis-
tose host rock and (ii) garnetite (Figure 4.3a). Boudinage of  the garnetite indicates a competence 
contrast between the garnetite and the quartzite host rock (Figure 4.3b,c). The garnetite lenses, 
particularly the thicker parts, are structurally complex and appear heterogeneous in terms of  gar-
net content based on colour variations. Some quartz-rich veins and patches cross cut the lens and 
its outer margins.
 
4.4.1 Host rock

The matrix of  the host-rock quartzite exhibits a foliation defined by phengite, and contains garnets 
as euhedral grains < 1 mm in size (Figure 4.4b). Smaller anhedral garnet crystals are concentrated 
into lenses and layers < 1 cm across. The host rock also contains strongly zoned epidotes and ag-
gregates of  amphibole of  a composition between magnesio-hornblende, actinolite, and winchite, 
alongside phengite, biotite, and quartz.
Two distinct mineral assemblages are present as inclusions in garnet (Table 4.1). In the cores of  
this garnet, inclusions of  quartz, apatite, magnesite, dolomite, rutile, and zircon are present. Rutile 
is often < 1 µm in size, giving the garnet core an orange hue. In the garnet mantle, an assemblage 
of  coesite, kyanite, clinozoisite, phengite, rutile, and zircon is present. The euhedral garnet rims 
contain occasional quartz inclusions.
 
Table 4.1: Overview of  inclusion assemblages in garnet. An “x” indicates that the corresponding garnet zone is not 
present or indistinguishable from the core.

Rock type Garnet type core mantle rim
Host rock Rock forming Qz, Rt*, Dol, Mgs, Ap, Zrn Coe, Ky, Czo, Ph, Zrn Qz

Outer garnetite Rock forming Qz, Rt*, Dol, Mgs, Ap, Zrn none none

Inner garnetite Rock forming Qz, Rt*, Dol, Mgs, Ap, Zrn x x

Inner garnetite Rock forming Qz, Ap x x

4.4.2 Garnetite

The garnetite is microstructurally diverse (Figure 4.4a), and can be subdivided into an inner and 
outer garnetite. This subdivision is based on garnet size and on quartz content, with the outer 
garnetite having more interstitial quartz and larger garnets (Figure 4.4c). Besides being smaller 
and having less to no interstitial quartz, garnets in the inner garnetite have a “welded” appearance 
(Figure 4.4d). Large euhedral garnets are locally present on the outer margin of  the inner garnetite 
(Figure 4.4e). The outer garnetite contains up to ~50% interstitial quartz by volume and occa-
sional quartz veins cross cut the entire garnetite (Figure 4.4a). Rare accessory minerals, including 
phengite, apatite, biotite, and sulphides, are present in the garnetite. A variety of  structures are 
present within the garnetite. The garnets in the outer garnetite are mostly euhedral and are often 
distributed in chains separated by quartz (Figure 4.4c). Garnets within this zone also exhibit a weak 
shape preferred orientation, as their long axis is subparallel to the host-rock foliation and perpen-
dicular to the garnet chains. 
 In both garnetite zones the main inclusion assemblage is similar to that of  host rock garnet 
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Figure 4.4: Micrographs of  100 µm-thick sections of  host rock and garnetite, taken with plane-polarized transmitted 
light. (a) Overview of  the section, including host rock in the top left corner. Locations for (b–d) are marked. (b) A 
garnet typical of  those in the host rock. (c) Outer garnetite, occasionally consisting of  chains of  garnet separated 
by quartz, (d) Inner garnetite, consisting of  “welded” garnet with numerous inclusions. (e) Euhedral garnet crystals 
grown over inner garnetite. (f) Quartz inclusions located inside euhedral garnet overgrowth in (e).

cores and consists of  quartz, apatite, magnesite, dolomite, rutile, and zircon (Table 4.1). As in the 
host-rock garnets, rutile is usually sub-micron sized and occurs in clusters, which give the garnet an 
orange hue (Figure 4.4d). In the outer garnetite an inclusion-free rim is present around the inclu-
sion-rich garnet core. The euhedral garnet overgrowth on the outer margin of  the inner garnetite 
contains quartz inclusions (Figure 4.4f). No coesite has been observed in the garnetite.
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4.5 Garnet structures and compsosition

4.5.1 Host rock

The backscattered electron (BSE) image of  a representative host-rock garnet displays strong com-
positional zonation that is locally complicated by irregularities (Figure 4.5a). Radial veinlets that 
appear with the same brightness in BSE as the euhedral rims cross cut the darker garnet. The 
garnet cores do not exhibit any irregularity in zonation besides radial veinlets. In contrast, the 
growth zones surrounding the core (garnet mantle) are separated by irregular boundaries between 
compositional zones.
 EPMA analyses and element distrution mapping of  representative host rock garnets reveal 
a strong compositional zonation (Figure 4.7a,d,g, Figure 4.8a). Garnet compositions correspond-
ing to coesite inclusions in host-rock garnet are marked as representing UHPM garnet growth 
(Figure 4.7a,d; Figure 4.8). From these analyses, two trends can be distinguished. The first compo-
sitional trend (labelled 1 in Figure 4.8a) forms the common prograde metamorphic zoning trend. 
Mn-rich garnet cores progress to compositions richer in Fe, whereas Mg initially increases in the 
intermediate mantle before decreasing so that Mg concentrations are similar between earliest and 
latest compositions. This metamorphic zonation is interrupted by irregular compositional bound-
aries located within the Mg-richer UHPM zone.
 A second trend in garnet compositions also depletes in Mn and enriches in Fe, yet without 
the Mg–richer excursion, essentially forming a series of  intermediate compositions between the 
earliest prograde growth stage and the latest growth stage (Figure 4.8). Compositions related to 
this trend occur along the radial veinlets, in the cores of  garnets, and as the outer rim (very similar 
BSE intensity in Figure 4.5a; Figure 4.7a,d). The veinlets appear to radiate from the core of  the 
garnet, where a ~50–100 µm zone of  elevated Ti signal can be found, linked to the presence of  
sub-micron rutile inclusions (Figure 4.7g).

4.5.2 Garnetite

Garnets in the outer garnetite exhibit several similarities with garnets in the host rock (Figure 
4.5b–e). One irregular boundary between compositional zones is typically present (Figure 4.5c) 
and, in addition, these garnet crystals display truncation of  the metamorphic zones at garnet-gar-
net contacts (Figure 4.5b,c). The truncation involves portions of  the garnet core and mantle, and is 
locally overgrown by another zone of  garnet (Figure 4.5c). Radial veinlets are common to garnets 
in the outer garnetite (Figure 4.5b–e). Occasionally, garnets exhibit interlocking lobate structures 
between two cores (Figure 4.5d,e). The outer zone of  the garnets is euhedral and free of  veinlets. 
Particularly in the garnet-richer zones of  the outer garnetite, garnet-garnet contacts are often 
sealed with a late growth of  garnet (Figure 4.5b,e).
 Garnets in the inner garnetite do not resemble the other garnet types, as they do not exhib-
it a distinct metamorphic zonation and lack radial veinlets (Figure 4.5f). In addition, these garnets 
exhibit irregular grain shapes, illustrated by interlocking lobes of  dark grey garnet (Figure 4.5f). 
Interlocking features are more common in garnetite with lower quartz content. Most garnet-garnet 
grain boundaries are sealed with a late growth of  garnet (e.g., Figure 4.5e), which also gives the 
inner garnetite a single-crystal appearance in thin section and hand specimen. The euhedral gar-
nets at the outer margin of  the inner garnetite locally contain inclusions of  garnet from the inner 
garnetite (see Appendix A Figure A1f).
 Grain boundaries in the inner garnetite can be difficult to distinguish based on compo-
sitional zones alone. However, individual grains can be clearly separated based on crystal orien-
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Figure 4.5: Backscattered electron (BSE) images with contrast adjusted so all minerals besides garnet are black or 
white and zones within garnet are highlighted. (a) Host-rock garnet exhibiting irregular boundaries between compo-
sitional zones, four of  which are marked with white arrows. Brighter thin features often perpendicular to the zoning 
are radial veinlets. (b) Garnets in the outer garnetite exhibit truncated of  zones at the grain contacts, as indicated by 
white arrows. Garnet-garnet contacts are sealed with late-stage garnet. Note the similar BSE contrast for the outer-
most garnet rim, the garnet inside garnet-garnet contacts and within the radial veinlets. The large, white inclusion is 
rutile. (c) Garnets in the outer garnetite in part of  a garnet chain, with white markers indicating truncated zones with 
late stage zones grown over the truncation. Black marker indicates an irregular boundary between garnet zones of  
different compositions. (d) Small aggregate of  garnets in the outer garnetite exhibiting truncated zones, indicated 
by markers, alongside interlocking garnet structures. Selected grain boundaries have been marked by dashed white 
lines to emphasise the interlocking structure. (e) Outer garnetite with a low amount of  interstitial quartz. Markers 
indicate a late growth of  garnet along grain boundaries with a bright shade in BSE, similar in composition to radial 
veinlets throughout the garnets and related alteration focused in the cores. Black dashed box highlights an interlocking 
structure between two neighbouring garnets. (f) Mass of  garnets in the inner garnetite. Several recrystallized zones by 
grain-boundary migration have been marked.
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Figure 4.6: Zones of  reduced grain size within the garnetite. (a) EBSD grain-boundary map with grains coloured 
based on surface area, overlain on the band-contrast image. Grains on the edge of  the map were removed. (b) BSE 
image of  a similar zone of  reduced grain size. (c) Zoom-in of  area marked in (b), in which areas of  high Ti content as 
measured with EPMA element mapping are highlighted in red.

tations measured by EBSD. Figure 4.6a presents an EBSD map of  a portion of  inner garnetite. 
Whereas the majority of  the garnetite has a relatively consistent distribution of  grain size, some 
bands of  a consistently finer grain size, a few hundred micrometres thick (blue domain in Figure 
4.6a), are present within the inner garnetite. In BSE images, these zones exhibit an increase in com-
plexity of  grain shape and zonation relative to the adjacent garnetite (Figure 4.6a,b), and abundant 
rutile and zircon grains, with strong BSE signal and often < 1 µm in size. Figure 6c presents an 
extreme case of  rutile and zircon enrichment along these fine-grained zones.
Despite differences in microstructures, the same two trends (1: metamorphic zoning, and 2: re-
crystallization) as are present in the compositions of  host-rock garnet, are recognizable in the 
garnetite garnets (Figure 4.8). The compositions along this trend are somewhat enriched in Mn 
in the outer and inner garnetite relative to those corresponding to UHPM and late growth in the 
host rock. In the outer garnetite, the garnet zone with compositions matching the UHPM garnet is 
significantly thinner than in host-rock garnets, despite a similar size of  garnet cores (Figure 4.7a–b, 
d–e, g–h). Garnet growth over the truncated zones (Figure 4.7b,e; see line labelled “Truncation 
boundary” in Figure 4.8b) corresponds to compositions of  coesite domains in host-rock garnets. 
Garnet cores in the garnetite, often displaying erratic zonation (Figure 4.7b,c,e,f), adhere to the 
recrystallization trend also found in the host rock (Figure 4.8). In the inner garnetite, garnet of  
the same composition as the coesite zone in host-rock garnet is barely present, only occurring as 
minor component in interlocking lobes and in the euhedral overgrowth at the outer margin. This 
overgrowth does not correspond to the euhedral late-stage growth that is observed in the outer 
garnetite and host rock, based on their different compositions.
 Compositions matching the second trend in the outer garnetite occur mainly in recrys-
tallized garnet cores, alongside Ti enrichment attributed to rutile inclusions (Figure 4.7g–i). The 
interlocking lobes lack these rutile inclusions, similar to garnet of  corresponding compositions in 
the outer garnetite and host rock. Garnet-garnet grain boundaries are also sealed with garnet of  a 
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Figure 4.7: EPMA element distribution maps for Mn (a–c), Mg (d–f) and Ti (g–i) of  garnet from three different 
zones. The host-rock garnet maps (a, d, g) correspond to Figure 4.5a. Quartz and coesite inclusions as identified by 
Raman spectroscopy, and the transect along which garnet composition was measured (Figure 4.8a), are marked in (a) 
and (d). Based on the inclusions, the garnet has been subdivided into prograde, UHPM (peak) and retrograde zones. 
Irregular boundaries marking a contrast in composition are indicated with arrows. The outer garnetite zone displayed 
here (b, e, h) corresponds to Figure 4.5c. In (b) and (e), markers indicate truncated zones with late stage zones grown 
over the truncation. The area of  inner garnetite (c, f, i) corresponds to Figure 4.5f. Grain boundaries as obtained by 
EBSD, alongside areas that were not indexed, are indicated in black. Ti map (i) appears more enriched than (g) and (h), 
as a result of  a beam current of  100 nA instead of  the 15 nA used for the other maps. Scale bars represent 100 µm.

Fe-rich composition along either trend. This trend of  garnet compositions is also observed along 
radial veinlets and as an outer garnet rim. That the recrystallization of  garnet cores resulted in a 
similar composition as garnet within veinlets is most visible in Figure 4.7b, where veinlets and the 
recrystallized core appear strongly related. Recrystallization processes partially overprinted and 
obscured original zonation of  garnet cores in the garnetite.
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Figure 4.8: Overview of  garnet compositions from the host rock, outer garnetite, and inner garnetite. All EPMA 
measurements are given with locations in Appendix A Tables A1–A7 and Figure A1. (a–c) Ternary diagrams of  ma-
jor-element compositional zonation by garnet type. Density of  measurements is no indicator for relative volume of  
the corresponding composition. Zoning trends are indicated with grey arrows and are labelled in (a). The approximate 
composition of  new growth over the truncated zones at garnet-garnet contacts in the outer garnetite is marked in (b). 
The area of  compositions that contain coesite inclusions in the host-rock garnet has been indicated in diagrams (b–c) 
for comparison. As calcium concentrations vary only slightly, Ca was not included in these diagrams.

4.6 Strain state of  quartz inclusions in garnet

Elastic strain analysis via Raman spectroscopy allowed for the determination of  the strain state 
and associated 2σ variance-covariance ellipsoid for quartz inclusions located in the euhedral gar-
net overgrowth at the outside margin of  the inner garnetite (Figure 4.9a, corresponding to Figure 
4.4e,f; upside-down triangles in Figure 4.8c). These inclusions were measured to study the relation-
ship between stress and fluid-driven mechanisms. Only the quartz inclusions in this specific garnet 
population was used, to avoid potential interference from radial veinlets or recrystallization as is 
observed in other garnet populations.
 The method of  elastic geothermobarometry was developed for the primary aim of  obtain-
ing entrapment P-T conditions. However, we can also numerically predict what values of  ε1+ε2 
and ε3 are expected for hydrostatic entrapment conditions and envisage deviations from these 
calculated strains as factors external to the host-inclusion, either during formation or afterwards 
(Figure 9b; Alvaro et al., 2020; Bonazzi et al., 2019; see Appendix A Tables A8–A11 for full data). 
The expected strain states based on LCU P-T data from literature (Figure 2b; Reinecke 1998; 
Groppo et al., 2009) have been provided for comparison.
 Typical strain values obtained from the quartz inclusions are between -0.024 and -0.012 for 
ε1+ε2, and between -0.0054 and 0.0014 for ε3. Within error, most inclusions cluster along or near 
both the hydrostatic stress line and the expected strains for the LCU. Two inclusions (i14 and i20) 
have no apparent strain, probably having been affected by fractures in the host garnet. The strain 
states of  the majority of  measured quartz inclusions cluster around the line corresponding to 0.75 
GPa inclusion pressure (Figure 4.9a,b), in accordance with entrapment conditions between 1.5 and 
2.0 GPa for the prograde temperatures of  the LCU.
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Figure 4.9: (a) Strain diagram of  quartz inclusions in garnet, comparing ε1+ε2 with ε3. Strain states are plotted per 
inclusion including the 2σ variance-covariance ellipsoid. Strain states predicted based on four segments of  the LCU 
prograde P-T path have been plotted for comparison. The dashed red line indicates the strain ratio for quartz under 
hydrostatic stress and the green line represents isotropic strain. Black dashed lines indicate states of  strain correspond-
ing to the same inclusion pressure. Calculated and predicted strain values are available in the Appendix A Tables A10–
A11. (b) Simplified ε1+ε2 vs. ε3 diagram indicating how the strain measured in exhumed quartz inclusions in garnet is 
affected by entrapment conditions.

4.7 Discussion

The garnet microstructures and compositions and the mineral inclusions in garnet described here 
provide key information on the subduction-zone evolution of  the Lago di Cignana UHP gar-
net-quartzite and garnetite. Importantly, our data demonstrate that garnetite formed through a 
process of  mineral compaction and pressure solution. Moreover, the inclusion populations in 
garnet provide information on the possible evolution of  matrix minerals through time and during 
garnet growth, and Raman spectroscopy of  quartz inclusions in garnetite helps understanding the 
stress regime operating during garnet fluid-mediated deformation and dissolution in garnetite.

4.7.1 Evidence for fluid-rock interaction

4.7.1.1 Host rock

In the UHPM garnet quartzite presented here, host-rock garnets display zonation patterns that 
are interrupted by irregular boundaries of  contrasting composition (Figures 4.5a,c; 4.7a,d). These 
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boundaries are spatially related to resorption of  Mn (Figure 4.7a), suggesting that periods of  gar-
net growth were halted by stages of  garnet dissolution driven by disequilibrium between garnet 
and an infiltrating fluid (Figures 4.5a–c; 4.7a,d). The cyclicality of  dissolution and growth suggests 
that fluids pulsed over an extended period during metamorphism.
 In host-rock garnets, ubiquitous radial veinlets of  a late-stage garnet composition cross cut 
the majority of  the zonation. These veinlets, indicate a mechanism of  selective garnet replacement 
along fractures formed during retrograde metamorphism (Whitney, 1996; Angiboust et al., 2012; 
Giuntoli et al., 2018; Broadwell et al., 2019; Rubatto et al., 2020). Currently known mechanisms for 
garnet fracturing during metamorphism, either seismic fracturing (Angiboust et al., 2012; Giuntoli 
et al., 2018), or hydrofracturing due to increased pore fluid pressure (Rimša et al., 2007), normally 
do not generate radial fractures. The radial nature of  the observed fractures could derive from 
stressed mineral inclusions in the garnet cores (Van der Molen & Van Roermund, 1986).
 In the host-rock garnet, the mineral inclusion assemblages are: (i) quartz, rutile, dolomite, 
magnesite, apatite, zircon in the core, (ii) coesite, kyanite, clinozoisite, phengite, zircon in the man-
tle, (iii) quartz in the rim (Table 4.1). The distribution of  quartz and coesite in this garnet (Figure 
4.7a,d) indicates a primary origin of  such inclusions, despite the fractures in the host garnets which 
could have re-equilibrated the inclusions (Whitney, 1996; Griffiths et al., 2014). The inclusions 
thus correspond to preserved remnants of  the evolving rock matrix at different stages of  garnet 
growth. Absence in the matrix of  key inclusion minerals present in the host-rock garnet (e.g. car-
bonates) suggests that such minerals might have been involved in the same mineral dissolution 
process recorded by the garnet. Overall, the quartzite hosting the garnetite layers retains evidence 
of  dissolution that affected the garnet and some matrix minerals.

4.7.1.2 Garnetite

The majority of  garnet-garnet contacts in the outer garnetite exhibit discontinuous zonation (Fig-
ure 5b–e) interrupted by an irregular pattern of  garnet grain boundaries where garnets indent 
and flatten each other. These microstructures are the result of  pressure solution, a fluid-mediated 
deformation mechanism that operates through the increased solubility at stressed grain contacts, 
resulting in localized dissolution and potential reprecipitation at lower-stress areas. This mecha-
nism has previously been recognized for garnet (Smit et al., 2011; Wassmann & Stöckhert, 2013a), 
and can be distinguished from undeformed polycrystalline garnet aggregates as only deformation 
by pressure solution will lead to discontinuous zonation across grain boundaries (Smit et al., 2011). 
Figures 5c and 7b,e display garnet that has overgrown truncated garnet-garnet contacts, indicat-
ing that pressure solution was not a retrograde feature as described by Wassmann and Stöckhert 
(2013a) but instead took place during prograde to peak metamorphism.
 Delicate garnet-chain microstructures are preserved in quartz-rich domains of  the outer 
garnetite (Figure 4.4c) and coincide with garnet flattening and truncation of  compositional zones 
by pressure solution. The garnet-chain microstructure resembles stacked garnet as described and 
interpreted by Massey et al. (2011) as the result of  flattening in a direction parallel to the chains 
coupled with lateral stretching, accommodated by pressure solution and reprecipitation of  inter-
stitial quartz. In the case of  the LCU outer garnetite, the host-rock foliation is near perpendicular 
to the garnet chains, supporting the notion that the shortening direction is parallel to the chains. 
Moreover, the origin and preservation of  this microstructure relies on little to no simple shear. 
Truncated zonation from pressure solution is also observed in parts of  garnetite that are not rich 
in quartz (Figure 5e), suggesting that flattening strain in garnetite did not rely on the local remo-
bilization of  quartz alone, as was suggested for this microstructure by Massey et al. (2011). The 
garnet stacking provides no constraints on strain perpendicular to the stacking and instead can also 
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indicate uniaxial strain with no related stretching, which relies on the reduction of  volume by local 
dissolution coupled with removal of  mass from the system.
 Most garnet-garnet contacts in the inner garnetite and a few in the outer garnetite have 
developed highly interlocking lobate structures by recrystallization through grain boundary migra-
tion (GBM) (Figure 4.5d–f). This recrystallization mechanism is a process where grain boundaries 
sweep over part of  an old grain, recrystallizing it as part of  the neighbouring grain. As a result, the 
grain morphology is altered, yielding a higher degree of  interlocking than is known from pressure 
solution (see microstructures of  chemically-induced GBM in calcite; Hay & Evans, 1987; Smit 
et al., 2011). The GBM-recrystallized garnet differs from the precursor garnet as the result of  a 
change in garnet composition during recrystallization (Figure 4.5f, 4.7c,f,i). For the composition to 
change, an input and output of  solutes is required, particularly as this mechanism should destroy 
and regrow equal amounts of  garnet. GBM took place along all grain boundaries where garnet 
cores were in contact, and therefore a saturated wetting fluid was present throughout the garnetite. 
GBM in the outer garnetite relied on pressure solution to expose two garnet core and bring them 
into contact; core-mantle contact yielded no GBM (Figure 4.5b).
 The bands with finer grain size that cross cut the inner garnetite (Figure 4.6) differ from 
surrounding garnetite in grain size and in enrichment of  rutile and zircon. Both differences can 
be explained by a higher degree of  garnet dissolution within the fine-grained bands, leading to 
a grain-size reduction and the liberation of  less soluble inclusions (zircon, rutile). Alternatively, 
release of  Zr from the garnet could drive zircon precipitation. An alternative mechanism for the 
accumulation of  rutile is an influx of  a Ti-bearing fluid (Scambelluri & Philippot, 2001) leading to 
rutile precipitation. Either way, rearrangement of  pre-existing rutile grains into an evolving garnet 
microstructure, or rutile precipitation in trails within this garnet, are both fluid-mediated process-
es.
 In quartz-poor areas of  the garnetite, garnet-garnet contacts are sealed by a final stage of  
garnet growth. This garnet is of  similar composition to garnet in the radial veinlets and outermost 
garnet rim in the outer garnetite and host rock (Figure 4.5b), corresponding to the Fe-rich part 
of  the composition range (Figure 8; note lower Mg and Mn of  this garnet in Figure 4.7). Since 
no interstitial minerals were present to drive a garnet-forming reaction, either within fractures or 
along grain boundaries, the garnet must have precipitated from a fluid. An alternative mechanism 
relies on the selective replacement of  garnet similar to the formation of  radial veinlets by a fluid 
along fractures. The textures presented here thus indicate that the garnetite garnet was wetted by 
fluids during GBM and during late-stage garnet growth and/or replacement in fractures, grain 
boundaries, and as tiny rims.
 In the inner and outer garnetite, carbonates only occur as inclusions in the garnet core and 
are absent as intergranular phases, pointing to dissolution of  intergranular carbonate. A lack of  
interstitial quartz in the inner garnetite, where quartz inclusions are common, suggests that inter-
granular quartz was also removed. This mineral dissolution supports the finding of  (i) bicarbonate 
and carbonate ions and silica monomers in fluid inclusions and of  (ii) associated microdiamonds 
in other, nearby, garnetite lenses in the LCU (Frezzotti et al., 2011).

4.7.1.3 Reconstruction

Garnet microstructures can be linked to the well-established P-T path of  the LCU (Figure 2b) by 
comparing garnet composition linked to those microstructures to the presence of  primary quartz 
and coesite inclusions in host-rock garnet of  the same composition. Although garnet morphology 
varies between garnetite and host rock, the studied garnets exhibit a near-identical compositional 
evolution (Figure 8), the only difference being a slight Mn enrichment in the garnetite. This simi-
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Figure 4.10: (a) Schematic diagram providing a representative overview of  garnet zones for the host rock, outer 
garnetite and inner garnetite. Garnet has been colour-coded to match the colours used in Figure 8a–c, numbers cor-
respond to (b). The recrystallization trend has been grouped with the rt-inclusion-rich core as they generally coincide. 
Two situations are displayed for garnets in the outer garnetite. The top case is representative for free growth whereas 
the lower indicates garnet zonation at garnet-garnet contacts. Garnets in the inner garnetite are also represented by 
two scenarios. The top case is for garnets that are in contact and were recrystallized by GBM at grain contacts, the 
bottom is for garnet at the outer margin of  the inner garnetite with an overgrowth of  prograde garnet composition. 
(b) Schematic diagram of  garnet growth and microstructural evolution and their relation to fluid flow. Garnet growth, 
microstructures, and fluid flow are indicated per developing zone of  the host rock–garnetite system. Blue arrows indi-
cate fluid flow. White can be assumed to be primarily quartz, but could have included other matrix minerals that have 
since dissolved. An estimated range of  P-T conditions is given per phase.
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larity, together with the similar size (Figure 4.7g–i) and reactivity of  inner garnet cores in all garnet 
types, suggests a common initial garnet-forming reaction at a similar rate of  nucleation versus 
growth. Based on this linked garnet growth, the composition and inclusions of  quartz versus 
coesite in the host rock garnets are used as a tool for relative timing and an estimate for UHPM 
conditions of  garnet growth throughout the system.
 The temporal link between the rock domains established through garnet composition is 
used to reconstruct their evolution in terms of  garnet growth, dissolution, deformation, and re-
crystallization, and related fluid flow patterns (Figure 4.10). After the initial growth of  garnet cores 
at approximately 1.0 GPa and 400 °C (Reinecke, 1998), the first stage of  compaction by fluid-rock 
interaction took place by dissolving and transporting interstitial material (stage 1, Figure 4.10b). 
The above processes concentrated garnet in what is now the inner garnetite, essentially forming a 
garnet stylolite. The euhedral garnet growing at the outer margins of  the inner garnetite formed 
after this compaction, and the lower range of  P-T conditions obtained from quartz inclusions in 
this garnet (~1.5–2.0 GPa) indicate that compaction took place at conditions of  1.0–1.5 GPa and 
400–450 °C. No fluid-rock interaction during this phase is recorded in the host rock.
 The second stage (stage 2, Figure 4.10b) was marked by the dissolution of  matrix minerals 
adjacent to the inner garnetite and related arrangement of  garnets in the garnet chain microstruc-
ture, while host-rock garnets continued regular metamorphic growth. While the outer garnetite 
was compacting and partially dissolving into an infiltrated fluid, the inner garnetite underwent 
GBM and growth of  euhedral crystals at the outer margin. This phase took place at conditions 
between stage 1 and UHPM conditions, thus 1.5–2.6 GPa and 450–550 °C. 
 During UHP metamorphism (stage 3, Figure 4.10b), the host rock and to a lesser degree 
the outer garnetite were affected by fluid pulses that induced cycles of  dissolution and growth in 
garnet. Only local fluid pathways still allowed fluid flow in the inner garnetite. By examining the 
youngest preserved garnet before pressure solution and the garnet that grew over truncated zona-
tion (Figures 5c and 7b,e), a window for pressure solution in the outer garnetite is constrained as 
prograde to the first part of  UHPM (Figure 4.8b,d), coincident with formation of  the mantle of  
host-rock garnet.
 In the final stage (stage 4, Figure 4.10b) during exhumation, garnets in the outer garnetite 
and host rock were fractured radially. These fractures provided a fast pathway for fluids, leading to 
selective replacement of  garnet in cores, along fractures, and along grain boundaries. This event 
was coeval with a final phase of  garnet growth, sealing all garnet-garnet grain boundaries and 
forming a euhedral outer rim on garnets throughout the system.
 The above evidence suggests that fluid flow and mineral dissolution during prograde meta-
morphism was focused in and directly adjacent to the inner garnetite, whereas most of  the fluid 
pulses during UHPM were focused in the host rock, with lesser impact on the outer garnetite. 
This progression suggests a shift over time of  the fluid pathway, not only migrating from the inner 
garnetite towards the host rock but also widening in the process.

4.7.2 Evaluation of  stress conditions from quartz inclusions

The studied quartz inclusions are inside euhedral garnet crystals located at the outer margin of  
the inner garnetite. This euhedral garnet grew from circulating fluids, after formation of  the inner 
garnetite and coeval with GBM, and are considered representative of  the stress conditions during 
garnet growth at approximate P-T conditions of  1.5–2.0 GPa and 450–490 °C.
 Factors external to the host-inclusion system, such as differential stress during entrapment, 
can change the strain components from the expected strain state. As a result, inclusions that are 
entrapped under hydrostatic conditions should correspond to calculated strains for the P-T condi-
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tions of  entrapment, while a significant differential stress during entrapment will lead to a devia-
tion from the predicted strains, along a line of  constant inclusion pressure (Figure 4.9b; Bonazzi et 
al., 2019). This method is not calibrated as quantitative, so currently no magnitude of  differential 
stress during entrapment can be obtained.
 With the exception of  two outliers, the calculated strain states of  all measured quartz in-
clusions fall within uncertainty of  the line that indicates the strain ratio expected for quartz under 
hydrostatic stress, and the expected strain states for hydrostatic entrapment along the prograde P-T 
path for the LCU. Depending on the peak metamorphic temperature of  the LCU (590–605 °C, 
Groppo et al., 2009; 630 °C, Reikecke, 1998), little to no plastic deformation occurred in garnet, 
and therefore the state of  strain and inclusion pressure of  the quartz is reliable (Voegelé et al., 
1998; Zhong et al., 2020). 
 The inferred hydrostatic entrapment conditions for quartz in garnet fit the fluid-driven 
deformation process envisaged, with a fluid wetting the garnet crystals. Load-bearing and conse-
quently stressed grain contacts resulted in local pressure solution, while other parts of  the garnet 
were coated by a fluid, where quartz subsequently recorded (near-) hydrostatic stress during en-
trapment.

4.7.3 Implications

Reconstructing the evolution of  the garnetite-host-rock system in the LCU quartzite has yielded 
several gaps in the rock record, most notably when comparing the inclusion mineral assemblages 
to the current matrix mineral assemblages. The extensive evidence for garnet dissolution present-
ed here is not coupled with concomitant reprecipitation, which implies that the whole process 
took place under open system conditions, with overall loss of  material. The fluids responsible for 
mineral dissolution were externally derived and likely made available by dehydration of  nearby ser-
pentinite (Halama et al., 2020). Because garnets are concentrated into garnetite by dissolution of  
more soluble interstitial minerals along a fluid pathway, the garnetite can be considered a stylolite. 
The genesis of  garnetite is generally linked to precipitation from a fluid or melt, or sedimentary 
processes (e.g., Spry et al., 2000; Vrijmoed et al., 2006; Angiboust et al., 2017; Hadjzobir et al., 
2017); therefore, the process described here provides a new mechanism for garnetite formation.
 The fluid pathway described in this study involves mass removal via dissolution and trans-
port of  quartz, garnet, and carbonates, due to circulation of  large amounts of  fluids (Vernon 
et al., 1987). When considered as a whole, the host rock-garnetite system acted as a fluid path-
way throughout metamorphism. The observed fluid-mediated deformation in combination with 
near-hydrostatic to hydrostatic stresses inferred for garnet growth based on the elastic strain of  
quartz inclusions in garnet, showcases the capacity of  fluids to result in significant compaction at 
low differential stress.
 The mechanisms that operated in the LCU quartzite and garnetite provide new insights 
into the possible evolution of  aqueous-carbonic fluids released by dehydration of  oceanic slabs. 
By dissolving minerals located in specific rock domains through the pressure-solution process 
documented here, fluids may become enriched in rock-forming components, driving enrichment 
of  silicates in water- and carbon-rich solutions when moving across different lithologies within the 
subducting plates.
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4.8 Conclusions

The combination of  microstructures, mineral inclusions, and garnet compositions provide a re-
cord of  metamorphism and fluid-rock interaction for the UHPM garnetite-bearing quartzite of  
Lago di Cignana. This fluid-rock interaction record showcases the longevity of  this system as a 
major fluid pathway throughout subduction. The externally derived fluids locally led to a signifi-
cant compaction and mass removal by pressure solution of  minerals such as quartz, carbonates, 
and garnet. Due to its relatively low solubility, garnet was concentrated into garnetite stylolites, 
constituting a new potential mechanism for the formation of  garnetite. Quartz inclusions en-
trapped in euhedral garnet overgrowths on garnetite yield strains that indicate near-hydrostatic 
stress conditions during garnet growth. Considering pressure solution as the main mechanism of  
mass removal, this fluid-rock interaction also operated as a means of  exerting control on deforma-
tion during metamorphism.
 Upcoming chapters in this thesis will deal with several aspects introduced in this chapter 
but not yet studied in detail. Microstructural analysis of  garnet is aimed at better understanding 
the role of  pressure solution in garnetite from the LCU, and GBM is also studied further. The 
presence of  coesite and zircon in host-rock garnets is studied by Raman spectroscopy and elastic 
geothermobarometry on the zircon inclusions to gain a better understanding of  the effect of  frac-
turing and sealing of  a host on the inclusions. The relation between garnet from the garnetite and 
host rock is also investigated by the use of  trace elements. This same study includes the contami-
nation of  sub-micron rutile and zircon inclusions as is found in garnet cores (Figure 4.7). Finally, 
rutile is used as main investigated mineral in omphacite veins in eclogite from the LCU to gain 
insight in the formation of  the veins in a different nearby system, and to study how deformation 
can affect the composition of  the rutile.
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5.1 Introduction

The previous chapter outlined the extensive nature of  fluid-rock interaction in quartzite and gar-
netite, including the observation of  microstructures consistent with the operation of  intergranular 
pressure solution (IPS) and grain-boundary migration (GBM) in garnet. Such evidence is observed 
only rarely in garnet, and this thesis provides the first reports of  GBM in garnet, and IPS altogeth-
er, at ultrahigh-pressure conditions. Despite the potential of  IPS to be a commonplace mechanism 
in fluid-rich environments and cold subducting slabs, it is only studied rarely in this system. GBM 
in garnet has never been described in detail. This chapter utilises the common occurrence of  
garnetite in the LCU that was formerly fluid-rich and at the brittle-ductile transition during peak 
metamorphism, to study IPS and GBM by focusing on the microstructural aspects. The aim of  
this chapter is to characterize the role of  IPS in garnet in the rheology of  subducting metasedi-
ments, and the significance and driving force behind GBM in garnet.

5.2 Background

5.2.1 Garnet deformation

The brittle-ductile transition in garnet typically occurs at temperatures of  approximately 600 °C, 
the temperature interval over which the strong lattice friction of  dislocations progressively ceases 
to be a barrier for generating significant strain rates (Voegelé et al., 1998). Plastic deformation 
in garnet most commonly occurs by dislocation glide, with or without climb (Prior et al., 2000; 
Kleinschrodt & Duyster, 2002; Storey & Prior, 2005). At high strain, subgrain rotation can lead to 
dynamic recrystallization and a polygonal microstructure. Grain-boundary sliding is also inferred 
to operate in garnet undergoing high strain, particularly in fine-grained aggregates, where inter-
crystalline deformation overtakes intracrystalline deformation (Terry & Heidelbach, 2004; Storey 
& Prior, 2005). 
 Intracrystalline deformation deformation by dislocation creep occurs through formation 
and mobilization of  dislocations. Assuming that annealing did not erase this evidence, plastic de-
formation is easily recognized by the formation of  subgrains and other intracrystalline distortions, 
with misorientations across these boundaries that generally increase with strain (Storey & Prior, 
2005). However, coalescence between garnet crystals that come into contact during growth can re-
sult in an alignment to very similar orientations, often resulting in low-angle grain boundaries that 
can be mistakenly identified as subgrain boundaries with low misorientation (Spiess et al., 2001; 
Prior et al., 2002). The distinction can be made from orientation differences with other neigh-
bouring crystals, and compositional zoning, which should match across the boundaries in the case 
that the misorientation is not related to deformation but rather from crystals coming into contact 
during growth (Smit et al., 2011).
 The identification of  diffusion-accommodated grain-boundary sliding in the ductile re-
gime relies on intercrystalline features, because intracrystalline distortion plays as minor to no 
role in this mechanism. The characteristics for diffusion-accommodated grain-boundary sliding in 
garnet are a very fine grain size, curved grain boundaries, shape preferred orientation (SPO) at low 
strain and no crystallographic preferred orientation (CPO), in layers that deform without necking 
(Terry & Heidelbach, 2004; 2006). Grain-boundary sliding has not been described in garnet in the 
brittle regime.
 Below 600 °C, plastic deformation in garnet is ineffective and, given that garnet is normally 
a stiff  and minor component in most garnet-bearing rocks, it will only rarely undergo deformation 
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at those conditions. Exceptions come in the form of  discrete fracturing (Prior, 1994; Austrheim 
et al., 2017; Papa et al., 2017; Yamato et al., 2019), cataclasis (Trepmann & Stöckhert, 2002), and 
pressure-solution creep (Smit et al., 2011; Wassmann & Stöckhert, 2013; Chapter 4). However, 
fracturing and cataclasis can occur over a large range of  stresses, strain rates, and temperatures 
including in the otherwise ductile regime and are therefore not indicative of  specific conditions 
except for a high strain rate.
 The majority of  these processes lead to gradual flattening of  garnet grains, with the ex-
ception of  high-strain grain-boundary sliding and dynamic recrystallization by subgrain rotation 
(Terry & Heidelbach, 2004; Storey & Prior, 2005). Studying the effect of  grain flattening on in-
ternal compositional zoning aids in distinguishing intracrystalline and intercrystalline deformation 
mechanisms. Additionally, grain flattening can be quantified to reconstruct the strain ellipse and 
quantify the total strain from garnet deformation.

5.2.2 Pressure solution

Stöckhert (2002) predicted the prevalence of  pressure solution creep at (ultra)high-pres-
sure-low-temperature ((U)HP-LT) conditions, based on the lack of  dislocation-accommodated 
deformation in rocks exhumed from these metamorphic conditions, with the exception of  eclog-
ite. The vast amounts of  silica-undersaturated fluids produced by the dehydration of  hydrous 
lithologies in the slab (Van Keken et al., 2011) support the possibility of  strong deformation by 
fluid-mediated diffusion, however evidence for pressure solution has only been observed in one 
UHPM unit so far (the LCU; Chapter 4). Other systems in which IPS in garnet has been described 
are a garnet-rich eclogite mylonite (Smit et al., 2011) and between colliding garnets during retro-
gression of  a schist (Wassmann & Stöckhert, 2013). When interacting with enough fluids to effi-
ciently drive intergranular pressure solution (IPS), garnet can undergo significant strains without 
activating dislocation glide (Smit et al., 2011).
 Characteristics for the identification of  congruent IPS in garnet were compiled by Smit 
et al. (2011). Garnet that was deformed by IPS should exhibit SPO, as grains become flattened by 
localized dissolution and reprecipitation, but lack CPO as it has no effect on, and is not affected 
by, IPS. The original compositional zonation of  the deformed garnets should also be unaffected 
internally, yet be truncated at garnet-garnet contacts where material is dissolved. Further distinc-
tions between garnet deformed by IPS and clusters of  undeformed garnets, are that the latter ex-
hibit equilibrium triple junctions, mostly straight grain boundaries, and identical compositions on 
both sides of  a grain boundary (Smit et al., 2011). The incongruent IPS described by Wassmann & 
Stöckhert (2013) resulted in the enrichment of  minerals that were previously inclusions in garnet, 
at the contact of  the two garnet crystals. Based on a lack of  plastic deformation in aggregates of  
white mica and graphite, the incongruent IPS in garnet in this system is interpreted to have oper-
ated at low differential stress.

5.2.3 Grain-boundary migration

Grain-boundary migration (GBM) is a mechanism of  recrystallization where a grain boundary 
migrates over the less stable grain, recrystallizing the material as part of  the more stable grain. 
GBM has been observed as a common mechanism in numerous minerals, such as calcite (Ver-
non, 1981), halite (Piazolo et al., 2006), quartz (Knipe & Law, 1987), olivine (Toriumi, 1982), 
orthopyroxene (Drury & Van Roermund, 1988), in many cases as a key mechanism of  dynamic 
recrystallization (Stünitz, 1998 and references therein). However, GBM in garnet is only rarely 
described. In one case, the exposure of  YAG (Yttrium-Aluminium-Garnet) to Yb along grain 
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boundaries in experiments resulted in local GBM (Marquardt et al., 2011). Superplastic behaviour 
of  fine-grained garnet in a coronitic gabbro is inferred to have occurred by GBM in combination 
with grain-boundary sliding (Terry & Heidelbach, 2004). GBM is also briefly mentioned in a study 
on garnet fragmentation by seismic events with high shear heating (Austrheim et al., 2017). The 
discovery of  GBM in garnetite from the LCU (Chapter 2) concerns a different setting than other 
occurrences of  GBM in garnet recognized so far.
 For GBM to occur, the migration of  the grain boundary must result in a reduction of  free 
energy of  the system. In metals, several driving forces can result in an energy contrast sufficient to 
make GBM feasible: a contrast in stored deformation energy (dislocations), energy of  a high-angle 
grain boundary, surface energy, a chemical driving force, magnetic field, elastic energy, or a tem-
perature gradient (Gottstein & Shvindlerman, 2010). The estimated driving force of  dislocations 
and a chemical contrast are up to several orders of  magnitude higher than the other driving forces 
(Gottstein & Shvindlerman, 2010). GBM is driven by dislocations in the majority of  geological 
materials that can undergo this mechanism under natural conditions (e.g., Toriumi, 1982; Piazolo 
et al., 2006). However, this driving force may not be sufficient for GBM in garnet in the brittle 
regime, as the garnet will lack the dislocation density necessary to result in a sufficient energy dif-
ference between neighbouring grains. Chemically-induced GBM (CIGM; also diffusion-induced 
GBM, DIGM), mostly known to operate in metal alloys (Hillert & Purdy, 1977; Chongmo & 
Hillert, 1981; Liu et al., 1989), has also been inferred for calcite (Evans et al., 1986; Hay & Evans, 
1987; Hay & Evans, 1992; McCaig et al., 2007). Contrasts in chemical composition between two 
adjacent grains (e.g., Chongmo & Hillert, 1981), or between grains and a fluid within the grain 
boundary (Hay & Evans, 1987) are capable of  driving CIGM due to the difference in chemical 
potential (Gottstein, Shvindlerman, 2010). Experiments performed in studies on CIGM exposed 
calcite to a melt rich in SrCO3 or BaCO3, observing that GBM is more efficient at forming solid 
solutions than volume diffusion (Hay & Evans, 1987). During these experiments, the calcite-calcite 
grain boundary developed lobate, interlocking microstructures (Evans et al., 1986; Hay & Evans, 
1987).

5.3 LCU garnetites

Garnetite lenses and layers are a common occurrence within eclogite and various metasediments of  
the LCU. Most work was performed on sample EC5_1A-1, a garnetite hosted by a garnet-phengite 
quartzite, previously studied in Chapter 4. For comparison and as test for the consistency of  the 
microstructures in other lithologies in the LCU, garnetites were also sampled from other quartz-
rich metasediments and eclogite. Within all studied outcrops (Figure 2.5), the structural relations 
between host rock and garnetite indicate that garnetite is the more competent lithology, occurring 
as boudinaged layers or as thickened and in some cases rootless fold hinges. Internally, garnetite 
is structurally complex and heterogeneous (Figure 5.1). Garnet chain microstructures are locally 
preserved (Figure 5.1a,b), and internal layering within garnetite is commonly present, exhibiting 
differences in grain size and layer thickness (Figure 5.1c). Some garnet-garnet grain boundaries 
retain fluid inclusions (Figure 5.1d).
 Certain garnetite microstructures are best emphasized by compositional zonation of  the 
garnet (Figure 5.2). The distribution of  Mn in a close-up of  layers of  different grain sizes (Figure 
5.1c; Figure 5.2a) gives this area the appearance of  rounded grains compacted together, whereas 
Ca-richer zones appear as infill with a slight preferred orientation at the top-left and bottom-right 
parts of  grains. Opposing Ca zones across grain boundaries in garnetite C18-6-1 do not always 
match, and Fe is seen filling in an array of  cracks radiating inwards from the grain boundaries (Fig-
ure 5.2c,d). These cracks are not visible in the map of  Ca distribution. The Mg distribution in two 
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Figure 5.1: Close-up of  hand specimen (a) and optical micrographs (b-d) of  internal microstructures of  garnetite in 
plane-polarised light. (a) Densely stacked garnet chain microstructures. (b) More widely spaced garnet chain micro-
structure, separated by quartz. (c) Layering in garnetite defined by grain size variations. (d) Fluid inclusions trapped 
along garnet-garnet grain boundaries.

different parts of  garnet chains in the quartz-richer domain of  garnetite EC5_1A-1 (Figure 5.2e,f) 
highlights how sets of  garnets are deformed in different styles. In one case (Figure 5.2e), composi-
tional zones are truncated and mismatching at the grain boundary and the core of  a smaller garnet 
is exposed at the grain contact, however there is no strong interlocking of  adjacent garnet grains. 
In the second case (Figure 5.2f), several grains are strongly interlocked to the point where the rim 
of  one grain is mostly within the largest garnet in the map. In this case, the cores of  both garnets 
are exposed by, and to, the adjacent interlocked grain.
 

5.4 Results

5.4.1 Subgrains

Subgrains formed by the concentration of  dislocations into boundaries, resulting in a slight mis-
orientation of  the crystal lattice, are observed in ~5% of  the garnet grains in only one garnetite 
(C18-6-1; Figure 5.3a,b). None of  the areas analysed with EBSD exhibit a CPO (representative di-
agram in Figure 5.3c). Clusters of  points represent slightly deformed garnets exhibiting subgrains.
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Figure 5.2: EMPA element distribution maps. (a) and (b) are Mn and Ca maps respectively of  a layered zone in 
garnetite EC5_1A-1 consisting of  various grain sizes. (c) and (d) are Fe and Ca maps respectively of  garnetite C18-
6-1, displaying cracked grains and a related garnet-replacement process along the fractures. (e) and (f) are Mg maps 
of  garnets within garnet chains in the quartz-rich domain of  garnetite EC5_1A-1. (f) contains an overview map of   
boundaries obtained by EBSD to clarify the grain structure around the interlocking section. The red circle indicates 
the interlocking lobes.

5.4.2 Grain-boundary migration

Grain-boundary migration (GBM) affects the morphology of  garnet grains, and therefore is in-
spected before analysing grain shape for the purpose of  studying pressure solution. All garnetite 
samples studied here exhibit interlocking structures that are significantly more interlocking those 
generated by IPS (Figure 5.4). Recrystallization by GBM is generally also marked by a change in 
garnet composition (Figure 5.4b,e,f). This change in garnet composition, for example the lack of  
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Figure 5.3: (a,b) Maps of  garnet misorientations relative to the mean orientation of  the grain determined from EBSD 
maps of  two areas of  sample C18-6-1. Black lines indicate grain boundaries, other minerals are displayed in white. (c) 
Crystal orientation plot based on an area of  sample C18-6-1 that includes the area displayed in (b). Colour indicates 
the density of  data points as multiples of  uniform distribution.

Ti in otherwise Ti-bearing garnet in EC5_1A-1 (Figure 5.4f), allows for GBM-recrystallized garnet 
to be distinguished from original garnet and helps to highlight the morphology of  lobes associated 
with GBM.
 The degree of  GBM, and the size of  the GBM lobes relative to the garnet crystals, varies 
by sample and also within samples. The GBM lobes rarely exceed 20 μm, thus their size relative to 
the garnet crystals depends mostly on the garnet crystal size. In the inner garnetite of  EC5_1A-1, 
grains are ~50 µm on average and therefore, interlocking lobes strongly distort the grain shape. In 
the inner garnetite of  sample EC5_1A-1 (Figure 5.5d), many small grains are found to have the 
same orientation as a nearby larger garnet grain, both separated from one another by a different 
garnet grain. The small grains are often entirely embedded within a different garnet, likely cuts 
through a GBM lobe attached to a larger grain on a different plane than the section. Although a 
link to GBM is not obvious, quadruple junctions are common in dense garnetite zones (Figure 
5.4c,d).

5.4.3 Pressure solution

5.4.3.1 Aspect ratio

The degree of  pressure solution is studied by analysis of  grain shape and orientation. For this pur-
pose, EBSD maps were obtained for sample E5_1A-1 (16 maps), C18-6-1 (5 maps) and C18-10-1 
(1 map). The heterogeneous structure of  EC5_1A-1 allows for comparisons between different 
degrees of  deformation. Figure 5.5 displays EBSD maps of  quartz-rich outer garnetite where gar-
nets are aligned into chains (Figure 5.5a), and a fine-grained zone within the inner garnetite (Figure 
5.6b). Ellipses fit to grain shapes provide the long and short axis necessary to calculate the aspect 
ratio and long axis orientation of  grains. This approach is problematic for more complex grain 
morphologies, especially when altered by GBM (see complex grain morphologies in Figure 5.4).
 Before SPO analysis can be performed, the aspect ratio of  garnet must be investigated to 
find the boundary between undeformed and deformed garnet, and thus reduce noise from unde-
formed garnet crystals. Table 5.1 contains the total number of  grains for each EBSD map in bins 
of  aspect ratio that are 0.2 in width, and the total number of  grains reconstructed from the EBSD 
data.
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Figure 5.4: Overview of  GBM microstructures in garnet from various samples. (a) BSE image of  interlocking grains 
in metasedimentary garnetite C18-10-1. Grain boundaries appear darker in contrast to the main garnet crystals. Black 
arrows indicate the direction of  GBM, the dashed black line marks the estimated initial grain boundary position. (b) 
BSE image of  interlocking grains in eclogitic garnetite C19-08. Note the strong contrast between GBM-recrystallized 
garnet (dark) and original garnet (lighter, fractured) and similarity in microstructure to (e,f). White arrows indicate 
the direction of  GBM, the dashed white line marks the estimated initial grain boundary position. (c) Maps of  crystal 
orientation coloured based on the Euler angles for four locations in sample C18-6-1. Although grain orientation is not 
significant for the purpose of  this figure and rather a tool of  grain separation, the Euler angle colour bar is given in 
Appendix B Figure B3. White circles indicate interlocking structures. The black circle marks a quadruple junction. (d) 
Maps of  crystal orientation coloured based on the Euler angles for dense inner garnetite in sample EC5_1A-1. Dark 
circles indicate quadruple junctions. Interlocking structures are too commonplace for marking. White dashed circles 
indicate small grains with the same orientation as a nearby larger grain that is separated by another grain. The black 
rectangle marks the area of  (e,f). (e,f) EPMA element distribution maps for Mg and Ti respectively for dense inner 
garnetite in sample E5_1A-1. White arrows indicate the direction of  GBM, the dashed white line marks the estimated 
initial grain-boundary position. All scale bars are 100 μm unless indicated otherwise.



78

 

 In figure 5.7a–c, the data from Table 5.1 for each section are plotted as the percentage of  
grains in each aspect-ratio bin. With an increase in deformation, grain flattening will increase, caus-
ing a shift from low aspect ratios to high aspect ratios. This shift is observed in Figure 5.7a, where 
map M2 contains the highest percentages of  grains in the first two bins (aspect ratio 1.0–1.4), and 
the lowest percentages in the next three bins. Most analysed maps adhere to this trend and thus the 
aspect ratio of  1.4 appears to be a boundary between undeformed and deformed grains.
To test whether or not grain flattening depends on various grain size, the data are plotted as aspect 
ratio against grain area for two representative analysed areas in Figure 5.7d,e. These distributions 
display a trend in which higher aspect ratios tend to be limited to smaller grains. Several relation-
ship baselines are given as reference for the behaviour of  aspect ratio versus cross-sectional area. 
To determine how the cross-sectional area responds to simplified mass removal, akin to flattening 
of  grains by incongruent IPS, the following formula was derived for the cross-sectional area of  a 
sphere that is flattened by dissolution on two sides:

Figure 5.5: EBSD maps M8 and M11 of  sample EC5_1A-1. Grains are coloured by their aspect ratio, and the fitted 
ellipses used to calculate the aspect ratio are superimposed on the respective grains.



79

Chapter 5: Garnet deformation and recrystallization

  EC5-1A                
asp. ra�o M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 2M3 2M4 2M5 
1.0-1.2 63 28 116 209 153 25 146 98 203 127 16 27 230 113 124 38 
1.2-1.4 106 44 241 361 245 31 287 163 349 184 45 55 354 198 193 72 
1.4-1.6 77 18 163 322 202 20 180 133 270 119 40 58 250 160 144 60 
1.6-1.8 49 15 103 192 132 14 111 87 187 61 31 36 130 104 92 36 
1.8-2.0 25 7 62 104 82 13 59 46 111 27 22 22 62 58 67 30 
2.0-2.2 18 6 33 71 53 4 44 27 88 20 17 6 35 29 44 7 
2.2-2.4 12 2 20 35 34 4 21 10 57 9 9 8 16 12 22 9 
2.4-2.6 5 1 9 25 23 2 7 6 30 5 5 3 9 16 13 8 
2.6-2.8 5 0 4 15 7 1 3 5 19 5 2 3 4 3 5 4 
2.8-3.0 2 1 4 7 6 0 2 3 14 1 1 0 0 7 3 1 
> 3.0 6 2 7 11 15 0 4 2 26 4 2 0 2 10 11 2 
n 367 124 762 1352 952 114 864 580 1354 562 190 218 1092 710 718 267 

 

  C18-6-1     C18-10-1 
asp. ra�o M1 M3 M4 M5 M9 M1 
1.0-1.2 44 30 47 25 71 472 
1.2-1.4 79 80 82 34 99 850 
1.4-1.6 67 55 55 20 64 655 
1.6-1.8 47 30 45 19 30 372 
1.8-2.0 22 17 23 11 15 189 
2.0-2.2 14 10 20 3 13 106 
2.2-2.4 11 3 1 3 4 50 
2.4-2.6 6 3 3 2 6 33 
2.6-2.8 3 3 1 1 2 15 
2.8-3.0 4 0 1 0 4 10 
> 3.0 4 0 0 1 4 8 
n 301 231 278 119 312 2760 

Table 5.1: EBSD maps with >100 grains not intersecting the edge of  the map, and the distribution of  grains by aspect 
ratio in bins of  0.2, up to 3.0.

Figure 5.6: Schematic diagram of  a spherical grain being dissolved on two sides simultaneously. Shaded sectors of  
the grain contain the formula for the area of  those sectors, combined to calculate the cross-section area of  grains.
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Where r is radius, c is the total thickness of  material removed parallel to the grain radius, and d is 
the diameter of  the dissolution surfaces (Figure 5.6). Parameter d can be calculated as:

= ( − ) + 2 2(1
2

− acos( − )) 

= 2√ 2 − ( − )2 
This approach assumes that all dissolved material exits the system. While it is not known whether 
this is an accurate description of  the pressure solution in these garnetites, the pressure solution 
observed is at least partially incongruent based on garnet growth not matching the composition 
of  dissolved garnet (Figure 5.2; Chapter 4).
 With an increasing amount of  material reprecipitating on the long axis of  the garnet grains, 
area decrease with an increase of  aspect ratio is reduced compared to the purely incongruent 
mechanism plotted in Figure 5.7d,e, steepening the associated curves. Completely congruent IPS 

Figure 5.7: (a–c) Distribution of  grains with certain aspect ratios, divided into bins 0.2 in width, for (a) EC5_1A-1, 
(b) C18-6-1 and (c) C18-10-1. Not all maps of  EC5_1A-1 are displayed in (a), but the full range of  data is given by the 
grey shaded area. Maps C18-6-1 M3 and M4 have a low resolution thus the uncertainty on reconstructed grain size is 
relatively high. (d,e) Scatter diagrams of  aspect ratio versus cross-sectional area ratio for two EBSD maps. Grey lines 
indicate the calculated trends of  constant dissolution surface diameter d (stippled lines), constant total thickness of  
material removed parallel to the grain radius c (dashed lines), and the trend for ideal pressure solution (full lines). See 
main text for calculations.
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Figure 5.8: (a) Polar histogram of  long-axis orientations for ellipses fitted to grains in EBSD map EC5_1A-1 M4. (b) 
Long and short axes for grains in the same EBSD map as in (a) plotted with their orientation, normalized to the same 
area as a circle with r = 1, given in red. Long axis apexes plot outside the red circle, short axis apexes plot within the 
red circle. A strain ellipse, shown in blue, was fitted to the data points.

results in vertical lines. Also given in Figure 5.7d,e are the lines in aspect ratio versus cross-section-
al area space that indicate a constant value for c and d assuming the same process of  incongruent 
IPS. The data do not adhere to any of  the given relations.
 
5.4.3.2 Shape-preferred orientation

With the established cutoff  aspect ratio of  1.4 for undeformed versus deformed garnet grains, 
shape-orientation analysis can be performed. Figure 5.8 presents a polar histogram of  long-axis 
orientations for map E5_1A-1 M4 and strain-ellipse analysis by plotting all long and short axis 
apexes of  the fitted ellipses with their respective orientations for the same map, including a fitted 
strain ellipse. The polar histogram exhibits a broad peak in long axis orientations around 50-90°, 
and that the distribution is not perfectly smooth. The garnets in the plotted map (Appendix B 
Figure B13) exhibit little to no GBM. 

 Further SPO analysis is performed with polar histograms to test for the occurrence of  
multiple preferential orientations. Polar histograms are constructed of  grains with aspect ratios > 
1.4 in all EBSD maps of  sample EC5_1A-1 for which more than 100 grains were reconstructed 
(Figure 5.9).
 There is no uniform SPO throughout the section. The spread of  SPO appears more or-
dered when the EBSD maps are subdivided into several types based on their larger scale micro-
structural setting and degree of  GBM. Maps strongly affected by GBM, generally those with a 
small garnet size and consistent GBM at grain boundaries (Figure 5.4d–f), do not exhibit a clear 
SPO. Maps of  the fine-grained zones exhibit an SPO near-perpendicular to the orientation of  the 
fine-grained zone, with the exception of  map 2M5, which is grouped with other maps affected 
strongly by GBM. Map M5 is also not included with other maps on fine-grained zones, as the ma-
jority of  this map constitutes regular inner garnetite. Maps located in outer garnetite, characterized 
by layering with distinct grain sizes or by garnet chains, both preserved and deformed, exhibit SPO 
that correlates with the orientation of  those larger scale microstructures. In the case of  layering, 
the SPO is subparallel to this layering. SPO in maps in which garnet chains were identified is at an 
angle of  45°–90° with the chains. This angle is largest in the map with the best preserved chains 
(M8). Map M13 is an exception amongst the zone defined by layering, as it exhibits two distinct 
main orientations (horizontal and at ~70° according to axis numbering in Figure 5.8). Two maps, 
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Figure 5.9: Radial shape-orientation histograms (bin size relative to largest bin) for all EBSD maps of  section 
EC5_1A-1 with a total amount of  grains over 100, labelled with map name, number of  grains and percentage of  
grains with an aspect ratio of  1.4 or higher. These histograms are linked to their location within an annotated scan 
of  the section. Structural aspects are highlighted to indicate how they related to SPO, and where possible, the visually 
estimated orientation of  structures within EBSD maps is added as a black line to the histograms (garnet chains for 
orange SPO diagrams, dashed when partially dismembered and not separated by quartz; fine-grained zone for red 
SPO diagrams). Reference frame for orientations is 0° at east, counting counterclockwise.

M2 and M6, were not grouped with any of  the mentioned map types as these maps contain less 
than 60 grains with aspect ratio > 1.4 and the resulting SPO is unclear.
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5.5 Discussion

5.5.1 Plastic deformation and CPO

In garnetite C18-6-1, a minor degree of  misorientation, on the order of  1°, is present within a 
small percentage of  the garnet crystals. Based on the sharp boundaries that divide sectors of  
different orientation within a garnet crystal, and their geometry, which is morphologically unlike 
grain boundaries (particularly in Figure 5.3b), these are identified as subgrains. Minor misorien-
tations from crystal alignment by coalescence can be excluded due to a lack of  CPO covering a 
larger number of  grains (Spiess et al., 2001). As subgrains are only present in few grains, it can be 
deduced that plastic deformation operated locally and to a minor degree. The low misorientation 
at the subgrain boundaries is also consistent with low accumulated strain by dislocation creep 
(Storey & Prior, 2005). Therefore, any significant strain observed in garnet across areas larger than 
those displaying evidence for dislocation activity must have resulted primarily from a different 
mechanism.

5.5.2 Grain-boundary migration

Evidence for GBM is present in garnet within all studied garnetites. The distinction between GBM 
and pressure solution is made based on the degree of  interlocking structures, which exceed what 
is known from pressure solution (Smit et al., 2011), and the change in composition of  the lobes 
(Figure 5.4b,e,f). Within sample EC5_1-A1, the occurrence of  evidence for GBM varies strongly 
between garnetite domains, being most widespread in the dense inner garnetite, where garnet 
cores are more readily exposed (see Chapter 4). Most lobes formed by GBM do not exceed 20 µm, 
regardless of  grain size, and therefore the finer-grained zones where GBM occurred are affected 
by the resulting recrystallization grain-shape modification to a higher degree.
 The lobate structures formed by GBM at the grain contacts strongly complicate the grain 
shape to the point where their shape cannot be approximated by an ellipse and so the shape anal-
ysis is less effective. The change in composition between the old garnet and new garnet recrystal-
lized by GBM garnet could allow for grain reconstruction in a future work, however grain analysis 
will have to be performed on element distribution maps rather than EBSD data. This approach 
will not counterbalance complications caused by grains that are connected in a different plane than 
the thin section, but appear separated in the data (Figure 5.4d). The issues mentioned here result 
in no significant SPO being revealed by analysis of  zones strongly affected by GBM, particularly 
when garnet grains are relatively small in comparison to the GBM lobes (Figure 5.9).
 Due to a general lack of  dislocations formed by plastic deformation, strain is excluded as 
the primary driving force for GBM in the LCU garnetites. Instead, the strong changes in com-
position between original and recrystallized garnet observed particularly in the eclogite garnetite 
(Figure 5.4b) and in EC5_1A-1 (Figure 5.4e,f) suggests a chemical driving force. Additionally, 
GBM localizing at contact between garnet cores (Chapter 4; Figure 5.2e,f) indicates that a specific 
range of  initial garnet compositions is required to result in GBM. However, two garnet zones 
of  similar composition alone cannot provide the driving force for this mechanism as there is no 
energy difference between the two. Also, given how the composition of  the garnet lobes is not 
an intermediate of  precursor garnet, an external chemical component is required. Therefore, the 
driving force must be the result of  a fluid in the grain boundary that is in disequilibrium with the 
garnet cores.
 Rather than dissolution, however, the disequilibrium between fluid and contact between 
garnet cores resulted in a (near-) equal volume ratio of  the destruction of  garnet as the growth of  
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new garnet in place, and not isochemically. The evidence that GBM only took place when garnet 
cores came into contact with other garnet cores suggests that the original composition of  the 
cores was more soluble than other parts of  the garnet, but it is not clear why GBM lobes also only 
nucleate from cores. This peculiar behaviour is not observed in other garnetites displaying GBM. 
The sometimes euhedral GBM-lobes could be consistent with a less soluble garnet penetrating 
more soluble garnet interiors by pressure solution. However, as GBM appears to have affected 
boundaries of  all orientations, non-isochemical congruent IPS is an unlikely mechanism for for-
mation of  the lobes.
 In the rare case where IPS could potentially lead to strong interlocking of  grains (Figure 
5.2f  could be IPS or GBM), it still appears that the interlocking structures in the inner garnetite 
(Figure 5.4e,f) formed by GBM as the original grain boundary, indicated by the boundary between 
Ti-rich and Ti-poor garnet, is continuous across lobes indicating no movement of  lobes into the 
cores of  the other garnets.
 The lobate microstructure propagating in both directions from the original grain bound-
ary as observed in garnetite here, is highly similar to the microstructures in calcite that underwent 
GBM by exposure to a melt in grain boundaries (Hay & Evans, 1987). Although there are no 
constraints on the fluid in the grain boundaries that drove GBM in garnet in the LCU garnetites, 
CIGM is the most likely mechanism here.

5.5.3 Pressure solution

The deformed garnet grains in this study exhibit all the characteristic textural observations for 
pressure solution in garnet as proposed by Smit et al. (2011). Most importantly for the recognition 
of  pressure solution instead of  other deformation mechanisms that can also result in flattened 
grains, is the undistorted preservation and truncation of  compositional zones, which also do not 
match up at opposite sides of  grain boundaries (Figure 5.2b,d–f). Equilibrium grain-boundary 
triple junctions are also not observed, notably highlighted by the presence of  quadruple junctions 
(Figure 5.4c,d). 
 The garnetite domain displayed in Figure 5.2a,b is relatively unaffected by other mech-
anisms like fracturing and related selective replacement of  garnet, and GBM. Halite deformed 
by IPS creep exhibits similar patterns (Figure 14c in Závada et al., 2012), although the halite was 
strained to a far higher degree than the garnet in Figure 5.2a,b. The similarity stems from the style 
of  reprecipitation, indicating that the IPS in garnet is at least partially linked to reprecipitation with 
an increase in Ca at the expense of  Mn concentration in garnet.
 The comparison of  aspect ratio versus cross section area (Figure 5.7) demonstrates that 
smaller grains exhibit higher aspect ratios. Several models were compared to the observed trend, 
such as incongruent pressure solution at a constant dissolution surface diameter or a constant 
maximum distance of  dissolution perpendicular to the grain surface. As pressure solution relies 
on the localization of  high stresses at grain contacts, the expectation is that a progression of  com-
paction leads to a larger surface area of  grain contact and thus lower stresses, limiting further IPS. 
However, none of  these approaches fit the observed trend. Therefore, it appears that IPS localizes 
in smaller grains. The comparison between aspect ratio and cross section area also suggests that 
IPS tends to localize in general, leading to a limited number of  grains at high aspect ratios, even 
when only considering the smaller grains. This localization of  IPS is also apparent from the dis-
tribution of  aspect ratios across grains, as even the most deformed domains within the garnetite 
contain > 30% grains with an aspect ratio below 1.4, deemed undeformed for SPO analysis.
 Strain ellipses obtained from the EBSD maps that also exhibit a significant SPO (Figure 
5.8), do not indicate a high amount of  strain within the bulk of  the garnet. Although the strain 
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cannot be accurately quantified due to unknown amounts of  reprecipitation, it likely does not 
exceed the 15% maximum shortening of  grains determined by Smit et al., (2011). This observa-
tion combined with the low amount of  grains at higher aspect ratios, suggests that the majority 
of  grains undergo low oriented strain from pressure solution, and only few grains undergo high 
strain. The localization of  pressure solution into a small percentage of  the grains allows for several 
stages of  pressure solution under a different orientation of  σ1 to be recorded and not completely 
overprinting older phases. The presence of  several stages of  pressure solution may however re-
duce the apparent strain from the calculation of  strain ellipses that take into account grains with 
any long axis orientation.
 The SPOs within garnetite EC5_1A-1 are distributed in a complex fashion, and appear 
locally controlled (Figure 5.9). Areas that are strongly affected by GBM cannot be used in this 
analysis as any possible SPO before GBM is now obscured by the complex nature of  the grain 
morphology. Within EBSD maps where the SPO is related to larger scale microstructures such 
as layering or garnet chains, two populations can be distinguished. The areas within the layered 
domain of  the garnetite exhibit subhorizontal SPOs, whereas garnet chain domains, most notably 
M4 and M8, feature a dominant SPO around ~70 °. It is interpreted that these SPOs are (near-) 
perpendicular to σ1 during accretion (Chapter 4) and deformation of  the garnets in that specific 
zone of  garnetite. The occurrence of  two discrete common SPO orientations suggests that the 
two zones were deformed under different stress regimes. Hybrid area M13 displays components 
of  both populations, although it does not exhibit any remnants of  garnet chains. This is interpret-
ed as the result of  an initial stage of  garnet IPS under a subvertical σ1, leading to a subhorizontal 
SPO. During a later stage, garnets accreted to the garnetite forming chains (similar to Massey et 
al., 2011) under a different stress regime, resulting in a different SPO in these domains. Hybrid 
area M13, being at the outside of  the layered domain of  the garnetite, experienced both phases 
of  IPS and its SPO was partially overprinted by the second phase. IPS localizing within part of  
the grains allowed for both orientations to be recorded. Garnet chain map M9 is on the other side 
of  the dense inner garnetite compared to M4 and M8, and its SPO is more subhorizontal. This 
suggests that internal rotations could have taken place within the garnetite, also supported by the 
observation of  folding of  garnetite (Figure 2.5a,b), or that local stress variations resulted in a het-
erogeneous SPO distribution for the same generation of  IPS-deformed garnet.
 EBSD maps where the SPO is related to the orientation of  the fine-grained zones within 
the inner garnetite, significantly differ in SPO from the maps where SPO is related to larger scale 
microstructures. These fine-grained zones are proposed in Chapter 4 to have formed internal fluid 
pathways within the inner garnetite, during a stage of  the evolution of  this system where fluid 
flow elsewhere within the inner garnetite was sparse. Although there is no known analog for this, 
it is proposed that a gradient in fluid pressure within the fine-grained zone could drive IPS with an 
unexpected SPO as result.
 This study only analysed the garnet grains in 2D, under the assumption that the axes of  ε1 
and ε3 lie within the plane of  the section. Under a flattening regime for compaction suggested in 
Chapter 4, it is expected that ε2 and ε3 are similar. 3D analysis of  grain shape in a near monomi-
neralic system is challenging, but future studies attempting this may yield further details on the 
relative principal stress orientations leading to the formation of  SPOs by IPS.

5.5.4 Reconstruction and implications

The garnetites studied here exhibit microstructures indicating a variety of  degrees and styles of  
IPS and GBM. A reconstruction for one garnetite, also studied in Chapter 4, is made to summarise 
the operation of  these mechanisms during the evolution of  the garnetite (Figure 5.10). Overall, 
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IPS in the studied garnetites resulted in a low mean strain, only localizing to high strain in a few 
grains with an affinity or smaller grains. The low achieved strain is however well-oriented on a local 
scale, and can be linked to larger scale microstructures like foliation, garnet chains and local fluid 
pathways. Several generations of  IPS throughout the evolution of  the garnetite can be recognized 
in SPO. To get a better view of  the deformation history and stress regime linked to IPS, 3D grain 
analysis is required. 
 GBM, driven by a chemical disequilibrium between garnet cores and a grain-boundary 
fluid, resulted in interlocking lobes of  recrystallized garnet, strongly complicating the grain mor-
phology and overwriting any pre-existing SPO.
 Grain analysis does not provide any insight in garnet dissolution that is not oriented, such 
as the garnet dissolution observed in garnet porphyroblasts in the host-rock quartzite, linked to 
fluid pulses. Despite the fluid-rich environment and the potential for IPS in garnet to operate at 
low stresses, garnetite was not strongly deformed by IPS, as supported by outcrop-scale micro-
structures that support garnet as more competent lithology. Thus IPS in garnet plays a minor role 
in the rheology of  garnet-rich systems.
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6.1 Introduction

The petrological and microstructural analysis of  garnets from the garnet quartzite in Chapter 
4 outlined the heavily fractured nature of  the garnet porphyroblasts (Figure 6.1a). The garnet 
composition linked to the selective garnet replacement as result of  fracturing, is the same com-
position as the outermost retrograde rim. Quartz inclusions in this outer garnet zone support 
the retrograde nature of  both this rim and the fracturing and replacement of  garnet. Fractures 
commonly connect to coesite inclusions (arrow markers in Figure 6.1a), leading to the question of  
how coesite is preserved during a fracturing event in the quartz stability field and at a high enough 
temperature for garnet to grow. To approach this issue, zircon inclusions in the same UHPM 
zone in garnet (Figure 6.1b) are studied with Raman spectroscopy to determine elastic strains and 
apply elastic geothermobarometry. The expectation is that the fracturing event effectively reset 
the host-inclusion system, and thus the elastic strains of  zircon inclusions should reflect the P-T 
conditions of  fracturing. The conditions of  this event can also help understand how coesite was 
preserved despite being exposed to conditions in which it is unstable.

Figure 6.1: (a) BSE image of  a garnet from the E5.3.2 quartzite. The locations of  quartz (light blue) and coesite (red, 
orange) within the garnet have been marked. Coesite inclusions marked in orange are at the surface of  the section. The 
arrow markers indicate sealed fractures that connect with coesite inclusions at the surface. An outer rim of  the same 
chemical composition as fracture-sealing garnet is indicated. (b) Micrograph of  the mantle of  a different garnet from 
this quartzite, in which inclusions of  coesite and zircon are visible. Visible irregularities in the garnet are the result of  
the sealed fractures. Note the elongated shape of  the zircon and slight faceting.

6.2 Results

6.2.1 Data control

To test the suitability of  the zircon inclusions, the ω and Full width at half  maximum (FWHM) of  
the 1009 mode for zircon inclusions and the zircon reference crystal are compared (Figure 6.2). 
Included are the trends established by Campomenosi et al. (2020) of  1) decrease in Raman shift 
with increasing FWHM as result of  metamictization, and 2) increase in Raman shift as result of  
increasing strain. 
 The zircon reference crystal yields a range of  peak positions of  ~1006-1007 cm-1 and 
roughly adheres to trend 1, although well below the limit for the FWHM of  5 cm-1. The buried 
zircon inclusions consistently yield peak positions of  above 1009 cm-1, but trend 1 cannot be clear-
ly distinguished amongst them, although this does not indicate that metamictization has no effect 
on the position of  the 1009 mode. The majority of  the inclusions cluster between peak positions 
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Figure 6.2: Comparison between the peak position and FWHM (Γ) of  Raman mode B1g (~1009 cm-1) for zircon 
inclusions and the reference crystal.

id inclusion 201 213 224 356 439 975 1009 

1 g996i02 -0.072 0.800 0.236 1.929 0.798 2.344 2.821 
2 g996i04 0.142 0.955 0.348 1.256 0.886 2.487 3.107 
3 g996i07 -0.053 0.548 0.248 2.188 0.799 2.691 3.166 
4 g795i01 -0.166 0.117 -0.164 1.177 2.667 1.338 2.271 
5 g795i02 -0.128 0.686 0.124 1.962 0.974 2.499 2.994 
6 g717i03 -0.354 0.647 -0.105 1.891 0.614 2.914 3.358 
7 g717i04 -0.427 0.672 0.060 2.322 0.660 2.623 3.059 
8 g040i02 -0.321 0.608 -0.157 2.195 0.676 2.734 2.987 
9 g040i03 -0.277 0.499 -0.078 2.689 0.552 3.006 3.275 
10 g077i01 -0.205 0.859 0.162 3.634 1.359 4.488 4.698 
11 g096i01 -0.431 0.877 -0.089 3.180 0.911 3.904 4.243 
12 g112i01 -0.008  0.229 1.988 1.056 2.894 3.202 
13 g212i01 -0.113 0.893 0.133 2.722 0.772 3.258 3.692 
14 g425i01 -0.217 1.744 0.177 2.554 1.126 3.200 3.621 
15 g302i03 0.202 1.027 0.433 2.198 1.150 2.840 3.273 
16 g314i01 0.086 0.987 0.261 2.579 0.754 2.943 3.190 
17 g565i01 -0.236 0.919 0.089 2.084 0.968 2.660 3.173 
18 g544i01 0.015 1.382 0.506 2.088 1.258 3.079 3.911 
19 g548i03 -0.056 0.536 0.116 3.290 0.606 2.817 3.071 
20 g548i05 -0.044 0.780 0.366 2.846 0.848 2.663 2.998 
21 g591i01 -0.250 0.522 0.004 1.410 1.318 2.648 3.111 
22 g668i01 0.080  0.422 1.774 1.907 2.191 3.912 
23 g668i02 -0.148 0.698 0.275 2.133 1.399 2.655 3.476 

24 g644i01 0.345 1.149 0.514 2.187 1.132 2.893 3.570 

Table 6.1: Peak shifts of  all studied Raman modes for buried inclusions. Red values are below the propagated analyt-
ical error of  0.37 cm-1 or have a fitting error above 0.1 cm-1. Two missing values for 213 concern spectra where the 
213 peaks were of  too low intensity to fit properly.
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Incl. ε1+ε2 esd ε3 esd Covar corr% χ2 Pinc esd 

1 -0.0013 0.0007 -0.00072 0.00047 -3E-07 -94.4 0.05 0.474 0.05 
2 -0.0013 0.0007 -0.00089 0.00047 -3E-07 -94.4 0.07 0.512 0.05 
3 -0.0020 0.0007 -0.00047 0.00047 -3E-07 -94.4 0.48 0.540 0.05 
6 -0.0024 0.0007 -0.00028 0.00047 -3E-07 -94.4 0.28 0.583 0.05 
7 -0.0019 0.0007 -0.00042 0.00047 -3E-07 -94.4 0.17 0.526 0.05 
8 -0.0021 0.0007 -0.00032 0.00047 -3E-07 -94.4 0.15 0.532 0.05 
9 -0.0027 0.0007 -0.00006 0.00047 -3E-07 -94.4 0.33 0.587 0.05 

10 -0.0032 0.0007 -0.00062 0.00050 -3E-07 -94.4 1.12 0.851 0.05 
11 -0.0031 0.0007 -0.00040 0.00047 -3E-07 -94.4 0.23 0.758 0.05 
13 -0.0024 0.0007 -0.00048 0.00047 -3E-07 -94.4 0.1 0.645 0.05 
14 -0.0013 0.0007 -0.00135 0.00047 -3E-07 -94.4 0.88 0.628 0.05 
15 -0.0013 0.0007 -0.00104 0.00047 -3E-07 -94.4 0.07 0.559 0.05 
16 -0.0020 0.0007 -0.00056 0.00047 -3E-07 -94.4 0.02 0.570 0.05 
17 -0.0014 0.0007 -0.00087 0.00047 -3E-07 -94.4 0.05 0.534 0.05 
18 -0.0013 0.0007 -0.00139 0.00047 -3E-07 -94.4 0.06 0.636 0.05 
19 -0.0023 0.0007 -0.00019 0.00047 -3E-07 -94.4 0.23 0.549 0.05 
20 -0.0017 0.0007 -0.00063 0.00047 -3E-07 -94.4 0.07 0.522 0.05 
24 -0.0014 0.0007 -0.00114 0.00047 -3E-07 -94.4 0.03 0.590 0.05 

of  1009.5 and 1010.5 cm-1, and 2.5 and 3.5 cm-1 FWHM. To prevent any possible effect of  metam-
ictization within the buried inclusions, all inclusions with a FWHM over 3.5 cm-1 were excluded 
from strain calculations. Fitting errors were normally at least an order of  magnitude lower than the 
instrumental error, unless reported otherwise.
 Table 6.1 presents the peak shift of  all studied Raman modes of  zircon, where all shifts 
with a fitting error over 0.1 cm-1 or an absolute shift lower than the propagated analytical error of  
0.37 cm-1 are marked (Full data in Appendix C). Only the Raman mode at 356 cm-1 consistently 
overlaps with a peak of  the host garnet at a Raman shift of  approximately 352 cm-1, resulting in a 
relatively large fitting error. The Raman modes at approximately 201, 213 and 224 cm-1 have a sim-
ilar issue as they overlap with one another, and their intensity is rather sensitive to the orientation 
of  the zircon crystal. The majority of  spectra yield peak shifts of  the 201 and 224 modes below the 
propagated analytical error. The 213 mode also commonly has shifted within the analytical error. 
None of  these issues occur for the 439, 975 and 1009 modes, and the 356 mode only yielded a few 
problematic measurements due to interference with garnet.

6.2.2 Elastic strains

The state of  strain was calculated using EntraPT (Mazzuchelli et al., 2021) for the zircon inclusions 
that yielded spectra of  sufficient quality (Table 6.2; Figure 6.3). Due to the apparent random na-
ture of  the 356 mode, the calculations were done using modes 213, 439, 975 and 1009. Calculated 
values for ε1+ε2 range from -0.0013 to -0.0032, ε3 ranges from -6.4*10-5 to -0.0014. Present-day 
inclusion pressures for these inclusions are calculated between 0.47 and 0.85 GPa. The majority of  
inclusions fall within 1σ of  strain states corresponding to zircon under hydrostatic stress, and also 
within isotropic states of  strain.

Table 6.2: Strain components with estimated standard deviations, covariance, correlation, χ2 and inclusion pressure 
Pinc with estimated standard deviations for all zircon inclusions that were used for strain calculation. Pinc is given in 
GPa.
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6.2.3 P-T results

Isomekes for the zircon inclusions were calculated with EntraPT using two different garnet end-
members as host (Figure 6.4). The majority of  isomekes per endmember fall in a 100 °C range, 
similar to the uncertainty of  these isomekes. A pyrope host for a zircon inclusion with a certain 
inclusion pressure Pinc results in an entrapment temperature of  approximately 100 °C lower than 
a zircon inclusion with that same Pinc in a grossular host. As the elastic properties of  spessartine 
fall in between pyrope and grossular (see Chapter 2), the entrapment P-T conditions must fall in 
the range of  the highest density of  isomekes for both endmembers, which is 450–600 °C at 0 GPa 
to 830–1000 °C at 3 GPa.

Figure 6.3: Strain diagram of  zircon inclusions, comparing ε1+ε2 with ε3. The 1σ variance-covariance ellipsoids are 
also provided, and lines of  constant mean normal stress including their value in GPa.

Figure 6.4: Isomekes (lines of  constant Pinc) for zircon inclusions. Both grossular and pyrope were used and plotted 
as host garnet composition. The uncertainty on the isomekes is approximately 100 °C.
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6.3 Discussion

6.3.1 Elastic strains in zircon inclusions

A total of  seven Raman modes were considered for strain calculations (201,213, 224, 356, 439, 
975, 1009; Figure 3.2), however only four were used. Modes 201 and 224 exhibit too low shifts 
in peak position compared to the analytical error to yield any additional value to the other peaks 
(Table 6.1, and mode 356 suffers from interference with a peak from the host garnet. From the 
four used modes, strong correlations are found between 213 and 439, and between 975 and 1009. 
This is the result of  the strong similarity of  the slope of  lines of  the same shift in peak position in 
a ε1+ε2 vs. ε3 diagram (Figure 3.2). 
 Zircon inclusions entrapped in pyrope along the retrograde path of  the LCU are expected 
to exhibit ε3- ε1 values up to 0.002 near peak P-T conditions, down to 0.001 at 1.0 GPa and 500 °C 
(see Figure 6a of  Mazzucchelli et al., 2019). Values of  ε3- ε1 for the inclusions studied here range 
from -0.0008 to 0.0013, at an average of  0.0003. Lines of  equal ε3- ε1 are parallel to the line of  
isotropic strain in Fiure 6.3, and because of  the orientation of  the 1σ variance-covariance ellipsoids 
of  the strains, the error on ε3- ε1 is large. Although the slope of  ε3- ε1 compared to isomekes could 
make it a powerful addition to elastic geothermobarometry, it cannot be used for this purpose 
due to the uncertainty. Additionally, the average ε3- ε1 is low compared to the expected values and 
therefore the strains may not accurately reflect expected re-entrapment conditions.
 Two inclusions yielded Pinc values of  > 0.75 GPa, significantly higher than the mean value 
(Figure 6.3). Metamictization is not responsible for this as any potentially metamict zircons were 
filtered out using the FWHM analysis using the 1009 peak (Figure 6.2). An explanation for these 
anomalous inclusion pressures is the presence of  soft inclusions within the zircon that were not 
noticed, and have since entrapment become strained, increasing the inclusion pressure above that 
for inclusion-free zircon inclusions.
 One aspect that was not tested in this study and would provide more certainty on the valid-
ity of  obtained inclusion pressures, is the composition of  the zircon inclusions. The composition 
of  zircon, most notably Hf  and REEs, can have a significant effect on its Raman spectrum and 
can subsequently influence obtained Pinc values if  the inclusions compositionally deviate from the 
reference crystal (Hoskin & Rodgers, 1996; Campomenosi et al., 2020).

6.3.2 P-T results

Currently, EntraPT (Mazzucchelli et al., 2021) is only able to perform strain and P-T calculations 
on spherical inclusions, yet the majority of  the studied zircon inclusions are elongated (Figure 
6.1b). For stiff  inclusions in a softer host like zircon in garnet, deviation from a spherical inclusion 
geometry will result in a higher Pinc (Mazzucchelli et al., 2018). However, as the bulk modulus 
of  zircon and garnet are similar, the Pinc will not deviate much. For a zircon with a long axis five 
times longer than the other axes, Pinc will be 0.5% higher than a spherical zircon when the c-axis 
is parallel to the long axis (Mazzucchelli, pers. comm.). As inclusions are commonly slightly faceted 
(Figure 6.1b), it is a reasonable assumption that the long axis of  elongated zircons corresponds to 
the c-axis (Vavra, 1993; Vavra, 1994). Therefore, the slight elongation of  the studied zircon inclu-
sions should not significantly impact the obtained Pinc values.
 A comparison between isomekes for zircon inclusions and the P-T paths for the LCU from 
literature (Figure 6.5) reveals that the isomekes don’t intersect with the exhumation P-T path from 
Van der Klauw et al. (1997). Even the isomekes based on pyrope as host, which yield the lowest 
temperatures, are generally at least 50 °C higher than the LCU P-T path at any point. This means 
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Figure 6.5: Isomekes from zircon inclusions (pyrope host in light blue, grossular host in dark blue) compared to the 
P-T paths for the LCU from literature. Graphite-diamond and quartz-coesite transitions are given for context. The 
most likely P-T range for the resetting of  zircon inclusions is circled.

that either the geothermobarometer for zircon in garnet is not calibrated or performed correctly 
(e.g., inaccurate equations of  state or a reference crystal that is too dissimilar to the inclusions) or 
that the inclusion pressure is higher than expected due to a factor that was not taken into account-
ed. The garnet that hosts these zircon inclusions is strongly heterogeneous in composition. Local 
compositional contrasts and therefore variations in unit cell size and elastic properties could result 
in interferences like coherency strain or what is effectively a garnet-garnet host-inclusion system. 
The potential effect of  these issues on inclusions in garnet has not been studied and no estimate 
is made regarding if  it can significantly affect the inclusion pressure.
 From the available evidence and data, the circled area in Figure 6.5 is considered as most 
likely P-T range for fracturing and sealing. First off, the quartz inclusions in the outer garnet rim 
that corresponds to fracture-sealing garnet indicates conditions in the quartz stability field. The 
suggested range of  P-T conditions also requires the least amount of  overestimation from the 
zircon inclusion geothermobarometry. Secondly, mineral inclusions that expand more than their 
host during exhumation commonly result in radial fracturing of  the host surrounding the inclusion 
(Van der Molen & Van Roermund, 1986; Whitney, 1996). Along this point in the P-T path, inclu-
sions entrapped during prograde to peak garnet growth had already built up an inclusion pressure 
higher than the external pressure, providing a more likely scenario for radial fracturing. As fracture 
patterns are radial for the whole grain rather than per inclusion, a combined stress field is proposed 
as driving factor behind fracturing. Finally, at these conditions, the inclusion pressure of  coesite 
inclusions (buffered along the coesite-quartz transition conditions) approaches three times the 
external pressure, a ratio established by Parkinson (2000) as the point where fracturing of  the host 
garnet occurs.
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6.3.3 Coesite preservation

The zircon inclusions investigated here, but also the quartz inclusions in the outermost garnet 
rim related to sealing of  the fractures, suggest that fracture sealing occurred during exhumation at 
pressures well below the metamorphic pressure peak. Fractures are observed connecting to coesite 
inclusions, so the coesite was subject to external pressures well within the quartz stability field. If  
kinetics are the key aspect of  coesite breakdown to quartz, a rough number can be applied to the 
time between fracturing and sealing of  garnet. In this case, the rate of  dry coesite breakdown at 1.0 
GPa and 500 °C is in the order of  10-10 ms-1, and changes with roughly three orders of  magnitude 
for every 200 °C in temperature difference (Perrillat et al., 2003). Based on this rate of  breakdown, 
a coesite inclusion of  10 µm diameter should break down in 105 s, or just under 28 hours. The 
presence of  105 ppm OH within coesite can increase the breakdown rate by more than an order 
of  magnitude compared to dry (10 ppm) coesite (Lathe et al., 2005).
 Further investigation is required on the breakdown reaction and the inclusion pressures 
of  coesite to establish the implications of  the preservation of  the coesite despite exposure to 
relatively low pressures. Due to the complex crystal symmetry of  coesite in comparison to quartz 
and zircon, it is currently not yet possible to calculate how stress and strain of  coesite inclusions 
in garnet relate, and no Grüneisen tensor is available either.
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Chapter 7: Trace elements of  garnet and its inclusions

7.1 Introduction

Major element composition of  garnet zoning presented in Chapter 4 revealed a spatiotemporal 
link between garnetite and its quartzite host rock. Intense fluid-rock interaction modified this 
metasedimentary system that formed a major pathway for external, serpentinite-derived fluids. 
Most evidence of  metamorphic processes and initial bulk chemical composition was overprinted 
or erased due to the intensity of  the fluid-rock interaction, the strong retrograde overprinting on 
the matrix of  the quartzite, and fluid-assisted alteration and recrystallization of  garnet. The key 
to understanding the metamorphic processes and protolith composition lies in the trace elements, 
notably rare earth elements (REE), within garnet and its inclusions.
 This chapter focuses on the trace elements of  garnet in quartzite and garnetite, and how 
we can use those elements to answer several questions about the metamorphic and metasomatic 
processes that occurred during subduction and exhumation. The link between the two lithologies 
is studied to test their origin and evolution using REE patterns, and the effect of  commonplace 
contamination by rutile and zircon on the REE concentrations is tested. Furthermore, the compo-
sition of  contaminant inclusions that are over an order of  magnitude smaller than the spot size of  
LA-ICP-MS is approximated and used for Zr-in-rutile thermometry. I also investigate if  the origin 
of  the abundant rutile inclusions is related to the garnet growth mechanism, or if  it is related to 
alteration.

7.2 Background

7.2.1 Trace elements in garnet and rutile

REEs generally occur in garnet in quantities that can be measured by LA-ICP-MS. HREEs (heavy 
REE) in particular are compatible in garnet, resulting in REE patterns that increase in concentra-
tion towards HREEs. Rayleigh fractioning normally results in a decrease of  HREE concentration 
from core to rim in garnet (Hickmott et al., 1987; Otamendi et al., 2002). However, the zoning 
pattern can deviate from this expectation by the timing of  REE release from mineral breakdown 
(Konrad-Schmolke et al., 2008), and/or limited diffusion (Skora et al., 2006). It is the combination 
of  zoning effects and different compatibility with garnet that results in contrasting ages obtained 
from Sm/Nd and Lu/Hf  geochronology for whole crystal garnet dating (Skora et al., 2009). An-
other common trend in garnet REE patterns, is the change in slope of  the HREE section of  this 
pattern, and eventually the relative decrease in concentration of  HREE versus MREE (mid REE; 
e.g. Konrad-Schmolke et al., 2008; Rubatto et al., 2020). This decrease is defined by the decrease 
of  the ratios YB/Er and Yb/Dy from > 1 in garnet cores to < 1 in garnet rims (Otamendi et al., 
2002).
 Rutile does not contain measurable REEs, instead incorporating ions with a similar ionic 
charge (Th, U, Zr, Hf, Sn, Mo) or ionic radius (Fe, V, Cr, Al) as Ti, and several other HFSEs (High 
field strength elements; Nb, Ta, Sb, W; Zack et al., 2002). When rutile is in equilibrium with zircon 
and quartz/coesite, its Zr content is controlled by crystallization temperature, providing a reliable 
geothermometer (Zack et al., 2004; Kohn, 2020).

7.2.2 Petrology of  studied garnet

The outcrop studied here is described in detail in Chapter 4; this section builds on the previous 
description of  the host rock and garnetite. An overview of  major elements in garnet (Figures 4.7, 
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4.8) highlights the strong similarity of  the compositional zonation between the various domains. 
In the inner garnetite, the garnet core represents a relatively large volume of  the entire garnet. The 
garnet core in all rock domains is strongly affected by a poorly understood type of  recrystalliza-
tion, potentially linked to the recrystallization that is linked to radial fracturing (most visible in Fig-
ure 4.7b). All garnet types in this system exhibit a Ti enrichment in the garnet core, as a result of  
contamination of  sub-micron sized rutile inclusions. (Figure 4.9). Within fine-grained zones in the 
inner garnetite, it appears that these inclusions are enriched in the central part of  the zone, giving it 
a darker brown hue (Figure 7.1). However, the colour of  the inner garnetite also varies locally and 
some patches appear similarly saturated in rutile inclusions as the fine-grained zones (Figure 7.1a).
 The metamorphic evolution quartzite-garnetite system (see Chapter 4) was dominated by 
fluid-rock interaction and subsequent mineral dissolution. Garnet as one of  the less soluble min-
erals was concentrated and underwent pressure solution as crystals came into contact. The fine-
grained zones in the inner garnetite are interpreted as internal fluid pathways along which a higher 
degree of  garnet dissolution occurred. Irregularities in compositional zonation in the mantle of  
garnets in the outer garnetite and host rock is suggested as the result of  fluid pulses, inducing 
phases of  garnet dissolution that interrupt the metamorphic growth. Radial fracturing and related 
alteration and/or crack sealing is a retrograde, late-stage event based on quartz inclusions in the 
outermost rim (in contrast to coesite in the host-rock garnet mantle) and the cracks cross cutting 
all other compositional zones.

Figure 7.1: Micrographs of  host rock and garnetite, taken with plane-polarized transmitted light. (a) Inner garnetite, 
consisting of  “welded” garnets. Darker brown zones are of  a finer grainsize and contain more sub-micron rutile inclu-
sions. Location of  (b) is given. The inset provides a schematic structure of  these zones. (b) Close-up of  a fine-grained, 
rutile-rich zone. The rutile inclusions form a cloud around the centre of  the zone.

7.3 Results

7.3.1 Garnet trace elements

Garnets in the host rock exhibit REE patterns with high HREE+Y and low LREE (light REE; 
Figure 7.2). There is no decrease in HREE+Y from core to rim in host-rock garnet, and the cores 
contain less MREE (Sm to Tb) than the rims. Yb/Er and Yb/Dy values are < 1 with the exception 
of  several core analyses. Contaminated core analyses (orange open circles in Figure 7.2b) contain 
higher concentrations of  LREE, and a strong positive Ce anomaly. HREE+Y concentrations in 
host rock garnets are high enough to provide a weak signal for EPMA element distribution map-
ping (Figure 7.3). A few zones of  relatively high Y are observed in the garnet mantle, and a strong 
Y enrichment is present in the outermost rim. The Y-richer mantle zones coincide with higher 
concentrations of  Mn.
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The HREE+Y concentration in garnetite garnets is lower than in host-rock garnets, and given 
the intermediate concentrations in the outer garnetite, it appears that HREE+Y concentration 
inversely relates to modal garnet. LREEs up to Gd occur in higher concentrations in the garnetite, 
and in similar concentrations as contaminated host-rock garnet core analyses. The fine grained 
zones are slightly richer in La, Ce and HREE+Y compared to the regular inner garnetite. Strongly 
contaminated garnetite analyses (excluded when contamination could be identified as peak during 

Figure 7.2: Chondrite-normalized REE+Y garnet profiles. (a) Overview of  the average composition per analysed 
garnet population. (b) Individual measurements for the garnet populations from the host rock, including core analyses 
that are contaminated with rutile. Y is added on the right side of  the diagram for comparison to HREEs.
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the measurement) contain up to 1.8 ppm La and 4.7 ppm Ce. The overgrowth of  euhedral garnets 
on the outer margin of  the inner garnetite contains higher concentrations of  HREE than the inner 
garnetite, yet similar LREE as the host rock garnets. Garnets from all analysed rock types exhibit 
a slight positive Sm anomaly.

7.3.2 Contamination by rutile and zircon inclusions

EPMA element distribution mapping reveals that Ti is mostly enriched in the core of  the garnets, 
and in the majority for the garnets in the case of  the inner garnetite (Figure 7.4a–c). In case of  
the host-rock garnet and outer-garnetite garnet, individual rutile inclusions can be distinguished 
within a diffuse elevated Ti signal. Within the diffuse Ti-enriched zone, sub-micron inclusions 
were identified as rutile by Raman spectroscopy. This part of  the garnet exhibits a highly irregular 
compositional zonation, considering zon ing in Mn (Figure 7.4d–f), Mg, and Fe. Ca does not seem 
strongly affected by this alteration with exception of  the inner garnetite (Figure 7.4g–i). In the 
outer garnetite and in the host rock, the Ti-rich zone corresponds to a euhedrally-shaped Ca-rich 
zone, which does not always morphologically match the garnet habit (Figure 7.4g).
 Practically all analyses on the inner garnetite exhibit some degree of  contamination from 
rutile and/or zircon inclusions (Figure 7.5). Ti concentrations obtained from LA-ICP-MS vary 
between 47 and 2279 ppm, Zr between 0.2 and 247 ppm. This compares to TiO2 values in con-
taminated garnet measured with EPMA of  > 0.3 wt%, and > 0.020 ppm assuming incorporation 
in garnet (see Appendix A). The concentrations of  Ti and Zr are a combination of  the possible 
contamination from rutile and zircon, and the Ti and Zr that is accommodated within the garnet. 
The majority of  analyses on host-rock garnet cluster at low concentrations, providing a base line 
of  uncontaminated garnet. Note that the fine-grained inner garnetite contains significantly higher 
amounts of  Zr than the average inner garnetite, and that the overgrowth over the inner garnetite 
contains Ti and Zr concentrations that fit both the host-rock garnet concentrations and the regular 
inner garnetite concentrations. 
 Comparisons of  Ti vs. Nb and Zi vs. Hf  (Fig. 7.6) should provide examples of  how an en-
richment of  a certain element is the result of  contamination, as Nb and Hf  are common compo-
nents of  rutile and zircon respectively. Overall, Ti vs. Nb does not follow a fixed ratio as should be 
the case if  the majority of  these elements occur within rutile of  the same composition throughout 
the system. Within the analyses of  the fine-grained bands within the inner garnetite, the concen-

Figure 7.3: Element distribution maps of  a garnet from quartzite EC5.3.2, for Y (a) and Mn (b). Smoothing was 
applied to the Y map. Particularly visible enrichments of  Y and Mn that coincide are circled in black. Values plotted 
are in counts.
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Figure 7.4: EPMA element distribution maps for Ti (a–c), Mn (d–f) and Ca (g–i) of  garnet from three different zones: 
a host-rock garnet (a, d, g), the outer garnetite zone (b, e, h), and inner garnetite (c, f, i), the latter corresponds to Figure 
4.7c. Grain boundaries are obtained by EBSD (Chapter 4). Areas that were not indexed are indicated in black. Count 
intensity is not consistent across the various maps. Black scale bars represent 100 µm.

trations do adhere to this fixed ratio, but not within other datasets of  a single garnet population. 
Rather, Nb concentration increases exponentially with an increase of  Ti, a trend that also holds up 
for Ta. V exhibits an opposite behaviour, as the trend has a shallower slope than lines of  an equal 
ratio. For full analyses including these elements, see Appendix D. Hf  in zircon matches the fixed 
ratio with exception of  analyses where both occur in low concentrations, so with a relatively high 
analytical error.
 
7.3.3 Inclusion composition: U, Th

Determining the concentration of  inclusions within a larger measured area requires knowledge 
on the composition of  the host mineral. Ideally this is achieved by measuring the host without 
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Figure 7.5: Ti vs Zr plot for all garnet analyses, including analyses that were discarded for the REE diagram in Figure 
7.xa due to contamination.

Figure 7.6: Plots of  (a) Ti vs. Nb and (b) Zr vs. Hf  concentrations. The black arrow in a) indicates the approximate 
compositional trend within the fine-grained zones of  the inner garnetite. See the legend of  Figure 7.5. Dashed grey 
lines correspond to the given Nb:Ti and Hf:Zr ratios.

inclusions. However, in the case of  the garnets studied here, all cores contain numerous inclusions 
and it is not possible to directly measure the uncontaminated garnet. However, if  the amount of  
contamination varies between analyses, it is possible to establish how certain element concentra-
tions relate to known contaminant elements, and obtaining a ratio from the slope of  this relation.
 U is a complicated element to study in contaminant inclusions, as it can occur in both 
zircon and rutile (Figure 7.7). Th is also studied, which should be preferentially incorporated into 
zircon and not in rutile. Th and U exhibit a strong relationship to Zr, as indicated by their linear 
relationship (Figure 7.7b,d). However, in particular the U vs. Zr concentrations do not follow a 
fixed ratio. Note the great similarity between Figure 7.7a,c and the Ti vs. Zr diagram of  Figure 
7.5. The main difference is in the slope at the lower limit of  the concentrations, caused by a rela-
tionship between the concentrations of  Th and U versus Ti from rutile. From the high-Ti end of  
this slope, the ratios to Ti can be estimated to be 1:106 and 1:105 for Th and U respectively. The 
higher concentration of  U related to rutile is also reflected in the compositional trend that U vs. 
Zr displays, which exhibits a shallower slope than the fixed ratio. From the high-Zr end of  the 
compositional trends of  Th vs. Zr and U vs. Zr, the average ratios to Zr are estimated at 1:100 and 
1:500 respectively. Converting these ratios to ppm in rutile and zircon, assuming 99 wt% TiO2 in 
rutile and 58.3 wt% ZrO2 in zircon, yields concentrations of  0.6 ppm Th and 5.9 ppm U in rutile, 
and 4300 ppm Th and 860 ppm U in zircon.
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Figure 7.7: Plots of  (a) Th vs. Ti, (b) Th vs Zr, (c) Ti vs U, and (d) Zr vs U. Several analyses resulted in Th below 
the detection limit and are not plotted. See Figure 7.5 for the legend. Dashed grey lines correspond to the given y:x 
element ratios.

7.3.4 Zr concentration in rutile

The majority of  the analyses fall within an envelope defined by two Zr:Ti ratios (Figure 7.8). Inner 
garnetite measurements mostly plot at or just above the lower ratio, with the exception of  fine-
grained zones in the inner garnetite. The majority of  measurements from the host rock and outer 
garnetite plot at the higher ratio. The intersection between these ratios indicates the composition 
where contamination has no effect, and therefore represents an approximation of  the garnet com-
position at 47 ppm Ti and 0.22 ppm Zr. The slopes of  the ratios are determined by the range of  
Zr content in contaminant rutile; any increase in Zr beyond this envelope is the result of  zircon 
contamination. From the ratio of  Zr:Ti (1:6000 to 1:125), 98.9 ppm and 4747 ppm Zr in rutile 
respectively are obtained assuming rutile that is 99 wt% TiO2.
 The garnet analyses span a wide range of  apparent Zr-in-rutile concentrations. However 
a significant part of  the higher values are the result of  zircon contamination, indicated by Hf  ex-
hibiting a linear relationship with Zr (Figure 7.6b). Figure 7.9 compares Hf  to Zr/Ti to provide in-
sight in how dependent the Zr concentration in rutile is on zircon contamination. For low Hf  val-
ues, it is problematic to distinguish between a small volume of  zircon and the base concentration 
of  Hf  in garnet. Additionally, the error will be relatively large at those concentrations. In general, 
from Hf  > 0.05 ppm, an increase in Zr/Ti appears linked to an increase in Hf. Host-rock garnet 
analyses also exhibit a rough positive correlation between Zr/Ti and Hf  down to Hf  = 5 ppb. The 
analyses from regular inner garnetite and the inner garnetite overgrowth that define the lower ratio 
of  the envelope in Figure 7.8 all fall below Hf  = 0.02 ppm. The two analyses from the overgrowth 
even resulted in Hf  below the detection limit (<0.00000 ppm). However, a low amount of  0.01 
ppm Hf  can even indicate the presence of  0.5 ppm Zr from zircon contamination assuming a 1:50 
Hf:Zr ratio (Figure 7.6b), higher than the Zr concentration of  the analyses used to define the lower 
envelope in Figure 7.8. Note that there is no positive trend between Hf  concentration and Zr/Ti 
for these analyses.
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Figure 7.8: Ti vs Zr plot with the estimated Ti and Zr contents of  garnet, and the ratios of  Zr:Ti that define the 
envelope within which the majority of  the measurements lie. Measurements that define the lower ratio are circled. A 
linear scale is chosen over logarithmic as only the lower values of  the data set are of  interest, and these do not span 
more orders of  magnitude than can be displayed properly with a linear scale.

Figure 7.9: Comparison of  Zr/Ti vs Hf  to understand the effect of  zircon contamination on Zr-in-rutile. Circled 
measurements are the same as are circled in Figure 7.8, except the two analyses of  the inner garnetite overgrowth, both 
of  which resulted in below detection limit amounts of  Hf.

7.3.5 Reference rutile compositions

To compare calculated concentrations for inclusions, large rutile grains in a different garnetite 
(C18-3) from the same host rock lithology, and an omphacite vein were also analysed (both from 
the LCU; see Chapter 8 for the omphacite vein). In this other garnetite, the following concentra-
tions were measured in rutile: Zr from 29.1 to 51.0 ppm; Th from below detection limit to 0.23 
ppm; U from 5.66 to 13.8 ppm. In the omphacite vein, the measured concentrations are: Zr from 
32.9 to 50.5 ppm; Th from below detection limit to 0.03; U from 0.08 to 0.69. Comparing these 
concentrations to those obtained from the contaminated analyses suggests that the inclusions are 
more similar to the large rutile grains in the other garnetite, overlapping the lower range of  U yet 
resulting in higher Th concentrations. The Zr concentrations within the contaminant inclusions 
are significantly higher than in the large rutile grains.
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7.3.6 LREE versus contamination

The inner garnetite and contaminated host-rock garnet core analyses contain higher concentra-
tions of  LREE than uncontaminated analyses of  host-rock garnet, so to test if  this is due to 
contamination from rutile and zircon, the concentrations of  Ti and Zr are compared to Ce and 
Sm (Figure 7.10). Generally, high Ce and Sm concentrations correspond to high Ti concentrations, 
whereas high Ce and Sm concentrations can also occur at low Zr concentrations. Note that low Ce 
and Sm concentrations mostly occur at low Zr. In Ti vs. Sm (Figure 7.10c), it is notable that the 
fine-grained inner garnetite and host-rock cores behave differently than regular inner garnetite. In 
the latter, Sm and Ti increase linearly until a Ti of  ~900 ppm, where Sm drastically increases (trend 
2). In the other two high-Ti domains, the linear trend (1) continues. The correlations exhibited by 
the other comparisons made in Figure 7.10 are weaker than that of  Sm vs. Ti.

Figure 7.10: Plots of  Ce vs (a) Ti and (b) Zr, and Sm vs (c) Ti and (d) Zr. See Figure 7.9 for legend. Dashed grey 
lines correspond to the given y:x element ratios. Numbered arrows in (c) indicate the trend for 1) fine-grained zones 
in inner garnetite and contaminated host-rock garnet cores, and 2) regular inner garnetite.

7.4 Discussion

7.4.1 REE behaviour in garnet

REE patterns for uncontaminated host-rock garnets are near identical to those of  a high-pressure 
quartz-phengite schist reported by Spandler et al. (2003), including a slight enrichment in MREE. 
This enrichment is attributed to the breakdown of  MREE-rich titanite to form rutile, which con-
tains no measurable REEs. In contrast with other high pressure garnets (e.g. Konrad-Schmolke 
et al., 2008; Rubatto et al., 2020), the garnets studied here do not show a significant decrease in 
HREE from core to rim. The ratios Yb/Er or Yb/Dy proposed by Otamendi et al. (2002), used to 
test the change in HREE profile slope, only rarely are > 1, and don’t fall far below 1 either. Thus, 
it appears that REE patterns for garnet correspond to a sort of  intermediate stage of  growth.
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 The Y-enriched zones in host-rock garnet mantles, suggesting resorption similar to Mn 
(Figure 4.7a, 7.3, Chapter 4), indicate that Y and the similarly behaving HREEs were redistributed 
during garnet growth. Given the radial fracturing and subsequent exposure of  the inner garnet to 
fluids (see Chapter 4 for more details), further redistribution of  these elements is possible. In this 
case, fluid-assisted processes involving garnet dissolution and growth played a role in the averaging 
of  garnet profiles between garnet and core, obscuring any HREE fractionation during metamor-
phic growth.
 The HREE pattern slope is the most negative in contaminated host-rock garnet cores, and 
inner garnetite which is composed mostly of  garnet that is equivalent to host-rock cores. Normally 
this slope becomes more negative as the system evolves further during metamorphic evolution 
(e.g., Otamendi et al., 2002; Konrad-Schmolke et al., 2008; Rubatto et al., 2020). Finding a REE 
pattern similar to normally well evolved garnet within the garnet core indicates that the recrystal-
lization that has occurred there also adjusted the REE composition, supporting the fluid-assisted 
redistribution of  elements. However, this argument assumes that the deviation in REE content is 
not the result of  contamination.
 The concentration of  HREE+Y in garnet decreases with modal garnet content. This is 
expected when a fixed REE budget is divided over varying amounts of  garnet. However, the rela-
tive volume within garnet of  the recrystallized garnet core is strongly different per zone. Further-
more, localized dissolution occurred preferentially in the garnetite during prograde metamorphism 
(Chapter 4). Thus, a proper reconstruction of  the REE budget for each zone is unfeasible.

7.4.2 Rutile and zircon composition

The concentrations of  Th, U, and Zr were approximated for rutile, plus Th and U for zircon, 
based on contaminated LA-ICP-MS analyses where the majority of  the measured volume consti-
tuted garnet. The comparison to two populations of  large rutile grains in different samples from 
the LCU results in a reasonable match for U with rutile from a different garnetite. Th and Zr es-
timated for the contaminant inclusions is higher than concentrations from the large rutile grains. 
The apparent presence of  Th in rutile is unexpected, as it is not an element that is commonly 
incorporated into rutile (Zack et al., 2002). It is possible that all rutile-contaminated measurements 
contain a minimum degree of  zircon contamination, in which case there are no analyses contami-
nated by rutile but not by zircon. Concentrations of  Th and U are significantly lower in rutile from 
the omphacite vein, most likely a bulk chemical effect, as the large rutile grains from the reference 
garnetite and omphacite vein contain similar concentrations of  Zr.

7.4.3 Origin of  rutile

Several origins of  the rutile inclusions are considered: precipitation after re-equilibration of  a 
Ti-richer garnet core (Proyer et al., 2013; Hwang et al., 2019), precipitation from a Ti-mobilizing 
infiltrating fluid (Scambelluri & Philippot, 2001) during fracturing, or remnants of  a Ti-bearing 
precursor mineral. The euhedral-shaped zone of  diffuse Ti-enrichment (most notable in Figure 
7.4b) suggests that the presence of  Ti is related to garnet growth rather than a post-growth fluid 
source. There are several candidates for a precursor mineral containing minor Ti, notably mica 
minerals which commonly incorporate a low concentration of  Ti (Chambers & Kohn, 2012). 
However, the geometry of  the Ti-enriched zone being congruent with that of  the garnet (Figure 
7.4b) poses an issue for this mechanism, and points towards Ti not being inherited.
 Interpreting the difference in Ti (and Zr?) concentrations between the hypothetical orig-
inal garnet core and the Ti-poorer UHPM zone is difficult due to the complex solubility of  Ti in 
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garnet (Ackerson et al., 2017). It is often suggested that Ti is more readily incorporated in garnet 
at high P and/or T (Hwang et al., 2019 and references therein). The geological setting of  the LCU 
as Jurassic ophiolite (Rubatto et al., 1998) with no known pre-Alpine metamorphism denies the 
possibility of  a previously unknown precursor garnet that formed at higher P-T conditions than 
during Alpine metamorphism. Additionally, no reports indicate the presence of  hydrothermal 
garnet before subduction metamorphism in hydrothermally Mn-enriched oceanic metasediments 
such as the likely protolith of  the investigated samples (Tumiati et al., 2010). However, there are 
several substitution mechanisms for Ti, and currently there is no accurate way of  calculating its 
solubility. If  Ti concentration in garnet is simply a matter of  P-T conditions, it is expected that 
the UHPM zone contains more Ti, especially since it also contains rutile inclusions (Figure 7.4b). 
Ackerson et al. (2017) suggest that Ti incorporation is correlated with major element composition 
of  garnet, so a Ti-richer core without Ti inherited from a precursor cannot be excluded, and is the 
most likely scenario of  all considered mechanisms.

7.4.4 Zr-in-rutile thermometry

Zr-in-rutile thermometry is applied to the rutile contamination using the calibration of  Kohn 
(2020) for α-quartz and coesite, using the Zr concentration obtained from the lower ratio of  the 
envelope in Figure 7.8 and a pressure range relevant to the LCU of  0 to 3.5 GPa (Figure 7.11). This 
approach results in temperatures between 500 and 630 ± 15 (2σ) °C. This approach does not take 
into account the possibility that all rutile contamination occurs alongside a minimum amount of  
zircon contamination. A second Zr-in-rutile concentration is obtained under the assumption that 
all Th (1:106 ratio Th:Ti) is the result of  zircon contamination (1:100 ratio Th:Zr), and removing 
the corresponding Zr from the Ti:Zr ratio. This results in a concentration of  40 ppm Zr in rutile 
using the same method as used for the original concentration, and a corresponding Zr-in-rutile 
temperature range of  440 to 560 ± 15 (2σ) °C (Figure 7.10). The obtained Zr concentrations in 
rutile rely on low concentrations in the analyses, however even at these concentrations, the uncer-
tainty is approximately at a σ1 of  10% the concentration. Furthermore, numerous analyses were 
used to construct both the baseline for Zr in garnet and the ratio if  Zr vs. Ti. 
 The higher temperature results from the contaminant rutile inclusions suggests that the 
Zr concentration was re-equilibrated during radial fracturing and related garnet recrystallization 
and re-equilibration, and thus reflect the conditions of  resetting rather than the prograde growth 
P-T of  the large rutile grains (Figure 7.10). The temperature range between the Zr-in-rutile values 
with and without zircon contamination correction represents reasonable P-T conditions within 
the metamorphic history of  the LCU, covering almost the entire near-isothermal decompression 
path (Figure 7.10). This range includes the part of  the P-T path that is suggested as most likely for 
radial fracturing based on elastic geothermometry on zircon inclusions that were reset as result of  
the radial fracturing (approx. 1.0 GPa, >500 °C; see Chapter 6).
 The validity of  the obtained temperatures depends on the activity of  a phase of  SiO2. 
Quartz is identified as inclusion in garnet cores, although its presence is not confirmed for every 
analysed garnet. The almost ubiquitous occurrence of  zircon as contaminant inclusion indicates 
that equilibrium with zircon occurred, and that the system is at or close to the necessary SiO2 ac-
tivity.
The upper values that constrain the envelope in Figure 7.8 result in temperatures exceeding 900 
°C. These values involve a high degree of  zircon contamination, or come from rutile that was not 
in equilibrium with SiO2, leading to a higher Zr concentration and thus a temperature overestima-
tion (Ferry & Watson, 2007). Figure 7.9 uses Hf  to demonstrate that zircon contamination is re-
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Figure 7.10: results for Zr-in-rutile thermometry based on the calibration of  Kohn (2020) using the lower Zr to Ti 
value of  the envelope in Figure 7.8, both without and with correction for possible zircon contamination. These results 
are compared to the Zr-in-rutile concentrations from large rutile grains in a different garnetite, and P-T paths of  the 
LCU (dark grey: Reinecke, 1998; medium grey: Groppo et al., 2009). The upper concentration of  4747 Zr-in-rutile, 
which assumes no zircon contamination, is not displayed but results in temperatures over 900 °C.

sponsible for high Zr/Ti values, but it is not clear why this contamination is limited by a maximum 
ratio between Zr and Ti for host-rock garnets (Figure 7.8).

7.4.5 Fine-grained zone in inner garnetite

The visible difference between the regular inner garnetite and the fine-grained zones (Figure 4.6) 
is the grain size. In Chapter 4, this difference is explained as a grain size reduction by dissolution 
along preferential fluid pathways within the garnetite. Additionally, the apparent enrichment of  
rutile in these zones is suggested to be the result of  liberation of  rutile from dissolved garnet, or 
the influx of  Ti from a fluid. However, the LA-ICP-MS data indicates only a slight enrichment in 
Ti (Figure 7.5). Zr, La, Ce, HREE+Y are enriched more strongly than Ti in the fine-grained zones. 
Currently no explanation is found for this behaviour.

7.4.6 Contamination versus fluid enrichment

Based on a lack of  strong linear trends for Ce and Sm related to Zr (Figure 7.10b,d), in contrast 
to what is observed for Hr and Zr (Figure 7.6), the enrichment of  LREEs in contaminated analy-
ses is not the result of  incorporation in contaminant zircon inclusions. However, the comparison 
between Ti and Sm yields a remarkable difference between regular inner garnetite and the fine-
grained zones (Figure 7.10c). Sm is incompatible with rutile (Zack et al., 2002), and should not 
result in Sm:Ti ratios of  1:100 to 1:1000. The sudden increase in Sm from Ti > 800 ppm for the 
regular inner garnetite analyses also indicates that a different mechanism causes this enrichment. 
Rather, it appears that all garnet of  this particular composition is contaminated to such a degree 
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that uncontaminated analyses are not possible at the used spot size. The abundance of  rutile ap-
pears to correspond to the volume of  recrystallized garnet core within the analysed spot, as this 
part of  the garnet is most strongly affected by recrystallization (Figure 7.4). The LREE could 
signify the composition of  the fluid that assisted this recrystallization, transported into the garnet 
along fractures. It is unclear why this trend is not as strong with Ce, another element that is en-
riched in contaminated analyses.
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CHAPTER 8
Increased trace-element migration in 
crystal-plastically deformed UHP rutile: 
dislocations in low-angle boundaries as 
high-diffusivity pathways

Abstract

The trace-element composition of  rutile is commonly used to constrain P-T-t conditions for a 
wide range of  metamorphic systems. Recent studies have highlighted the importance of  micro- 
and nanostructures in the redistribution of  trace elements in rutile, high-diffusivity pathways, and 
dislocation-impurity associations. Deformation of  rutile and its effect on composition are studied 
by combining microstructural and petrological analyses with atom probe tomography on rutile 
from an omphacite vein of  the ultrahigh-pressure metamorphic Lago di Cignana unit (Western 
Alps, Italy). Zr-in-rutile thermometry and inclusions of  quartz in rutile and of  coesite in om-
phacite constrain rutile deformation to around the prograde HP-UHP boundary at 500–550 °C. 
Crystal-plastic deformation of  a large rutile grain resulted in low-angle boundaries that generate 
a total misorientation of  ~25°. Dislocations constituting the low-angle boundary are enriched in 
common and uncommon trace elements including Fe and Ca, providing evidence for diffusion of  
trace elements along the dislocation cores. The role of  dislocation microstructures as fast diffusion 
pathways must be evaluated when applying high-resolution analytical procedures as compositional 
disturbances might lead to erroneous interpretations.

To be submitted as: Verberne, R., Van Schrojenstein Lantman, H.W., Reddy, S.M., Alvaro, M., Wallis, D., Fouger-
ouse, D., Langone, A., Saxey, D.W., Rickard, W.D.A.: Increased trace-element migration in crystal-plastically de-
formed UHP rutile: dislocations in low-angle boundaries as high-diffusivity pathways.
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8.1 Introduction

Rutile is a common accessory mineral formed at mid- to lower-crustal metamorphic conditions 
(Dachille et al., 1968) and stable in ultra-high temperature (UHT) and pressure (UHP) environ-
ments (Jamieson and Olinger, 1969; Mei et al., 2014; Withers et al., 2003). The trace-element and 
isotopic compositions of  rutile are routinely analysed to constrain the timing and conditions of  
geological events. Two of  the most used applications of  rutile composition are U-Pb geochronol-
ogy (Mezger et al., 1989; Zack et al., 2004b) and Zr-in-rutile thermometry (Kohn, 2020; Zack et 
al., 2004a). These applications are a significant addition to the traditional options for geothermo-
barometry and geochronology in the often-restrictive mineral assemblages of  UHP metamorphic 
rocks (Cutts and Smit, 2018; DesOrmeau et al., 2017; Gao et al., 2014; Zack and Luvizotto, 2006). 
Furthermore, rutile has the capacity to retain information about the P-T-t path by preserving min-
eral and fluid inclusions (Hart et al., 2016; Hart et al., 2018; Ni et al., 2008). 
 The use of  rutile is underpinned by the assumption that the element mobility during sub-
sequent geological events is well understood and inclusions remain shielded from chemical in-
teraction with the host-grain exterior. However, whereas Ti is generally considered immobile in 
aqueous fluids, its mobility can drastically increase with changes in fluid composition (Antignano 
and Manning, 2008; Gao et al., 2007; Rapp et al., 2010; Scambelluri and Philippot, 2001) and 
many studies regularly report disturbances in trace-element distribution and isotopic compositions 
(Kohn, 2020; Kooijman et al., 2010; Kooijman et al., 2012; Smye and Stockli, 2014; Zhou et al., 
2020). These effects have generally been attributed to trace-element migration via volume diffu-
sion. More recently, the presence of  twin boundaries, low-angle boundaries (i.e., subgrain bound-
aries), and high-angle grain boundaries have been proposed to affect the distribution and mobility 
of  trace elements in natural rutile (Moore et al., 2020; Zack and Kooijman, 2017).
 The diffusion of  trace elements is element-specific and is controlled by the temperature, 
pressure, fluid activity and type of  active diffusion pathway. Volume diffusion in larger rutile grains 
is ineffective below approximately 600 °C for Pb and 650 °C for Zr (Cherniak, 2000; Cherniak et 
al., 2007). Grain boundaries form fast pathways for intergranular diffusion (Klinger and Rabkin, 
1999), particularly when wetted by a fluid. 
 Intragranular diffusion can be enhanced beyond volume diffusion through microstruc-
tures in the form of  dislocation-impurity pair migration (Imai and Sumino, 1983; Petukhov and 
Klyuchnik, 2012) and high-diffusivity pathways (Love, 1964; Sutton et al., 1995). Trace-element 
migration by dislocation-impurity associations relies on the coupled migration of  dislocations and 
trace elements trapped in and around them (Imai and Sumino, 1983; Petukhov and Klyuchnik, 
2012). This mechanism can lead to removal of  trace elements into the grain boundary network. Al-
ternatively, the increasing concentration of  solutes can immobilise the migrating dislocation lead-
ing to a localised trace element enrichment (Dubosq et al., 2019; Imai and Sumino, 1983; Petukhov 
and Klyuchnik, 2012). High-diffusivity pathways can form along microstructures related to growth 
and deformation, such as dislocations, low- and high-angle boundaries, or twin boundaries (Keller 
et al., 2006; Love, 1964; Plümper et al., 2012; Reddy et al., 2007; Sutton et al., 1995; Timms et al., 
2006; Vukmanovic et al., 2014).
 Identifying these effects in geological materials has remained challenging due to limitations 
in the spatial resolutions of  techniques capable of  measuring chemical and isotopic composition 
(Reddy et al., 2007; Timms et al., 2006). Advances in analytical techniques allow for correlation 
between high-spatial resolution chemical and isotopic data with micro- and nanoscale structures. 
Atom probe tomography (APT) is one such technique with high spatial resolution providing 
chemical and isotopic information in three dimensions (Gault et al., 2012; Larson et al; 2013). 
Over the last five years, this technique has proven to be a powerful tool within the field of  earth 
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sciences (Reddy et al., 2020; Saxey et al., 2018). The combination of  APT with analytical tech-
niques employing larger spot sizes (e.g. LA-ICP-MS or SIMS) allows for correlation of  geochro-
nological data (Peterman et al., 2019; Peterman et al., 2016; Valley et al., 2014; Valley et al., 2015; 
Seydoux-Guillaume et al., 2019, Verberne et al., 2020). Furthermore, APT can reveal a structur-
al-chemical relationship down to the nanoscale when applied in combination with high-resolution 
structural imaging techniques like electron backscatter diffraction (EBSD), transmission Kikuchi 
diffraction (TKD) or transmission electron microscopy (TEM) (Fougerouse et al., 2019; Fouger-
ouse et al., 2018; Kirkland et al., 2018; Montalvo et al., 2019; Piazolo et al., 2016; Reddy et al., 2016; 
Reddy et al., 2020).
 This contribution investigates trace-element migration via dislocations in low-angle bound-
aries related to the plastic deformation of  rutile. The rutile is located within deformed omphacite 
veins from the UHP-low-temperature (LT) metamorphic Lago di Cignana unit (LCU). The LCU 
provides an excellent opportunity for studying the effect of  diffusion along dislocations. The min-
erals were strained during HP deformation resulting in dislocation microstructures whilst the low 
temperatures ensured that volume diffusion was ineffective and thus did not obscure the effect 
of  dislocations. Instead, the structure and properties of  the dislocations resulted in the capture of  
trace elements due to the strain field around the dislocation core (Cottrell and Bilby, 1949) and the 
changes in inter-atomic spacing and charge state (Kuzmina et al., 2015, and references therein). 
By the combination of  a range of  analytical techniques, the study first constrains the growth and 
deformation history of  rutile in relation to P-T conditions. Then, micro- and nanoscale analytical 
techniques are applied to investigate the relation between plastic deformation of  rutile and seg-
regation of  trace elements. This study highlights the complexity that can arise from the interplay 
between different structural features, and how these structures correlate with nanoscale chemical 
heterogeneities. The presence of  dislocations will affect the diffusion characteristics along the 
boundary, which will not necessarily match those as expected by volume diffusion models alone.

8.2 Geological setting and sample description
8.2.1 Geological overview

The Lago di Cignana unit is a lens of  UHP metabasic and metasedimentary rocks within the 
Zermatt-Saas unit (ZSU), an ophiolitic nappe of  generally HP-metamorphic grade (Figure 8.1a). 
The ZSU was subducted and underwent eclogite-facies metamorphism during the Alpine orog-
eny (Rubatto et al., 1998), reaching peak metamorphic conditions of  600–630 °C, 2.7–2.9 GPa 
determined for metasediments (Reinecke, 1998) and 590–605 °C, > 3.2 GPa based on eclogites 
(Groppo et al., 2009). Subsequently, the LCU was exhumed and juxtaposed with the overlying low-
er-grade (greenschist-amphibolite facies) Combin zone (Figure 8.1a) (Kirst and Leiss, 2017; Amato 
et al., 1999; Reddy et al., 2003). As one of  few exposed ophiolitic units exhumed after Alpine UHP 
metamorphism, the LCU provides unique insights into fluid-rock interaction at great depth in sub-
duction zones (Frezzotti et al., 2011; Halama et al., 2020; Van Schrojenstein Lantman et al., 2021).
  The LCU has been the topic of  numerous geochronological studies aimed at pinpointing 
the timing of  formation and subduction of  the Piemonte-Ligurian oceanic crust. U-Pb dating of  
magmatic zircon derived from lithologies within the ZSU resulted in formation ages of  the oce-
anic crust of  164–153 Ma, and metamorphic ages of  44 Ma (Rubatto et al., 1998). Garnet Sm-Nd 
and Rb-Sr dating yielded ages of  39–42 Ma (Amato et al., 1999; Skora et al., 2015). Rb-Sr white-mi-
ca ages of  39–36 Ma for the Combin Fault represent the exhumation leading to emplacement of  
the ZSU below the Combin Zone, in agreement with rapid exhumation after peak metamorphism 
(Kirst and Leiss, 2017; Reddy et al., 1999, Reddy et al., 2003).
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8.2.2 LCU eclogite

The main lithologies of  the LCU are quartzite and schist locally bearing garnetite lenses, calc-
schist, marble, and eclogite (Forster et al., 2004). Garnet- and glaucophane-rich zones in the eclog-
ite are suggested to reflect compositional differences due to fluid-rock interaction (Van Schro-
jenstein Lantman et al., 2021) or related to pillow basalts (Van der Klauw et al., 1997). The peak 
metamorphic assemblage consists of  garnet, omphacite, glaucophane, lawsonite, phengite, rutile 
and minor coesite and zircon. The latter two are also present as inclusions in omphacite and garnet 
(Groppo et al., 2009; King et al., 2004). Lawsonite has broken down to pseudomorphs of  epidote 
and paragonite. Titanite, ilmenite, Ca-amphibole, and biotite preserved as inclusions in garnet 
cores represent an early prograde metamorphic mineral assemblage. The eclogite is rich in TiO2 
(> 2 wt. %), resulting in an abundance of  rutile (Groppo et al., 2009). A multitude of  veins has 
been identified in the LCU eclogites, consisting of, for example, omphacite, glaucophane, quartz 
(potentially after coesite), epidote/clinozoisite and retrogressed lawsonite (Borghini et al., 2015). 
The relative timings of  vein formation range from UHP metamorphism to retrograde metamor-
phic stages during exhumation.
 The LCU eclogites were pervasively deformed by dislocation creep of  pyroxene with dy-
namic recrystallisation resulting from grain boundary migration. At the onset of  extension, the 
deformation became localized leading to the formation of  shear bands. (Van der Klauw et al., 
1997). Little to no deformation took place in the eclogites during the first 40 km of  exhumation, 
down to P-T conditions of  < 1.5 GPa, 500–550 °C (Van der Klauw et al., 1997). Following this 
part of  exhumation, further deformation within eclogites is associated with a retrograde mineral 
assemblage of  hornblende, albite, and epidote (Kirst and Leiss, 2017).

8.2.3 Sample description

The studied sample, obtained at 45°52’42.5”N 7°35’33.3”E (Figure. 8.1a) is an eclogite cross-cut 
by a network of  omphacite-glaucophane-apatite-rutile veins up to approximately 1 cm in width 
(Figure 8.1b,c). The omphacite crystals in these veins exhibit a strong shape preferred orientation 
and are up to 1 mm in length. Apatite and rutile in the veins occur as millimetre-size crystals 
(Figure 8.1c,d). In contrast, glaucophane rarely exceeds a grain size of  a 100 μm. Garnet is only 
present in the wall rock. Rutile within the wall rock occurs as grains smaller than 100 μm, which is 
significantly smaller than rutile in the veins. No deformation features in the vein are visible in the 
hand specimen or thick section.

8.3 Methods

This contribution is a collaboration between the Geoscience Atom Probe group, Curtin Universi-
ty, and University of  Pavia, where measurements were performed concurrently. To ensure that the 
obtained data represent equivalent material, two near-identical thick sections of  100 µm thickness 
were prepared from the same chip of  the hand specimen (Figure 8.1b,c). Work conducted at the 
University of  Pavia focused on multiple grains of  a variety of  minerals with data acquisition at 
scales of  1–50 μm, while the complementary work at Curtin University focused on the micro and 
nanoscale characterisation of  a single large rutile crystal (Figure 8.1c,d; 8.2a). 
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Figure 8.1: (a) Simplified geological map of  the sample area around Lago di Cignana, modified after Kirst & Leiss 
(2017) and references therein. (b) Outcrop photograph of  eclogite containing an omphacite-glaucophane vein. (c–d) 
plain polarized photomicrographs of  the thick section analysed at Curtin and the selected rutile for nanoscale analyses 
(see Figure 8.2). In (c), several large rutile grains are clearly visible as well as the omphacite vein. Rt = rutile, Omp = 
omphacite, Grt = garnet.

Figure 8.2: (a) Backscatter Electron image of  the rutile grain Rt-1 highlighting the APT and TEM lift-out area and 
showing the rutile grain is completely surrounded by omphacite. (b) close-up secondary electron image of  the lift-out 
site. The low-angle boundary is made visible via the electron tunneling effect. Fe-oxide exsolutions clearly intersect 
this boundary. (c): Deposited Pt-buttons that assist during the APT specimen preparation. The TEM section was 
taken to the right-hand side of  APT spec. 1.
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8.3.1 Raman Spectroscopy

Raman spectroscopy for the purpose of  the identification of  mineral inclusions was conducted at 
the University of  Pavia using a Horiba LabRam HR Evolution spectrometer with a holographic 
grating of  1800 grooves/mm. The Horiba is equipped with an Olympus BX41 confocal micro-
scope and operated at a constant temperature of  20 ± 1 °C. Raman spectra were excited using the 
514.532 nm line of  a solid-state (YAG) laser. The laser power on the sample surface was approxi-
mately 1–2 mW. The spectrometer was calibrated by matching the Raman spectrum to the silicon 
peak at 520.5 cm–1.

8.3.2 LA-ICP-MS

Trace element mineral composition of  rutile was determined by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) at the IGG-CNR (Istituto di Geoscienze e Georisorse of  
the National Research Council) in Pavia. The instrument couples an Excimer Laser 193 nm ArF 
(GeoLas200 Microlas) with a Triple Quadrupole (8900 QQQ from Agilent). Elements that were 
measured are: 7Li, 9Be, 11B, 23Na, 25Mg, 27Al, 29Si, 39K, 43Ca, 44Ca, 45Sc, 47Ti, 51V, 53Cr, 
55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 118Sn, 121Sb, 
133Cs, 138Ba, 139La, 140Ce, 141Pr, 146Nd, 149Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er, 
169Tm, 173Yb, 175Lu, 177Hf, 181Ta, 182W, 208Pb, 232Th and 238U. NIST-SRM610 was used as 
an external standard, whereas Ti was adopted as an internal standard for rutile. In each analytical 
run, the USGS reference samples BCR2 and NIST612 (Norman et al., 1996; Pearce et al., 1997; 
Rocholl et al., 1997) were analysed together with the unknowns for quality control. Precision and 
accuracy are better than 5% and 10%, respectively. Data reduction was performed using the Glit-
ter software package (Van Achterbergh, 2001). A laser beam, 50 µm in diameter, was employed to 
analyse 16 spots over six rutile grains, measuring core and rim separately when grain size allowed, 
and using an average TiO2 content of  99 wt. % as an internal standard.

8.3.3 Scanning Electron Microscopy

Rutile was characterised by using the TESCAN MIRA3 field-emission scanning electron micro-
scope at the John de Laeter Centre (JdLC), Curtin University, Perth, Australia. BSE images were 
collected at a working distance of  15 mm and an accelerating voltage of  20 kV. For combined 
electron backscatter diffraction (EBSD) and energy dispersive x-ray spectroscopy (EDS) imaging 
the SEM was operated at a working distance of  15 mm with the stage tilted to 70°. An accelerating 
voltage of  20 kV was applied with a beam intensity of  17, yielding a beam current of  3 nA. EBSD 
data were acquired at a step size of  1 μm and the match units for rutile (Swope et al., 1995) and 
omphacite (Oberti and Caporuscio, 1991) were obtained from the American Mineralogist crystal-
lography database (801 448-45x).
Transmission Kikuchi Diffraction (TKD) was performed on the APT specimens to assist with 
targeting the low-angle boundaries during sample preparation for ATP and to provide correlation 
with APT data. TKD was performed with a step size of  15 nm and at a working distance of  9 
mm, 90° tilt, an accelerating voltage of  30 kV, and a beam intensity of  15, yielding a beam current 
of  2 nA. 
Post-processing of  EBSD and TKD data was performed in Matlab®, version R2019a, using the 
free toolbox MTEX Version 5.3 (Bachmann et al., 2010). Images were plotted using the colour-
blind friend colourkey of  Crameri (2018). Post-processing involved a noise reduction procedure 
by applying a wildspike correction and removal of  ‘grains’ < 5 pixels. The procedure was followed 
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by applying a 5x5 pixel Median Filter, part of  the MTEX toolbox. The function works similar to a 
nearest-neighbour extrapolation in for example Channel5. The filter smooths the EBSD data and 
is designed to preserve subgrain boundaries in the process. Full scripts can be found in supple-
mentary material.

8.3.4 Focussed-Ion-Beam SEM

Specimen preparation for transmission electron microscopy (TEM) and atom probe tomography 
(APT) was conducted on the Tescan Lyra Ga+ Focused Ion Beam Scanning Electron Micro-
scope (FIB-SEM) (Figure 8.2), which is part of  the Advanced Resource Characterization Facility 
(ARCF) within the JdLC. The FIB-SEM was operated at an accelerating voltage of  30 kV. TEM 
and APT specimens were extracted from one low-angle boundary in a single grain. The TEM foil 
was mounted on a copper half-grid and thinned to < 100 nm followed by a 2 kV cleaning routine 
to remove damage induced by 30 kV specimen preparation. APT specimens were precisely target-
ed using electron-beam deposited markers and followed by the standard lift-out and sharpening 
procedures and 2 kV clean up routine (Rickard et al., 2020). TKD imaging ensured the LAB was 
present close to the apex of  the tip after final sample preparation and consequently within the 
field-of-view for APT analysis. Final secondary electron (SE) imaging was performed in SEM-
mode only at a working distance of  6 mm and an accelerating voltage of  10 kV.

8.3.5 Transmission Electron Microscopy

TEM analysis was performed on the FEI Talos FS200X Field Emission Gun TEM equipped with 
a Super-X EDS detector housed in the John de Laeter Centre, Curtin University, Australia. The 
TEM was operated at 200 kV. TEM imaging was conducted in both bright- and dark-field (BF 
and DF) modes. The TEM diffraction investigation was conducted with the assistance of  Kikuchi 
patterns that were generated by convergent beam electron diffraction (CBED). A small spot was 
used to minimize the beam-related damage to the sample, and the sample was tilted to align a zone 
axis or meet a two-beam condition to acquire selected area diffraction (SAD) patterns. Both BF 
and DF TEM imaging were undertaken with the objective apertures after tilting the sample to a 
diffraction condition within 20°.
Chemical analysis was conducted using the attached two pairs of  Super-X detectors. The TEM is 
fitted with four scanning transmission electron microscopy (S/TEM) detection systems: High An-
gle Annular Dark Field (HAADF), upper Dark Field (DF4), lower Dark Field (DF2), and Bright 
Field (BF). The contrast in HAADF images results predominantly from chemical/phase differenc-
es and the contrast in BF images results predominantly from orientation differences. The DF4 and 
DF2 detectors reveal both chemical and orientation contrasts at different angles. TEM, S/TEM, 
and EDS data acquisition were conducted with the Velox software.

8.3.6 Atom Probe Tomography

APT analyses were performed on a Cameca Local Electrode Atom Probe (LEAP) 4000X HR that 
is part of  the ARCF in the JdlC. The LEAP was operated in laser-assisted mode at a pulse rate of  
200 kHz, a laser pulse energy of  50 pJ, a base temperature of  50 K and a detection rate of  0.8% 
(1600 ions s-1) based on recommendations by Verberne et al. (2019). Five needle-shaped speci-
mens were run in the atom probe yielding 38×106–95×106 ion counts. All specimens remained 
intact after the run. Post-processing was performed using Cameca’s Integrated Visualization and 
Analysis Software (IVAS) 3.8.0. Peaks in the mass spectra were labelled per individual element for 



123

Chapter 8: Diffusion in deformed rutile

specific ionization states and ranged with a constant width of  0.2 Da unless clearly resulting in the 
measurement of  background signals. Detailed information about acquisition and post-processing 
is provided in Appendix E based on Blum et al. (2018). For visualization and compositional analy-
ses, isoconcentration surfaces were computed in 3D using IVAS, with error bars on the proximity 
histograms given in 1σ) (Hellman et al., 2000).

8.4 RESULTS

8.4.1 Inclusion characterization
 
The majority of  the vein network consists of  omphacite, locally containing mineral and fluid inclu-
sions. The identification of  inclusions and particularly differentiation between quartz and coesite is 
limited to Raman spectroscopy as these inclusions are commonly buried below the surface of  the 
section. Coesite, apatite and zircon are found within omphacite, the latter being the most abun-
dant (Figure 8.3a,c,d). Calcite is also present, although only as daughter crystals in primary fluid 
inclusions. Zircon, omphacite, and rutile were identified as inclusions in garnet. Inclusions hosted 
in rutile are difficult to identify due to the strong Raman signal of  rutile. Nevertheless, quartz in-
clusions were identified in rutile (Figure 8.3b,d). No radial fractures were observed around these 
inclusions. Fe-exsolution platelets that are ubiquitous in rutile (Figure 8.3b) could not be identified 
using Raman spectroscopy.

Figure 8.3: (a–c) Optical micrographs revealing the presence of  zircon inclusions in omphacite (a), quartz and Fe-rich 
inclusions in rutile (b), and coesite in omphacite. Scale bars indicate 50 µm. (d–e) Representative Raman spectra con-
firming the presence of  quartz in rutile (d) and coesite in omphacite (e). Peaks belonging to quartz and coesite respec-
tively have been marked within the spectra. Zrn = zircon, Omp = omphacite, Rt = rutile, Qz = quartz, Coe = coesite.
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8.4.2 Rutile geochemistry

Table 1 presents representative measurements and average compositions for rutile. Additionally, 
the concentrations of  all elements in rutile that consistently yielded concentrations above the de-
tection limit are displayed in Figure 8.4a. Measured Zr concentrations in rutile, taking into account 
1σ, are in the range of  31.47 to 52.55 ppm. Most rutile cores contain higher Zr concentrations 
than their respective rims, and overall differences in Zr concentration exist between grains beyond 
the uncertainty of  the measurements As a result, the Zr-in-rutile thermometry does not result in a 
single temperature. Using the full range of  Zr concentrations including analytical uncertainty, Zr-
in-rutile thermometry results in a range of  500–550 ± 15 (2σ) °C based on the pressure-sensitive 
thermometer of  Kohn (2020) using the “combined” calibration for quartz and coesite (Figure 
8.4b).

8.4.3 Structural analysis of  rutile

The various substructures within rutile are characterized by different analytical techniques. The 
images in Figure 8.2b,c reveal a low-angle boundary due to subtle orientation-contrast effects and 
show the presence of  Fe-rich exsolution platelets crosscutting the low-angle boundary. These thin, 
Fe-rich platelets are visible throughout the entire grain and have apparent acute angles of  35° be-
tween two platelets, intersecting the LAB at apparent angles of  69° and 78° in Figure 8.2b,c. Note 
that the images only show the 2D geometry and therefore the apparent angles likely deviate from 
the true angles. Furthermore, the direction of  the LAB varies slightly along its length so that the 
angular relationships are not constant. Other rutile grains within the section also contain Fe-rich 
platelets, yielding two different orientations although intersecting at different apparent angles.
 The EBSD maps reveal that rutile, present within the omphacite vein, is deformed (Figure 
8.5a). However, the extent of  deformation within the omphacite is harder to resolve. The ompha-
cite vein displays a strong shape preferred orientation (SPO) (Figure 8.1c).
 Rutile exhibits a total misorientation of  approximately 25° (Figure 8.5b) across the grain, 
which results from the presence of  low-angle boundaries (LABs). The individual LABs have mis-
orientation angles of  up to 2° (Figure 8.5b,d). The most common misorientation axis is <100> 
(Figure 8.5c,e). However, the misorientation shows a dispersion in two directions in the pole fig-
ures (Figure 8.6). On the (001) pole figure the data points spread about ~18° in the longitudinal 
direction and ~9° in the latitudinal direction. This is indicative of  more than one active operating 
slip system. TKD maps of  the APT specimens revealed that two specimens contain LABs with a 
dip of  approximately 60° relative to the surface of  the thin section (Figure 8.5d). The two speci-
mens come from the same crystal approximately 5 μm apart, however the boundary dip in oppo-
site directions.

8.4.4 Nanoscale structure and composition

The TEM HAADF and dark-field images indicate that the LAB is composed of  approximately 
parallel dislocations aligned along the boundaries (Figure 8.7b,c). The separation of  two disloca-
tions varies in the range of  ~5–35 nm (Figure 8.7c,d). The LABs are not planar, but instead exhibit 
an irregular pattern and are offset by ~10 nm steps (Figure 8.7b, white arrow).
 The interactions and overlaps between different features in the TEM image complicate the 
extraction of  all information captured within a single frame. The APT data yields the same level 
of  complexity with overlapping dislocations. However, the 3D digital reconstruction allows for 
clearer visualization and separation based on chemical heterogeneities.
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Table 8.1: Six representative LA-ICP-MS analyses of  rutile and the average of  all measurements (see Appendix D Ta-
ble D7 for full data set, errors, and detection limits). Measurements below detection limit were not taken into account 
for the calculation of  average values. B.D.L. = below detection limit.

 1.3 (core) 2.1 (rim) 3.2 (rim) 4.1 (rim) 6.3 (rim) 8.2 (core) 
 

Element 

006SMPL 008SMPL 012SMPL 013SMPL 017SMPL 019SMPL 
Average

Li7 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 
 

Be9 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 
 

B11 14.49 20.88 14.64 9.6 13.32 15.2 16.0 
Na23 9.41 10.9 11.26 11.05 13.19 11.37 11.0 
Mg25 116.55 106.91 104.67 108.21 112.32 107.46 107.9 
Al27 54.56 27.17 50.87 70.31 107.75 28.6 60.5 
Si29 2270.42 1428.97 1334.5 1680.39 1828.16 1472.15 1736.4 
K39 14.6 6.91 B.D.L. B.D.L. B.D.L. B.D.L. 11.9 
Ca43 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 

 

Ca44 B.D.L. B.D.L. 46.44 B.D.L. B.D.L. 77.14 58.6 
Sc45 0.744 0.483 0.555 0.651 0.21 0.787 0.6 
V51 1138.59 1066.48 1029.4 936.02 965.48 1045.44 1043.2 
Cr53 200.65 259.59 297.71 244.83 205.25 217.37 233.0 
Mn55 B.D.L. 1.08 B.D.L. B.D.L. B.D.L. B.D.L. 1.0 
Fe57 5923.42 6143.26 5050.25 6477.72 5357.42 7015.43 6056.3 
Co59 B.D.L. B.D.L. 0.0104 B.D.L. B.D.L. B.D.L. 0.0 
Ni60 0.095 0.118 B.D.L. 0.14 B.D.L. B.D.L. 0.1 
Cu63 4.79 5.75 4.07 3.81 4.01 3.26 4.5 
Zn66 32.03 32.43 26.22 22.97 22.39 21.23 27.6 
As75 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 

 

Rb85 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 
 

Sr88 1.971 2.11 B.D.L. 1.826 1.81 1.684 1.9 
Y89 0.147 0.212 0.131 0.154 0.128 0.127 0.2 
Zr90 50.45 32.94 40.66 37.81 49.86 44 41.7 
Nb93 280.92 298.94 292.25 299.37 268.81 281.15 285.7 
Mo95 10.78 7.07 8.84 8.07 9.72 9.57 8.9 
Sn118 58.73 51.54 65.29 53.62 56.23 54.97 56.9 
Sb121 1.23 0.9 1.47 1.09 0.99 1.24 1.2 
Cs133 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 

 

Ba138 0.0027 0.45 B.D.L. 0.0097 B.D.L. 0.0112 0.1 
La139 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 0.0031 0.0 
Ce140 B.D.L. 0.0123 0.0214 0.0027 0.0062 0.0093 0.0 
Pr141 0.0019 B.D.L. 0.0025 B.D.L. B.D.L. 0.0026 0.0 
Nd146 B.D.L. B.D.L. 0.014 B.D.L. B.D.L. B.D.L. 0.0 
Sm149 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 

 

Eu151 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 
 

Gd157 B.D.L. 0.033 B.D.L. B.D.L. B.D.L. B.D.L. 0.0 
Tb159 0.002 0.011 0.0028 B.D.L. B.D.L. 0.0029 0.0 
Dy163 B.D.L. B.D.L. B.D.L. 0.0099 B.D.L. 0.012 0.0 
Ho165 B.D.L. 0.0116 B.D.L. B.D.L. B.D.L. B.D.L. 0.0 
Er167 0.0086 B.D.L. B.D.L. 0.021 B.D.L. B.D.L. 0.0 
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Figure 8.4: (a) Spider diagram of  elements measured with LA-ICP-MS, showing the weighted average as a solid line. 
(b) Detailed diagram for all measured Zr concentrations in rutile. (c) P-T diagram illustrating the metamorphic history 
after Groppo et al. (2009), and how it compares to Zr-in-rutile thermometry for the range of  concentrations in (b).

Tm169 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 
 

Yb173 B.D.L. B.D.L. B.D.L. B.D.L. B.D.L. 0.037 0.0 
Lu175 0.0022 B.D.L. B.D.L. 0.0027 B.D.L. 0.0032 0.0 
Hf177 2.15 1.77 2.1 1.58 2.28 1.82 1.9 
Ta181 16.2 17.44 17.21 17.08 15.18 16.22 16.5 
W182 3.36 3.4 2.69 2.83 2.76 2.5 2.8 
Pb208 B.D.L. B.D.L. B.D.L. B.D.L. 0.068 0.02 0.1 
Th232 B.D.L. 0.023 B.D.L. B.D.L. B.D.L. 0.018 0.0 
U238 0.513 0.35 0.309 0.08 0.347 0.689 0.3 

 1.3 (core) 2.1 (rim) 3.2 (rim) 4.1 (rim) 6.3 (rim) 8.2 (core) 
 

Element Average

Table 8.1 (cont.):
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Figure 8.5: (a) EBSD Euler map showing the orientation of  rutile and omphacite crystals. (b) EBSD local misorienta-
tion map for the same rutile grain as in (a). (c) Map of  the rutile grain coloured by the misorientation per pixel relative 
to the mean orientation. (d) TKD local misorientation maps for two APT specimens taken from the area marked 
“APT” in (b), revealing the low-angle boundary. (e) Misorientation pole figure (top) and misorientation axes in the 
crystal reference frame (bottom) for the area marked in (b–c).

As expected from the TKD maps, of  the five specimens analysed, two contained a LAB within 
the field of  view. These two specimens, M2 and M5 (Figure 8.2c), are hereafter referred to as 
Specimen 1 and Specimen 2, respectively. The 3D reconstructions of  Specimen 1 (Figure 8.8a) and 
Specimen 2 (Figure 8.8b) reveal the presence of  a mix of  chemically distinct linear features that 
interact and overlap. These are highlighted by contrasting distribution of  Fe (red) and Ca (purple) 
and visualised using Fe isoconcentration surfaces (0.8 at. % Fe) in Figure 8.8, overlain with the Ca 
distribution. Note that the 2D images of  3D features sometimes create false angles.
 APT chemical analysis of  the rutile matrix demonstrates a homogeneous distribution of  
trace elements outside the LAB, with a TiO2 concentration of  ~96 at. % and H concentration of  
2-3 at. % (1, 2 and 3 Da) (Figure 8.9). Pb is only observed above background as 208Pb++ (104 
Da) and is distributed homogeneously.
 Chemical heterogeneities are only observed in relation to the LAB in Specimen 1 and 
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Figure 8.6: Pole plots coloured by orientation for the whole grain region of  interest in Figure 8.5b,c.

Specimen 2 and not in the rutile matrix. Sub-horizontal, parallel linear features are observed in 
these two specimens yielding an orientation parallel to the <100> disorientation axis. These fea-
tures are interpreted as dislocations (Figure 8.8). The dislocations within a single specimen all lie in 
the same plane with a spacing of  ~10 nm. In both specimens, the dislocations are enriched in trace 
elements, compensated for by a reduction in Ti (Figures 8.8, 8.9). The increase in H concentration 
was determined to be caused by the presence of  OH-species, while H-species (1, 2 and 3 Da) 
remain homogeneous. The concentrations are evaluated using a 1D concentration profile. These 
profiles exhibit Fe concentrations reaching ~1 at. %. Al, Si and Ca concentrations increase from < 
0.05 at. % to 0.25 at. %, 0.15 at. % and 0.1 at. %, respectively, across individual structures.
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Figure 8.7: (a–d) TEM HAADF image showing the complexity of  the microstructures present within deformed 
rutile. Locations of  (b–d) are given. (b) TEM HAADF and (c–d) TEM Dark-field images showing the low-angle 
boundaries in greater detail. All scale bars indicate 100 nm.

Approximately every 50 nm, the plane in which the dislocations lie is offset by roughly 10 nm (Fig-
ure 8.8e). These ‘steps’ still exhibit the dislocation pattern within their substructure (Figure 8.8f). 
The dislocations and their spacing contain higher concentrations of  trace elements (Figure 8.8c,e). 
The chemical composition of  these steps is displayed as a 1D concentration profile (Figure 8.9). 
Again, increases in Fe (~0.5 to 4.2 at. %), Al (< 0.05 to 0.45 at. %) and Si (< 0.05 to 0.1 at. %) are 
observed. In addition, Zr changes to approximately 0.1 at. % up from < 0.05 at. %. The Ca signal 
is notably low at < 0.05 at. %.
 Extending from the dislocations in specimen 2 are two near vertical Fe-enriched features 
we will refer to as platelets (Figure 8.8b). The acute angle between these two platelets is 58.6° 
(Figure 8.8c). The platelets intersect the LAB at 60° and 61.4°. The chemistry of  these platelets is 
comparable to the chemistry of  the steps but the degree of  enrichment for Fe is less and Ca and Si 
are absent. Fe reaches concentrations of  approximately 2 at. % up from 0.5 at. % and H increases 
from ~2 at. % to 3.5 at. %. The concentration of  Zr within the 1D profile is ~0.06 at. % and the 
concentration of  Al is ~0.12 at. %.
 Two entangled, sub-vertical, dislocations are present within Specimen 1 and are connected 
to the previously described horizontal dislocations (Figure 8.8a). Where the two dislocations are 
separate, they exhibit different chemical signatures. Branch-1, left in Figure 8.8d, exhibits con-
centrations of  Fe and Al of  ~1.8 at. % and ~0.15 at. %, respectively. Branch-2 yields a slightly 
stronger enrichment in Fe 2.1 at. % and higher concentrations of  Al 0.42 at. %. Furthermore, this 
branch also exhibits concentrations of  ~0.23 at. % Ca, 0.19 at. % Si and 0.08 at. % Zr.
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Figure 8.8: 3D digital reconstruction of  APT specimen 1 and 2. (a–b) Isoconcentration surfaces for Fe with several 
substructures labelled. (c) View along the dip of  the low-angle boundary in specimen 2 showing the two Fe-platelets 
extending from the LAB. The angles are ~60°. (d) Two entangled dislocations dislocations, of  which one in direct 
contact with the dislocations that form the LAB. (e) view of  the low-angle boundary along the dislocation core show-
ing the distribution of  Fe and Ca. (f) Top and side view of  the ‘steps” showing the resulting offset of  ~10 nm. These 
‘steps’ are also visible in (e) where they are free of  any Ca enrichment.

Where the two dislocations intersect, the Fe and H increase further relative to the individual 
branches to approximately 4 at. % and 6 at. %, respectively. Al also increases slightly compared to 
the individual branches reaching concentrations of  ~0.45 at. %, while Ca, Si and Zr remain on the 
same levels as in Branch-2 (Figure 8.9). Note that all elements have their maximum concentration 
in the core of  the dislocation, no element appears to prefer the core or rim of  the dislocation.
 Whereas 1D concentration profiles provide insight in the distribution of  individual fea-
tures, proximity histograms (Hellman 2000) are ideal to visualise the overall extent of  trace ele-
ment enrichment as well as providing better statistical insights due to measuring significantly larger 
volumes. Proximity histograms are measured orthogonally to each point on an isoconcentration 
surface. The distance is based on the smallest radius of  all included features. Here, this radius is 5 
nm based on the 1D concentration profile for a dislocation (Figure 8.9a). The proximity histogram 
(Figure 8.9f, 1s error bars) is based on the 0.8 at. % Fe isoconcentration surface, thus including all 
the above described features. The TiO2 concentration is approximately 96 at. % in the matrix, and 
this decreases by approximately 5 at. % within the substructures. The Fe concentration increases 
from ~0.1 at. % to ~2.3 at. % and the H signal increases from ~2.3 at. % to ~4.2 at. %, together 
making up the bulk of  trace-element enrichment. Furthermore, V increases from ~0.26 at. % to 
~0.45, Cr concentrations increase from ~0.17 at. % to ~0.26 at. %.. Al, Ca, Si, and Sn are present 
in concentrations of  < 0.025 at. % within the matrix but reach concentrations of  0.42, 0.12, 0.12 
and 0.07 at. % respectively. Zr, important for temperature estimations, is present in concentrations 
of  < 0.01 at. % in the matrix but increases to 0.025 at. % within features in the LAB.
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Figure 8.9: (a–e) Concentration profiles for the several substructures observed in the 3D APT reconstruction. The 
index number refers to the specimen number (1 or 2). (a–e) 1D concentration profile through single substructures 
observed in APT specimens 1 and 2. The structures exhibit different chemical signatures. All are enriched in Fe and 
Al, however the degree varies, and some features contain higher amounts of  Ca and Si. (f) Proximity histogram for 
the full low-angle boundary.

8.5 Discussion

8.5.1 Relative timing and conditions of  geological events

Before assessing the influence of  LABs on rutile geochemistry, the relative timing and the P-T 
conditions experienced during and after growth should be constrained, to obtain the conditions 
of  deformation and potential volume diffusion. Omphacite within the rutile-bearing vein contains 
coesite inclusions (Figure 8.3b), in contrast to the quartz inclusions preserved inside the investigat-
ed rutile grains (Figure 8.3c). This contrast indicates that 1) the vein formed at ultrahigh-pressure 
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metamorphic conditions, commonly recognized within the study area and 2) Rutile growth took 
place before (U)HP metamorphic conditions. 
 To further constrain temperatures during rutile growth, Zr-in-rutile thermometry was ap-
plied using the P-sensitive “Combined” calibration by Kohn (2020). The composition of  rutile 
grown in equilibrium with zircon-quartz/coesite provides temperature estimates that accurately 
reflect crystallisation temperature and are not over- or underestimates (Zack et al., 2004a). The 
pressure range of  rutile growth was estimated to be 2.3–2.8 GPa based on the quartz-coesite 
transition as upper limit. The lower limit is based on the timing of  rutile growth relative to gar-
net growth (Groppo et al., 2009). The resulting temperature range of  510–565 (± 20) °C agrees 
with the prograde P-T conditions determined by Groppo et al. (2009). Determining the timing 
of  deformation of  rutile and omphacite is problematic due to a lack of  constraints. Given the 
strong deformation in rutile in contrast with the weakly deformed omphacite that forms the vein 
matrix (Figures 8.1,  8.5a), the rutile was deformed during and/or after its growth in the quartz 
stability field but before the formation of  the omphacite vein. It is this deformation that is linked 
to the formation of  LABs. Onset of  extension within the LCU eclogites during UHP conditions 
coincided with the localization of  deformation into shear bands (Van der Klauw et al., 1997). The 
lack of  these shear bands and retrograde mineralization that should occur alongside deformation 
during exhumation, suggests that the majority of  deformation in this system occurred at eclogite 
facies conditions.The formation of  the Fe-platelets by exsolution from rutile (Figure 8.2b,c) is an 
unmixing process that reduces the energy of  an oversaturated solution and occurs in response 
to the cooling (Putnis, 1978). The presence of  these Fe-bearing exsolution products is explained 
by cooling associated the rapid exhumation of  this Alpine region after the metamorphic peak at 
45–41 Ma (Rubatto et al., 1998; Amato et al., 1999; Reddy et al., 1999; Gouzu et al., 2016).

8.5.2 Crystal-plastic deformation of  rutile

Intragranular distortion in rutile occurred via dislocation creep and resulted in the formation of  
LABs within the crystal. For rutile, only a few studies report on natural deformation microstruc-
tures (Moore et al., 2020; Plavsa et al., 2018). However, the activation of  the slip systems in rutile 
has been studied experimentally since the early 1960s. These studies showed activation of  {101}<-
101> and {110}<001> depending on crystal orientation (Ashbee and Smallman, 1963; Hirthe 
and BRlTTAIN, 1963). Furthermore, Carr and Graham, 1985 (unpublished data) presented evi-
dence for slip on the (100) plane. Later studies reported the activation of  the {101}<-101> and 
{110}<001> slip systems to be temperature dependent with activation occurring at 600 °C and 
900 °C, respectively (Blanchin et al., 1990). However, a more recent study on natural samples by 
Moore et al., (2020) demonstrated that the activation of  {110}<001> is unlikely to be temperature 
dependent, at least to 900°C, given the thermal history of  their studied samples.
 The microstructural analysis of  rutile by EBSD shows the presence of  low-angle boundar-
ies determined to have formed on the {101}<-101> slip system, with a rotation around [100]. This 
is in agreement with experimental results on the effect of  indentation on [001], identical to rota-
tion around (100). The UHP-LT (>2.7 GPA, ~600° C) metamorphic conditions would suggest the 
temperature threshold of  600°C for this slip system (Blanchin et al., 1990) is lower. This would be 
in agreement with the conclusion of  Moore et al., (2020) on the {110}<001> slip system.

8.5.3 Formation of  nanoscale substructures

The low-angle boundaries observed by EBSD were targeted for APT and TEM analyses, which 
revealed a complex underlying substructure. Evenly spaced linear features lie consistently within 
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the plane of  the LAB. The geometry, size, and spacing of  these features suggests that they are dis-
locations and are therefore intrinsic to the LAB (Hirthe and Balluffi, 1973). APT studies on LABs 
have previously observed similar features in zircon (Piazolo et al., 2016; Reddy et al., 2016) and 
titanite (Kirkland et al., 2018). In rutile, the geometry of  linear features in the LAB is comparable 
with dislocations observed in twin boundaries in rutile (Reddy et al., 2020, Verberne et al., under 
construction). The spacing between dislocations as well as the diameter of  the zone of  enrich-
ment in trace-elements varies between these studies. The enriched zone consists of  the dislocation 
core and a surrounding area of  distorted lattice, elastically strained having a stress field called 
the Cottrell atmosphere (Cottrell and Bilby, 1949). The capture of  trace elements in the Cottrell 
atmosphere cancels out the stress fields. In minerals, studies by APT show that the enrichment 
zone extends for approximately 3–5 nm in zircon (Piazolo et al., 2016), compared to 10–24 nm in 
titanite. In this study, dislocations in rutile have an enriched zone of  trace elements of  ~8–10 nm 
in diameter, similar to the dislocations observed in twin boundaries (Reddy et al., 2020; Verberne 
et al., in prep.). The reason for the discrepancy in diameter of  the enriched zone between minerals 
is not directly clear. In the most basic approach, the burgers vector (b) of  the dislocation is equiv-
alent to the interatomic spacing. For rutile, this is ~0.46 nm (a/b) & 0.3 nm (c), for zicon 0.66 & 
0.59 nm and 0.71 nm, 0.87 nm and 0.66 nm for titanite. Thus the enriched zones in the rutile are 
~17b–33b, zircon 4b–8b and titantie 11b–33b, depending on the axis. Modelling of  Cottrell atmo-
spheres in metallic samples (Ni) with hydrogen as solute/trace element yield diameters of  ~12b 
(Sills and Cai 2018). The stress field around dislocations in each mineral and compared to metallics 
will be different and could cause the discrepancy for how far from the core a Cottrel atmosphere 
can extend. Furthermore, the difference in electric field around the dislocation and the host mate-
rial when exposed during APT analysis in each mineral and reconstruction parameters could lead 
to a magnifying effect on the dislocations radius.
 The dislocations that form the LAB lie on a plane that is offset on intervals of  approxi-
mately 10 nm, referred to as “steps” (Figures 8.7b, 8.8e,f). Such a structure was not observed in 
previous APT analyses of  LABs in minerals (Piazolo et al., 2016; Reddy et al., 2016) and titanite 
(Kirkland et al., 2018). The dislocations are still visible within these steps (Figure 8.8f), suggesting 
the steps formed after the dislocations. Whereas the structure itself  yields the appearance of  dis-
locations similar to those in titanite (Kirkland 2018), it is unlikely that this feature is a dislocation 
intersecting the LAB at a different angle. This configuration would not result in the offset of  the 
LAB itself  and the dimensions of  this feature do not fit with the other dislocations observed in 
this and previous studies of  rutile (Reddy et al., 2020; Verberne et al., 2021; Kuzmina 2015). In-
stead, this feature is interpreted to reflect a long-period - chemical - stacking order (LPSO) (Inoue 
et al., 2001). LPSO’s are known in the material sciences and are formed as a mechanism for strain 
accommodation in a chemically enriched region (Abe et al., 2002; Inoue et al., 2001) (Furuhara and 
Gu, 2013). Nucleation of  these structural sites on an existing array of  dislocation can therefore be 
expected and it has been suggested that the local strain field around the dislocations can enhance 
diffusion of  trace elements to achieve chemical ordering (Abe et al., 2002).
 BSE images of  Fe-rich platelets in rutile consistently show two different orientations of  
the platelets within a single grain (Figure 8.2b,c). This consistency indicates a structural control on 
the growth of  these platelets. The apparent angles between two sets of  platelets change between 
grains. However, unlike 3D APT data, it is not possible to re-orientate the field of  view and there-
fore it is likely the measured angles provide a false impression due to exposed rutile surface being 
random. The Fe-rich platelets observed in Specimen 2 are inherently different to the LPSOs. The 
chemical fingerprint only reflects growth within the same chemical system. The physical phenom-
ena that these platelets reflect remains ambiguous. However, the composition does not reflect for-
mation of  a completely new phase, containing only approximately 4 at. % Fe. The angle between 
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two platelets is 60°, close to the angle of  intersection of  hematite exsolutions observed by (Recnik 
et al., 2015; Figure 8.3b). 
 Given that the platelets observed by APT and BSE imaging both intersect the same LAB 
it is tempting to relate them to each other. The measured angles in the APT data and the indica-
tions of  structurally controlled growth based on both APT data and BSE images suggest that the 
nanoscale platelets in the APT data set record the onset of  growth of  exsolution structures or 
potentially the onset of  the formation Guinier-Preston zones from which Fe-bearing exsolution 
structures can form (Putnis, 1978).

8.5.4 Mechanisms for element mobility

Before assessing the role of  microstructures in the mobility of  trace elements, volume diffusion 
must be considered as a reference frame. Because the rate bulk/volume diffusion is exponentially 
temperature-dependent, the majority of  diffusion will have taken place at (near-) peak metamor-
phic temperatures, which is 590–630 °C in the case of  the LCU (Groppo et al., 2009; Reinecke, 
1998). No precise data are available on the duration of  peak temperature of  LCU. However, an 
estimate can be made based on the ages of  metamorphism and exhumation. The onset of  meta-
morphic peak temperatures occurred between the 44 Ma U-Pb metamorphic zircon age (Rubatto 
et al., 1998) and the Sm-Nd garnet age of  42–39 Ma (Amato et al., 1999; Skora et al., 2015). Near-
peak temperatures persisted during decompression until amphibolite- to greenschist-facies over-
printing. The age of  cooling below (near-) peak temperatures is constrained by dates in the range 
36–45 Ma from white-mica geochronology (various mica Rb-Sr, Reddy et al., 1999; phengite-(cli-
no)zoisite Rb-Sr, Skora et al., 2015; white mica K-Ar, Gouzu et al., 2016). These ages are generally 
complicated by recrystallization, excess Ar and compositional zoning, and the age of  36 Ma is 
considered to be the most reliable constraint on the timing of  cessation of  exhumation at elevated 
temperatures (Reddy et al., 2003). These geochronological data suggest a 5–8 Myr duration of  
(near-) peak temperatures, assuming limited cooling during the initial stages of  exhumation.
 The diffusion of  Zr through rutile parallel to the c-axis, the direction of  fastest diffusion, 
has experimentally been studied at temperatures in the range 750–1100 °C (Cherniak et al., 2007). 
By extrapolating the Arrhenius equation in Cherniak et al. (2007), the effective diffusion length 
for Zr in rutile is obtained for Zr at the previously discussed range of  temperature and duration 
representative of  the peak metamorphic temperature of  the LCU (Figure 8.10). For comparison, 
the effective diffusion length is also given for Fe parallel and perpendicular to the c-axis based on 
a temperature-dependent power law of  experimentally obtained diffusion coefficients by Sasaki 
et al. (1985). Fe diffuses several orders of  magnitude faster than Zr, and with an effective diffu-
sion length of  0.2–4.5 m, should be homogenized throughout the rutile crystals. Zr is unlikely to 
have achieved an effective diffusion length of  10–20 μm. Based on the work by Cherniak et al. 
(2007) and Dohmen et al. (2019), the closure temperature for Zr in rutile studied here should be 
in the order of  600–650 °C, which is in agreement with the low effective diffusion length for Zr 
estimated for the LCU. Al and Si, two elements that are enriched within the LABs (Figure 8.9), are 
experimentally demonstrated to diffuse significantly slower than other elements in rutile at high 
temperature (Cherniak & Watson, 2019), which also holds up when extrapolating diffusion coeffi-
cients to temperatures relevant to the LCU (Figure 8.10).
 The presence of  nanoscale substructures that are chemically and structurally different 
from each other suggest that potentially different mechanisms for trace-element mobility were at 
play. The three main mechanisms that need to be evaluated are the effectiveness of  volume diffu-
sion, the potential for fast-diffusion pathways and dislocation-impurity pair migration. Previous 
APT studies demonstrated that information on the active diffusion mechanisms could be derived 
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Figure 8.10: Effective diffusion length in rutile of  Fe, Zr, Al, and Si parallel to the c-axis, and Fe perpendicular to the 
c-axis, determined for the possible range of  the metamorphic temperature peak temperatures and durations for the 
LCU. Lines of  effective diffusion length versus temperature for fixed durations of  peak temperature of  1 Myr and 10 
Myr are also given.

from the APT datasets and correlative analysis. Volume diffusion in combination with U-decay 
effects was demonstrated to result in the formation of  Pb enriched clusters (Peterman et al., 2019; 
Peterman et al., 2016; Valley et al., 2014; Valley et al., 2015; Verberne et al., 2020). Fast-diffusion 
pathways in the form of  low- and high-angle and twin boundaries have been argued to allow 
for element migration (Fougerouse et al., 2019; Fougerouse et al., 2018; Piazolo et al., 2016) and 
dislocation-impurity pair migration was suggested to lead to trace element enrichment in titanite 
(Kirkland et al., 2018) and pyrite (Dubosq et al., 2019).
 APT revealed that the features associated with the LAB are enriched in common trace ele-
ments (e.g., Fe, Zr, Si, Al) and, in the case of  the dislocations composing the LAB and one orthog-
onal dislocation, also uncommon Ca. The presence of  Fe and other trace elements with an affinity 
for rutile in the nanoscale substructure might reflect capture of  trace elements in the strain field 
around dislocations (Cottrell and Bilby, 1949). The models for volume diffusion show that Fe and 
Zr both could diffuse into the dislocations during peak metamorphism. Subsequent migration of  
dislocations into the LAB would result in enrichment of  the LAB in trace elements (Dubosq et al., 
2019; Imai and Sumino, 1983; Petukhov and Klyuchnik, 2012). Alternatively, these elements could 
be derived from the grain exterior (Fougerouse et al., 2019; Joesten, 1991; Kirkland et al., 2018), 
which would result in a dichotomy about whether the dislocations behaved as an element trap, as 
a pathway for diffusion or both. For the dislocations decorating the LAB, it is not possible to dis-
criminate between the active diffusion pathways and potentially a combination of  them. However, 
the trace element composition of  other structures, the ‘steps’ and entangled dislocations allow us 
to further constrain diffusion pathways for at least these features. 
 The Fe enrichment of  the steps and formation of  platelets raise questions about the mo-
bility of  Fe and the timing of  formation. If  these ‘steps’ are related to the formation of  LPSOs 
and the platelets reflect the onset of  the formation of  precipitations (Guinier-Preston (GP) zones) 
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then these features formed at different times. LPSOs are associated with strain accommodation, 
whereas the GP zones would be associated with decompression during exhumation. While their 
formation might have been in response to different processes, it is possible that the mechanism 
facilitating Fe migration was the same. 1D chemical profiles through both features show only en-
richment of  Fe within these features, with no depletion of  Fe in the adjacent material. Continued 
volume diffusion would have led to a homogenisation of  Fe concentration outside the dislocations 
(Figures 8.8, 8.9). Both structures are in direct contact with the Fe-enriched dislocations in the 
subgrain boundary. This contact suggests that the formation of  Fe-enriched ‘steps’ and platelets is 
linked to the presence of  the LAB, which may have acted as a high-diffusivity pathway for provid-
ing Fe. However, the presence of  mainly Fe and Al, over other trace elements also points towards 
differences in diffusivity between elements. The charge properties of  dislocation can play a vital 
role, resulting in the formation of  Ti3+ that would allow for enhanced diffusion of  these elements.
 Besides common rutile trace elements, the dislocations are decorated in Ca. Ca has no af-
finity for rutile and is not expected to be incorporated within the crystal lattice during growth. Re-
ports on Ca in rutile attributed its apparent presence to potential interference with the surrounding 
Ca-bearing silicate phases (Zack et al., 2002). Rutile standards for LA-ICP-MS, such as R10 (Luvi-
zotto et al., 2009), also lack values for Ca calibration. LA-ICP-MS data in this study (Table 1) did 
not indicate Ca in rutile above detection limits. The rutile grain resides within an omphacite vein 
also including apatite, glaucophane, and calcite as daughter crystals within primary fluid inclusions. 
Consequently, source material for Ca was readily available. However, the lack of  Ca in the rutile 
matrix rules out volume-diffusion and dislocation-impurity pair diffusion as mechanisms for Ca 
enrichment in dislocations. Besides Ca enrichment around dislocations, volume diffusion would 
have resulted in enrichment of  the rutile matrix, and without Ca in the matrix no ions can be 
captured in the strain field of  the dislocations. The ionic size of  elemental species in part control 
element migration, it can be questioned whether large cations such as Ca can migrate into the re-
gion of  elastic strain around a dislocation (Cottrell and Bilby, 1949; Kirkland et al., 2018; Shannon, 
1976). 
 Si and Al are enriched in the LABs alongside Ca, but are more readily incorporated in rutile 
and thus don’t require an external source (Figure 8.4a). However, Si and Al are known to diffuse 
at significantly lower rates in rutile than other elements (Figure 8.10; Cherniak and Watson, 2019). 
The affinity of  these elements for LABs without the possibility for their enrichment through vol-
ume diffusion at the temperature and timescale of  the LCU, indicates a different mechanism of  
incorporation similarly to Ca.
 Trace-element enrichment by fast diffusion along dislocations, or “pipe” diffusion (Love, 
1964), has been suggested in previous APT studies on minerals to facilitate the removal of  Pb in 
zircon (Piazolo et al., 2016) or allow for the incorporation of  potassium, a large cation, in titanite 
(Kirkland et al., 2018). Therefore, we interpret the Ca decorating the dislocations in rutile as exter-
nally derived and to have been incorporated into the low-angle boundary by enhanced diffusivity 
along dislocations.
 The lack of  Ca in one of  the vertically orientated dislocations, the steps, and Fe-rich plate-
lets (Figures 8.8, 8.9), further suggests that Ca incorporation predated these dislocations or was 
energetically unfavourable. Migrating dislocations can be entangled resulting in a core-core overlap 
leading to enrichment in trace elements, as demonstrated for pyrite (Fougerouse et al., 2019). Here, 
the simplest explanation would be that a migrating dislocation becomes entangled and pinned on 
the pre-existing Ca-rich dislocations. The diffusion for large cations like Ca along the dislocation 
core would have become ineffective before this entanglement as otherwise Ca would have diffused 
into the Ca-free branch.
Trace element enrichment is highest in the core with lower concentrations of  solutes further away 
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Figure 8.11: Temperatures obtained by Zr-in-rutile thermometry, and how these are affected by Zr-enriched LABs, as 
a function of  Zr in the rutile matrix. Several spot sizes of  the hypothetical chemical analysis are displayed. The inset 
is a diagram of  the range of  analytical resolution and detection limit for chemical analysis techniques used in Earth 
sciences. Element concentrations corresponding to two extreme temperatures for the application of  Zr-in-rutile are 
given as context. Zr-in-rutile temperatures and concentrations are obtained using the calibration of  Kohn (2020) at a 
pressure of  2.0 GPa.

from the dislocation core. This is consistent with observation of  the aforementioned hydrogen 
in Ni (Sills and Cai, 2018). Mainly in the ‘steps’ and where the entangled dislocations intersect the 
difference in concentration between the rutile matrix and features is ~6 at. %. While not matching 
a known different mineral phase, a 6 at. % difference in composition raises the question whether 
these features should be considered rutile or a discrete, thermodynamically stable phase? Similar 
features, though in higher concentrations have been described as linear complexions (Kuzmina 
2015).
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8.5.5 Implications for Zr-in-rutile geothermometry

Accurate results from Zr-in-rutile geothermometry require constraints on the activities of  Zr (aZr) 
and Si (aSi) (Kohn, 2020; Tomkins et al., 2007; Watson et al., 2006; Zack et al., 2004a). In cases 
where aSi and/or aZr < 1, the Zr-in-rutile geothermometer will provide over- or underestimates 
of  the temperature. It is assumed that aSi = aZr = 1 if  Zr- and Si-bearing phases (e.g. zircon and 
quartz) are in equilibrium with rutile (Zack et al., 2004a). Here, quartz is present as inclusions in ru-
tile and both zircon and coesite are present as inclusions within the surrounding omphacite grains 
(Figure 8.3), thereby satisfying the requirements for accurate Zr-in-rutile thermometry. 
 The impact of  intragranular substructure on rates of  diffusion needs to be considered as 
dislocations can act as fast diffusion pathways or traps for trace elements. An effective diffusion 
length of  10 μm (Figure 8.10) allows for the mobilization of  Zr into the LAB network for vast 
regions of  the grain interior (Figure 8.5b). The question becomes whether Zr is retained or mobi-
lized along the dislocations. Recent APT studies on rutile have argued that while Zr might be able 
to migrate along dislocations, the diffusivity of  Zr along dislocations is still several orders slower 
than Fe. It was therefore suggested that dislocations mainly act as a trap for mobile Zr, thus pre-
serving bulk Zr concentrations, albeit in a more localised form. 
 Whereas it remains an open question as to whether Zr is retained or migrates along dislo-
cations, the influence of  Zr present within a LAB on composition measurements can be tested. 
Zr-in-rutile thermometry is calibrated for the Zr concentration in weight percentages. Thus, the 
substitution of  Ti and O for any other element will barely affect the measured Zr concentration. 
Here, it is shown that dislocations and other substructures linked to the LAB can result in the 
exchange of  1–8 at. % Ti for other trace elements (Figure 8.9). However, this compositional mod-
ification is very localised. As a consequence, the spatial resolution of  the analytical technique used 
for measuring Zr concentration may play a critical role in determining the measured concentra-
tions. We can assess the influence of  the spatial resolutions of  different techniques on Zr-in-rutile 
thermometry under the following assumptions: 

The chemical system is simplified assuming a composition of  Ti1-xO2, where x is only Zr.
The Zr concentration in the LAB is based on the proximity diagram of  this study (0.01 at. %)
“Measurements” are acquired on surfaces perpendicular to the LAB and are centred on the 

LAB.
The length and depth of  the LAB are equal to the spot size (d) diameters and analytical 

depth. The width of  the LAB is equal to the diameter of  the zone of  chemical enrichment 
around dislocations (y) visualized by APT. 

The volume of  the LAB within the spot analysis is simplified to be length (l)*width (w)*depth 
(d), ignoring the curvature at the edges.

The composition of  the LAB is a mix between the dislocations and the remaining volume in 
the LAB assumed to have the composition of  the matrix. The contributions of  disloca-
tions and matrix to the LAB composition is set to 50% each based on the isoconcentration 
profiles of  Specimens 1 and 2 (Figure 8.8). 

From the above assumptions the proportion of  matrix sampled by a given spot size is:
with the concentration afterwards corrected for the proportion of  dislocations within the LAB. 

1.
2.
3.

4.

5.

6.

(1 −
4
×

) × 100% 

For the measurements performed in this study, it can be shown that Zr-in-rutile temperatures cal-
culated from analyses performed with a spot size >1 μm are not influenced by the Zr enrichment 
of  the LAB, assuming the matrix represents the “true value” (Figure 8.11). Naturally, the tempera-
ture profiles converge to the point where the concentration of  Zr in dislocations matches the con-
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centration of  Zr concentration in a matrix. Lower Zr concentration in the LAB compared to the 
matrix naturally leads to an underestimation of  the temperature. If  it is assumed Zr was removed 
from the rutile via the LAB network, spot sizes < 1 μm might provide more accurate Zr-in-rutile 
temperatures, however current models are not calibrated for the properties of  dislocations.

8.6 Summary

This study demonstrates that LABs can act as diffusion pathways for trace elements in rutile. The 
influence on measurements will be technique- and element-dependent and requires knowledge 
about the geological history. Especially when working with high-resolution analytical techniques, 
a good understanding of  the presence of  intragranular microstructures and their relation to the 
pressure and temperature history is crucial for correct interpretation.
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9.1 Conclusions

The understanding of  deep subduction processes is still challenged by complicating factors such 
as limited and biased exhumation, dismemberment of  exhuming ultrahigh-pressure (UHP) units, 
retrograde overprinting, and limitations of  current techniques for interrogating minerals for their 
geological record. This thesis provides a multi-disciplinary look into the interaction of  fluids, 
stress, deformation, and metamorphism at high- to ultrahigh-pressure metamorphic conditions. 
In lithologies challenged by metamorphic overprinting during retrogression, valuable information 
was retrieved from garnet and inclusions preserved therein. The result is a comprehensive over-
view of  metamorphism, deformation, and fluid-rock interaction in a garnet-rich environment in a 
fluid-rich, cold subduction zone setting. 
 The combination of  microstructures, mineral inclusions, and garnet compositions in Chap-
ter 4 provide a record of  metamorphism and fluid-rock interaction for the UHP garnetite-bearing 
quartzite of  the Lago di Cignana unit (LCU). This fluid-rock interaction record showcases the 
longevity of  this system as a major fluid pathway throughout subduction. The externally derived 
fluids locally led to a significant compaction and mass removal by intergranular pressure solution 
(IPS) of  minerals such as quartz, carbonates, and garnet. Due to its relatively low solubility, garnet 
was concentrated into garnetite stylolites, constituting a new potential mechanism for the forma-
tion of  garnetite. Quartz inclusions entrapped in euhedral garnet overgrowths on garnetite yield 
strains that indicate near-hydrostatic stress conditions during garnet growth. Considering pressure 
solution as the main mechanism of  mass removal, this fluid-rock interaction also operated as a 
means of  exerting control on deformation during metamorphism.
 Based on a compositional link between coesite-bearing garnet in the host quartzite and 
inclusion-poor garnet in the garnetite, IPS in garnet is found to have operated under UHP con-
ditions, the first recognition of  this mechanism at such pressure. In Chapter 5, detailed study of  
microstructures and grain shape of  garnet reveals that despite a strong presence of  fluids, pres-
sure solution in garnet did not result in high strain, is localized into smaller grains, and in a small 
amount of  grains in general. The degree of  strain compared to the heavily deformed quartzite 
host rock indicates that IPS in garnet does not result in weak garnetite layers. At least two gener-
ations of  SPO are recorded in various zones of  the garnetite, supporting the suggestion that the 
garnetite formed and deformed in phases by the accretion of  garnets from dissolution of  intersti-
tial material, followed by IPS in garnet. Evidence for recrystallization of  garnet by grain-boundary 
migration (GBM) is observed in all studied garnetites, both metasedimentary and eclogitic, and 
this mechanism appears to be driven by a chemical disequilibrium between garnet cores and a 
grain-boundary fluid. This driving force for GBM in garnet has not been previously recognized, 
and raises questions about the nature of  the fluids the circulated through the LCU.
 A process of  radial fracturing and subsequent garnet replacement along fractures and in 
the cores of  garnets, is studied by the use of  elastic geothermobarometry (Chapter 6) and trace-el-
ement analysis of  garnet and inclusions in the core (Chapter 7). As expected, the fracturing and 
sealing of  garnets resulted in the resetting of  elastic strains in zircon inclusions. Although an unre-
solved issue regarding the application of  geothermobarometry or the host-inclusion system result-
ed in an overestimation of  P-T conditions, radial fracturing and garnet replacement are suggested 
at ~1 GPa and > 500 °C. Coesite inclusions did not break down to quartz despite this fracturing 
and resetting, with potential implications for the coesite-quartz reaction.
 Zr-in-rutile thermometry applied to filtered LA-ICP-MS analyses of  garnet contaminated 
with rutile and zircon, resulted in temperatures that overlap with the majority of  the near-isother-
mal decompression path of  the LCU, which is in agreement with the conditions suggested for 
zircon inclusion resetting. These rutile inclusions originate from re-equilibration of  Ti-bearing 
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garnet as result of  the garnet replacement. Neither of  the contaminant minerals can be linked to 
positive anomalies of  light to mid rare earth elements (REE), which therefore represent the com-
position of  the fluid that caused the garnet replacement. REE patterns in garnets in the host-rock 
quartzite, and Y element distribution mapping, suggest that HREEs were redistributed during the 
metamorphic evolution. 
 Rutile was the main subject as alternative to garnet in Chapter 8, studied for the effect 
that deformation has on its composition, using a variety of  analytical techniques including Atom 
Probe tomography (APT). Zr-in-rutile thermometry combined with quartz inclusions in rutile, 
and coesite inclusions in the host omphacite vein, suggests that rutile grew just before the quartz-
coesite transition. Deformation of  the rutile formed low-angle boundaries that acted as fast dif-
fusion pathways for various elements, some foreign to rutile. In this case, this diffusion had no 
significant effect on Zr-in-rutile temperatures, but at higher T, longer timescales and/or smaller 
spot size analyses, this deformation-accommodated diffusion must be taken into account.
 This thesis highlights an extreme case of  fluid-rock interaction in a long-lived fluid path-
way. Fluids derived from dehydrating serpentinites led to high amounts of  dissolution of  matrix 
minerals, resulting in the accumulation of  garnet. The fluids that circulated through these garne-
tites resulted in unique microstructures that reveal a history of  IPS, GBM, radial fracturing, and 
partial replacement accommodated by infiltrating fluids. The study of  elastic strains in inclusions 
revealed that garnet growth in this fluid-rich environment occurred at (near-) hydrostatic stresses, 
and elastic strains in zircon were used to show that host fracturing and resealing results in elastic 
strain resetting. Overall, the results of  this thesis combine new insights into subduction zone de-
formation and fluid-assisted mass transfer, and the utility of  garnet and rutile as hosts to inclusions 
rich in information. In both cases, deformation needs to be studied in detail to properly utilize the 
insights into the geological history that is stored in these host minerals, be it chemical, morpholog-
ical, or from inclusions.

9.2 Future prospects

The extreme nature of  fluid-rock interaction uncovered in the LCU, signified by the high degree 
of  dissolution and GBM in garnet, warrants further research into the composition of  this fluid. 
The data presented in this thesis is not sufficient for the quantification of  absolute mass or vol-
ume loss, which is a further step in understanding mass transfer in subduction zones. Ideally, this 
concept is also tested in other parts of  subduction zones to get a more comprehensive view of  
fluid-rock interaction and mass transfer rather than only extreme cases.
 Elastic strain analysis using Raman spectrometry on inclusions in garnet shows great 
promise as a tool for the assessment of  differential stress during garnet growth and mineral en-
trapment, albeit only qualitative for the time being. A next step in the development of  this tool is 
to combine it with evidence from the garnet host, its inclusions, and the matrix if  preserved, for 
paleopiezometry and paleo-stress-orientation. Careful inspection of  the garnet host is necessary 
to confirm that garnet growth and deformation represent the same state of  stress.
 Another step to take in the further development of  elastic geothermobarometry is the 
expansion to more minerals as host and inclusion, currently challenged by characteristics as crystal 
symmetry and chemically variable compositions. Examples of  target minerals are rutile, omphac-
ite, and tourmaline as host; coesite and apatite as inclusions.
 The recently developed application of  APT on earth materials opens up a new scale of  
high-quality chemical analysis. At the time of  this research, it had not yet been applied to garnet 
successfully. However, in the future, this application can yield valuable insights regarding garnet 
growth, alteration, deformation, and the interaction of  inclusion and host.
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Appendix A: Supplementary data for Chapter 4
Table A1: EPMA measurements in wt% of  transect 1L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 4.8a. See Figure A1a for the location of  the measurements.
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Appendix A

Table A1 (cont.):

Table A2: EPMA measurements in wt% of  transect 2L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 4.8a. See Figure A1b for location of  the measurements.
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Table A2 (cont.):
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Appendix A

Table A3: EPMA measurements in wt% of  transect 3L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 4.8b. See Figure A1c for location of  the measurements.
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Table A3 (cont.):
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Table A4: EPMA measurements in wt% of  transect 3L2 and point measurement 3-3, and corresponding calculated 
garnet composition in atoms per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 
are also given. These values are plotted in Figure 4.8b. See Figure A1c for location of  the measurements.
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Appendix A

Table A4 (cont.):
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Table A5: EPMA measurements in wt% of  transect 4L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 4.8c. See Figure A1d for location of  the measurements.
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Table A5 (cont.):
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Appendix A

Table A5 (cont.):
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Table A6: EPMA measurements in wt% of  transect 5L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 4.8c. See Figure A1e for location of  the measurements.
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Table A6 (cont.):

Table A7: EPMA measurements in wt% of  transect 6L1, and corresponding calculated garnet composition in atoms 
per formula unit. Relative molar percentages of  Fe vs Mg vs Mn as plotted in Figure 4.8 are also given. These values 
are plotted in Figure 8c. See Figure A1f  for location of  the measurements.
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Table A8: Fitted peak positions and uncertainties for Raman spectra of  inclusions and standards, given in in cm-1.



162

 

Msr. m128  m206  m265  m464 
	 value	 2σ	 value	 2σ	 value	 2σ	 value	 2σ
        
i001 4.7 0.5 17.86 0.5 x x 6.65 0.5
i002 2.56 0.5 10.95 0.5 2.89 0.5 3.6 0.5
i003 4.58 0.5 17.01 0.5 4.76 0.5 6.04 0.5
i004 4.59 0.5 18.92 0.5 5.46 0.5 7.08 0.5
i005 3.11 0.5 13.41 0.5 3.6 0.5 4.83 0.5
i006 4.76 0.5 18.77 0.5 4.4 0.5 7 0.5
i007 5.61 0.5 20.96 0.5 5.22 0.5 8.24 0.5
i008 5.35 0.5 18.25 0.5 5.21 0.5 7.03 0.5
i009 4.3 0.5 16.37 0.5 4.28 0.5 6.26 0.5
i010 2.7 0.5 10.85 0.5 2.51 0.56 4.02 0.5
i011 4.56 0.5 16.84 0.5 3.55 0.5 6.46 0.5
i012 3.86 0.5 14.24 0.5 2.67 0.5 5.55 0.5
i013 3.19 0.5 13.16 0.5 2.18 0.5 5.17 0.5
i014 -0.27 0.5 -0.99 0.5 -0.32 0.5 0.15 0.5
i015 4.26 0.5 17.11 0.5 3.56 0.5 6.65 0.5
i018 4 0.5 15.64 0.5 2.19 0.5 5.83 0.5
i019 4.25 0.5 16.73 0.5 x x 6.42 0.5
i020 -0.38 0.5 -1.06 0.5 x x 0.04 0.5
i021 4.6 0.5 17.56 0.5 x x 6.7 0.5

Table A9: Shifts in peak positions in Raman spectra of  quartz inclusions in comparison to an unstrained standard 
crystal. The shift of  inclusions i001 to i006 where obtained by subtracting the value of  the standard “std1”, while 
shifts for inclusions i007 to i021 were obtained by subtracting the average of  standards “std2” and “std3”. The shifts 
are reported together with the instrumental uncertainty (0.5 cm-1), or the fitting uncertainties if  > 0.5 cm-1.

  EosFit   unrelaxed 
P (GPa) T (°C) eV e1 e3 e1 e3
1 370 -0.0138 -0.0049 -0.0042 -0.0039 -0.0032
1 470 -0.0118 -0.0040 -0.0039 -0.0032 -0.0029
1.5 400 -0.0220 -0.0079 -0.0064 -0.0064 -0.0048
1.5 500 -0.0203 -0.0071 -0.0062 -0.0058 -0.0047
2 440 -0.0293 -0.0106 -0.0083 -0.0086 -0.0063
2 540 -0.0277 -0.0099 -0.0082 -0.0080 -0.0062
2.5 500 -0.0356 -0.0130 -0.0101 -0.0105 -0.0076
2.5 600 -0.0341 -0.0123 -0.0100 -0.0099 -0.0076
3 530 -0.0418 -0.0154 -0.0117 -0.0124 -0.0088
3 630 -0.0404 -0.0146 -0.0117 -0.0118 -0.0088

Table A11: P-T conditions representing prograde metamorphism of  Lago di Cignana, and corresponding strain esti-
mations for quartz inclusions.
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Table A10: Calculated strains, estimated standard deviations (esd) and errors for quartz inclusions.
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Figure A1: BSE images including the locations of  all EPMA measurements, of  (a,b) representative host-rock garnets, 
(c) outer garnetite, (d,e) inner garnetite where (e) is a close-up of  the marked area in (d), and (f) euhedral overgrowth 
on the outer margin of  the inner garnetite.
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Appendix B: Supplementary data for Chapter 5

Figure B1: Section C18-6-1 overview with map locations

Figure B2: Section C18-10-1 with map location

For locations in EC5_1-A1, see Figure 5.9
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Figure B3: Euler angle colour bar, used in Figure 5.4c,d
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Figure B4: C18-6-1_M1 (900x650, 1.5 µm spacing)
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Figure B5: C18-6-1_M3 (175 x 150, 2.86 µm spacing)
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Figure B6: C18-6-1_M4 (175 x 150, 5.01 µm spacing)
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Figure B7: C18-6-1_M5 (650 x 500, 2.5 µm spacing)
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Figure B8: C18-6-1_M9 (1750 x 1280, 0.8 µm spacing)
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Figure B10: EC5_1A-1_M1 (979 x 984, 0.75 µm spacing)
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Figure B11: EC5_1A-1_M2 (276 x 372, 1 µm spacing)
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Figure B12: EC5_1A-1_M3 (849 x 639, 0.5 µm spacing)
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Figure B13: EC5_1A-1_M4 (1000 x 750, 2.5 µm spacing)
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Figure B14: EC5_1A-1_M5 (2090 x 1720, 0.5 µm spacing)
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Figure B15: EC5_1A-1_M6 (675 x 550, 0.75 µm spacing)
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Figure B16: EC5_1A-1_M7 (277 x 242, 1 µm spacing)
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Figure B17: EC5_1A-1_M8 (737 x 552, 4 µm spacing)
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Figure B18: EC5_1A-1_M9 (2025 x 1825, 0.75 µm spacing)
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Figure B19: EC5_1A-1_M10 (655 x 491, 3 µm spacing)
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Figure B20: EC5_1A-1_M11 (724 x 591, 0.7 µm spacing)



185

Appendix B

Figure B21: EC5_1A-1_M12 (294 x 221, 4 µm spacing)
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Figure B22: EC5_1A-1_M13 (456 x 350, 4 µm spacing)
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Figure B23: EC5_1A-1_2M3 (1638 x 1228, 0.9 µm spacing)
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Figure B24: EC5_1A-1_2M4 (863 x 683, 1 µm spacing)



189

Appendix B

Figure B25: EC5_1A-1_2M5 (680 x 500, 1 µm spacing)



190

 

Appendix C: Supplementary data for Chapter 6
m
sr
.	

da
te
	

tim
e	

du
r.	
(s
)	

no
.

 
 

 
 

re
f1

ve
rt

 1
5-

Ju
l 

15
:0

4:
49

 30
 

re
f2

ho
ri 

15
-Ju

l 
15

:1
0:

26
 30

 
g9

96
i0

2 
15

-Ju
l 

16
:4

0:
31

 30
 

1
g9

96
i0

4 
15

-Ju
l 

16
:5

5:
06

 30
 

2
g9

96
i0

7 
15

-Ju
l 

17
:1

1:
06

 30
 

3
g7

95
i0

1 
15

-Ju
l 

18
:3

3:
55

 30
 

4
g7

95
i0

2 
15

-Ju
l 

18
:3

8:
16

 30
 

5
g7

17
i0

3 
15

-Ju
l 

18
:5

8:
59

 30
 

6
g7

17
i0

4 
15

-Ju
l 

19
:0

4:
39

 30
 

7
 

 
 

 
re

fv
er

t1
 2

9-
Ju

l 
11

:0
2:

42
 30

 
re
fh
or
i1
	2
9-
Ju
l	

11
:0
7:
27

	30
	

g0
40

i0
2 

29
-Ju

l 
17

:4
9:

40
 30

 
8

g0
40

i0
3 

29
-Ju

l 
17

:5
4:

01
 30

 
9

g0
77

i0
1 

29
-Ju

l 
18

:1
3:

34
 60

 
10

g0
96

i0
1 

29
-Ju

l 
18

:2
2:

05
 30

 
11

g1
12

i0
1 

29
-Ju

l 
18

:2
7:

49
 30

 
12

g2
12

i0
1 

29
-Ju

l 
18

:3
3:

40
 30

 
13

g4
25

i0
1 

29
-Ju

l 
18

:4
6:

20
 30

 
14

re
fv

er
t2

 2
9-

Ju
l 

18
:5

5:
00

 30
 

re
fh
or
i2
	2
9-
Ju
l	

18
:5
7:
29

	30
	

 
 

 
 

re
fv

er
t1

 3
0-

Ju
l 

09
:4

5:
37

 30
 

re
fh
or
i1
	3
0-
Ju
l	

10
:1
5:
03

	15
 

g3
02

i0
3 

30
-Ju

l 
10

:3
2:

07
 30

 
15

g3
14

i0
1 

30
-Ju

l 
10

:3
7:

43
 30

 
16

g5
65

i0
1 

30
-Ju

l 
10

:4
3:

44
 30

 
17

g5
44

i0
1 

30
-Ju

l 
10

:4
9:

36
 30

 
18

g5
48

i0
3 

30
-Ju

l 
11

:0
7:

50
 30

 
19

g5
48

i0
5 

30
-Ju

l 
11

:1
7:

40
 30

 
20

g5
91

i0
1 

30
-Ju

l 
11

:3
8:

14
 30

 
21

g6
68

i0
1 

30
-Ju

l 
11

:4
8:

37
 60

 
22

g6
68

i0
2 

30
-Ju

l 
11

:5
8:

22
 30

 
23

g6
44

i0
1 

30
-Ju

l 
12

:0
7:

21
 30

 
24

re
fv

er
t2

 3
0-

Ju
l 

12
:4

4:
27

 15
 

re
fh
or
i2
	3
0-
Ju
l	

12
:4
8:
18

	15
	

m
20

1 
er

r. 
m

21
3 

er
r. 

m
22

4 
er

r. 
m

35
6 

er
r. 

m
43

9 
m

97
5 

m
10

09
 

 
FW

HM
 

 
 

 
 

 
 

 
 

 
 

20
0.

85
4 

0.
01

0 
21

2.
77

2 
0.

10
1 

22
3.

53
3 

0.
00

9 
 

 
43

8.
32

8 
97

2.
66

1 
10

06
.0

22
 

3.
88

4
20

0.
77

8 
0.

00
9 

21
2.

89
6 

0.
04

4 
22

3.
59

5 
0.

00
9 

35
5.

46
7 

0.
00

6 
43

8.
41

1 
97

3.
37

9 
10

06
.7

99
 

3.
46

4
20

0.
70

7 
0.

02
7 

21
3.

69
6 

0.
03

0 
22

3.
83

2 
0.

02
3 

35
7.

39
7 

0.
02

3 
43

9.
20

9 
97

5.
72

3 
10

09
.6

19
 

2.
73

6
20

0.
92

0 
0.

27
8 

21
3.

85
1 

0.
09

2 
22

3.
94

3 
0.

22
1 

35
6.

72
3 

0.
47

2 
43

9.
29

7 
97

5.
86

6 
10

09
.9

06
 

2.
53

8
20

0.
72

5 
0.

05
1 

21
3.

44
5 

0.
21

7 
22

3.
84

4 
0.

04
9 

35
7.

65
5 

0.
07

3 
43

9.
21

0 
97

6.
06

9 
10

09
.9

64
 

2.
63

5
20

0.
61

2 
0.

11
7 

21
3.

01
4 

0.
35

1 
22

3.
43

1 
0.

10
5 

35
6.

64
5 

0.
15

5 
44

1.
07

9 
97

4.
71

7 
10

09
.0

69
 

4.
60

4
20

0.
65

0 
0.

05
1 

21
3.

58
3 

0.
16

8 
22

3.
71

9 
0.

04
7 

35
7.

43
0 

0.
06

3 
43

9.
38

5 
97

5.
87

8 
10

09
.7

93
 

4.
04

9
20

0.
42

4 
0.

04
8 

21
3.

54
3 

0.
02

5 
22

3.
49

0 
0.

04
8 

35
7.

35
8 

0.
06

5 
43

9.
02

5 
97

6.
29

3 
10

10
.1

56
 

2.
78

0
20

0.
35

1 
0.

02
5 

21
3.

56
8 

0.
03

2 
22

3.
65

5 
0.

02
1 

35
7.

78
9 

0.
04

4 
43

9.
07

1 
97

6.
00

2 
10

09
.8

58
 

2.
84

7
 

 
 

 
 

 
 

 
 

 
 

20
1.

38
0 

0.
00

6 
21

4.
04

9 
0.

06
6 

22
4.

32
1 

0.
00

5 
 

 
43

9.
22

3 
97

3.
66

4 
10

07
.1

19
 

3.
37

2
20

1.
25

7 
0.

02
0 

21
3.

31
4 

0.
05

2 
22

4.
14

8 
0.

01
9 

35
5.

49
6 

0.
01

0 
43

8.
74

5 
97

3.
29

0 
10

06
.8

91
 

3.
20

9
20

0.
63

1 
0.

01
8 

21
3.

62
7 

0.
01

8 
22

3.
67

7 
0.

01
7 

35
7.

41
0 

0.
01

3 
43

9.
14

3 
97

5.
83

1 
10

09
.6

55
 

2.
97

6
20

0.
67

2 
0.

04
0 

21
3.

51
5 

0.
03

6 
22

3.
75

2 
0.

03
9 

35
7.

90
1 

0.
03

7 
43

9.
01

6 
97

6.
10

0 
10

09
.9

41
 

3.
17

1
20

0.
72

9 
0.

09
1 

21
3.

86
1 

0.
32

9 
22

3.
97

7 
0.

08
9 

35
8.

83
3 

0.
08

5 
43

9.
80

9 
97

7.
57

2 
10

11
.3

53
 

3.
27

6
20

0.
49

6 
0.

01
1 

21
3.

87
3 

0.
02

3 
22

3.
72

0 
0.

01
1 

35
8.

37
3 

0.
02

5 
43

9.
35

5 
97

6.
98

4 
10

10
.8

93
 

3.
41

9
20

0.
91

6 
0.

08
2 

 
 

22
4.

03
3 

0.
08

0 
35

7.
17

7 
0.

17
9 

43
9.

49
7 

97
5.

97
1 

10
09

.8
49

 
4.

03
4

20
0.

80
6 

0.
02

0 
21

3.
88

0 
0.

03
8 

22
3.

93
3 

0.
01

9 
35

7.
90

7 
0.

02
6 

43
9.

20
9 

97
6.

33
3 

10
10

.3
36

 
2.

98
3

20
0.

69
2 

0.
01

1 
21

4.
72

2 
0.

25
3 

22
3.

96
6 

0.
01

3 
35

7.
73

0 
0.

02
8 

43
9.

55
4 

97
6.

26
9 

10
10

.2
58

 
3.

08
6

20
0.

86
7 

0.
00

7 
21

2.
90

0 
0.

07
3 

22
3.

71
0 

0.
00

6 
35

5.
02

0 
0.

00
3 

43
8.

24
2 

97
3.

03
9 

10
06

.4
63

 
3.

21
4

20
0.

93
6 

0.
02

5 
21

3.
04

1 
0.

03
7 

22
3.

85
3 

0.
02

3 
35

5.
31

8 
0.

01
0 

43
8.

59
9 

97
3.

08
9 

10
06

.8
00

 
3.

12
2

 
 

 
 

 
 

 
 

 
 

 
20

1.
17

4 
0.

00
4 

21
3.

41
3 

0.
03

6 
22

4.
08

5 
0.

00
3 

35
5.

62
5 

0.
00

2 
43

8.
80

9 
97

3.
60

0 
10

07
.1

40
 

3.
03

4
20

1.
35

0 
0.

03
7 

21
3.

00
1 

0.
05

4 
22

4.
17

1 
0.

03
2 

35
5.

18
1 

0.
01

8 
43

8.
60

2 
97

3.
07

3 
10

06
.4

87
 

3.
95

4
20

1.
36

8 
0.

04
2 

21
4.

41
8 

0.
24

6 
22

4.
49

7 
0.

04
0 

35
7.

85
7 

0.
02

6 
43

9.
93

2 
97

6.
44

8 
10

10
.3

85
 

2.
87

2
20

1.
25

1 
0.

12
2 

21
4.

37
5 

0.
73

6 
22

4.
32

3 
0.

10
9 

35
8.

24
2 

0.
07

0 
43

9.
53

4 
97

6.
55

2 
10

10
.2

99
 

2.
74

4
20

0.
92

8 
0.

00
8 

21
4.

30
4 

0.
08

1 
22

4.
14

8 
0.

00
7 

35
7.

75
2 

0.
00

6 
43

9.
74

5 
97

6.
27

0 
10

10
.2

78
 

3.
31

0
20

1.
17

8 
0.

00
7 

21
4.

76
4 

0.
04

3 
22

4.
56

3 
0.

00
6 

35
7.

76
0 

0.
00

4 
44

0.
03

1 
97

6.
69

0 
10

11
.0

13
 

2.
94

9
20

1.
10

4 
0.

02
2 

21
3.

91
1 

0.
03

0 
22

4.
16

4 
0.

02
1 

35
8.

97
5 

0.
06

6 
43

9.
36

9 
97

6.
43

1 
10

10
.1

61
 

2.
91

6
20

1.
11

4 
0.

03
2 

21
4.

15
0 

0.
02

6 
22

4.
40

9 
0.

02
9 

35
8.

53
8 

0.
02

0 
43

9.
60

5 
97

6.
27

9 
10

10
.0

82
 

2.
62

4
20

0.
90

4 
0.

04
6 

21
3.

88
2 

0.
13

3 
22

4.
03

8 
0.

04
3 

35
7.

11
8 

0.
03

5 
44

0.
06

4 
97

6.
26

7 
10

10
.1

82
 

3.
74

2
20

1.
23

3 
0.

07
0 

 
 

22
4.

45
1 

0.
03

9 
35

7.
48

9 
0.

09
1 

44
0.

64
8 

97
5.

81
2 

10
10

.9
77

 
4.

56
9

20
1.

00
3 

0.
05

5 
21

4.
04

9 
0.

03
1 

22
4.

29
9 

0.
04

8 
35

7.
85

5 
0.

05
6 

44
0.

13
4 

97
6.

27
8 

10
10

.5
35

 
4.

67
3

20
1.

49
4 

0.
01

9 
21

4.
49

6 
0.

13
9 

22
4.

53
4 

0.
01

9 
35

7.
91

6 
0.

01
5 

43
9.

86
2 

97
6.

51
7 

10
10

.6
24

 
3.

06
7

20
1.

07
9 

0.
00

7 
21

3.
56

1 
0.

07
0 

22
3.

99
8 

0.
00

6 
35

5.
85

3 
0.

00
5 

43
8.

79
0 

97
3.

71
5 

10
07

.0
13

 
3.

17
8

20
1.

20
5 

0.
01

7 
21

3.
09

6 
0.

02
4 

22
4.

00
7 

0.
01

5 
35

5.
66

2 
0.

00
6 

43
8.

62
6 

97
3.

54
6 

10
07

.0
47

 
3.

25
5

Table C1: Peak positions for the seven fitted Raman modes for all measurements on the zircon inclusions and the 
zircon reference crystal. Reference measurements that were rejected due to their high FWHM or a strong deviation 
from other reference measurements are displayed in gray. For 201, 213, 224, and 356, the fitting error is given.
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Appendix D: Supplementary data for Chapter 7

The supplementary data consists of  seven tables of  LA-ICP-MS analyses that include element 
concentrations, uncertainties, and detection limit. Given the large number of  elements analysed 
and the high amount of  analyses performed, these tables are too large to insert in the format of  
this thesis. Therefore the tables are available online at DOI: 10.5281/zenodo.4590278

Table D1: LA-ICP-MS analyses of  host-rock garnet cores and rims. Core measurements are labelled with a c, e.g. 
gt13c, rim measurements are labelled with a r, e.g. gt13r. Measurements marked in red were labelled as contaminated 
during initial data processing. Values are given in ppm, except for Si28, the internal standard, which is given as wt%.

Table D2: LA-ICP-MS analyses of  inner-garnetite garnet. Measurements marked in red were labelled as contami-
nated during initial data processing. Values are given in ppm. Si28 is the internal standard.

Table D3: LA-ICP-MS analyses of  host-rock garnet rims within 1 cm distance of  garnetite. Values are given in 
ppm. Si28 is the internal standard.

Table D4: LA-ICP-MS analyses of  outer-garnetite garnet. Values are given in ppm. Si28 is the internal standard.

Table D5: LA-ICP-MS analyses of  the euhedral overgrowth on the inner garnetite. Values are given in ppm. Si28 is 
the internal standard.

Table D6: LA-ICP-MS analyses of  rutile from garnetite. Values are given in ppm, except for Ti47, the internal stan-
dard, which is given in wt%.

Table D7: LA-ICP-MS analyses of  rutile from the omphacite vein in LCG1401. Values are given in ppm, except for 
Ti47, the internal standard, which is given in wt%.
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Appendix E: Supplementary data for Chapter 8

   M1  M2  M3  M4  M5
Specimen  1  2  3  4  5
Instrument Model  LEAP 4000X HR     
Instrument	Setting		 	 	 	
Laser Wavelength (nm) 355  355  355  355  355
Laser	Pulse	Energy	(pJ)	 50	 	 70	 	 70	 	 70	 	 70
Pulse	Frequency	(kHz)	 200	 	 200	 	 200	 	 200	 	 200
Evaporation	Control	 Detection	rate	 Detection	rate	 Detection	rate	 Detection	rate	 Detection	rate
Target	Detection	Rate	(%)	 0.8	 	 0.8	 	 0.8	 	 0.8	 	 0.8
Nominal Flight Path (mm) 382  382  382  382  382
Set Point Temperature (K) 50  50  50  50  50
Sample Temperature (K) 57.3  57.3  57.3  57.3  57.3
Chamber Pressure (Torr)     

Data	Summary	 	 	 	 	
RootServer Version 44  44  44  44  44
CAMECAROOT version 18.44.416 18.44.416 18.44.416 18.44.416 18.44.416
Analysis	Software	 	 IVAS	3.8.0	 IVAS	3.8.0	 IVAS	3.8.0	 IVAS	3.8.0	 IVAS	3.8.0
Total Ions  9554093  38408013 74624407 67042738 66945638
Vol//bowl	corr.	Peak	(Da)	 32	 	 32	 	 32	 	 32	 	 32

Reconstructed     
Final specimen state Intact  Intact  Intact  Intact  Intact
Pre-/post-analysis	imaging	 SEM/NA	 	 SEM/NA	 	 SEM/NA	 	 SEM/NA	 	 SEM/NA
Radius	evolution	 	 "Shank"	 	 "Shank"	 	 "Shank"	 	 "Shank"	 	 "Shank"
Field	factor	(k)	 	 3.3	 	 3.3	 	 3.3	 	 3.3	 	 3.3
Image compression factor 1.65  1.65  1.65  1.65  1.65
Assumed	E-field	(V/nm)	 26	 	 26	 	 26	 	 26	 	 26
Detector	efficiency	36%	 	 36%	 	 36%	 	 36%	 	 36%
Avg, atomic volume nm3 0.0104  0.0104  0.0104  0.0104  0.0104
V	initial;	V	final	(kV)	 XX;	8.8	 	 XX;	9.5	 	 XX;	9.6	 	 XX;	10.0	 	 XX;	9.3

Table E1: Acquisition conditions for the five extracted and analysed rutile needles.


