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”WE know little of the earth’s internal parts, or of the materials

which compose it at any considerable depth below the surface. But

upon the surface of this globe, the more inert matter is replenished

with plants, and with animals and intellectual beings.”
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Abstract

Dehydration during metamorphism in subduction zones plays a crucial role in the redis-

tribution of fluids within the subducting oceanic crust. This can can lead to significant

fluid-rock interactions during metamorphism, which affects the mineral growth and sta-

bility, whereas fluid fluxes play a critical role in mass transfer and element recycling on

Earth. This thesis investigates fluid-rock interaction and metamorphic processes in subduc-

tion zones, focusing on how fluid release, transport, and mineral growth shape geochemical

signatures during prograde metamorphism. Integrating methodological advancements and

applications to natural samples from high-pressure terranes, this work provides a detailed

perspective on the fluid-mediated geochemical evolution of subducted rocks, particularly

within the Cyclades (Greece) and the European Alps.

Chapter 2 introduces a novel routine approach for quantitative compositional mapping

using LA-ICP-MS, which enables high-resolution, major to trace element analysis of com-

positionally zoned minerals, such as garnet. The routine stresses the usage of an accurate

pixel allocation strategy of square pixels. Implemented within the open-source XMap-

Tools software, the mapping approach addresses calibration challenges in inhomogeneous

phases and demonstrates accurate calibration across diverse geological contexts, such as

garnet-bearing eclogites, feldspar and biotite in migmatites, and rutile in metapelites.

Chapter 3 presents a petrochemical model that integrates mechanical and thermo-

dynamic simulations to explore the effects of dehydration reactions on fluid release and

pressure fluctuations within subducting rocks. The model results emphasize the link be-

tween metamorphic reactions and episodic brittle failure, and highlights the fluid release

in pulses. This interplay has implications for transient permeability and fluid flow along

shear zones in subduction environments. Applications to the Monviso ophiolite indicate

that brittle failure episodes may correlate with observed compositional zoning in garnet

from subducted metagabbro. Fluid pressure variations during metamorphism can poten-

tially modify the incorporation of elements into garnet as resolved for chemically zoned

garnets in bluecshists from Syros.

Chapter 4 examines fluid-rock interaction in subducted oceanic crust on Syros through



ix

in-situ oxygen isotope analyses of garnet and phengite. Variations in δ18O across different

lithologies reflect hydrothermal alteration during seafloor processes and subsequent inter-

action with isotopically heavier fluids during high-pressure metamorphism. The isotopic

data suggest that fluid infiltration was extensive in certain areas, notably Katergaki, while

other sites experienced limited interaction, supporting a model of localized fluid transfer

and mineral stabilization.

Chapter 5 investigates garnet growth mechanisms and their geochemical implications

in blueschist samples from Syros, using 3D micro-computed tomography and 2D compo-

sitional mapping. Findings show that garnet growth was influenced by fluid infiltration

and mineral breakdown, leading to trace element zoning patterns indicative of interface-

controlled growth and episodic fluid pressure changes. Differences in trace element dis-

tribution between samples reveal that garnet in the locality Katergaki interacted with

externally derived fluids, producing oscillatory zoning not observed in samples from the

locality Achladi.

Collectively, this thesis illustrates how compositional mapping, petrochemical mod-

elling, and isotopic analysis together provide insights into the geochemical processes at

play during subduction. This work underscores the role of fluids in regulating mineral sta-

bility, mass transfer, and the overall geochemical evolution of subducted lithologies, with

implications for the dynamics of element recycling and metamorphism in Earth’s crust and

mantle.
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1 SE of the integrated value of the ROI. Normalization follows Taylor and

McLennan (1985). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.15 Chondrite-normalized REE patterns for circular ROIs in sample BA1013.

(a) Plagioclase REE patterns from two ROIs, one in the leucosome and

one in the residuum. (b) K-feldspar REE patterns from two ROIs, one in

the leucosome and one at the contact to the residuum. (c-d) Map of La in

plagioclase and Sr in K-feldspar guide the selection of the ROIs (red circles).

(a–b) REE pattern of the local bulk composition by integrating biotite,
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3.1 Mohr-Coulomb failure mode diagram in compressive stress state. (a) Rep-

resentation of the rock as a circle in the shear stress-normal stress space and

the failure envelope. The diameter of the circle is defined by the differential

stress (see Equation 3.2.3). Failure modes can be (1) pure extension failure

(yellow), (2) extension-shear failure (red), and (3) compression-shear failure

(green). (b) Compression stress state of the rock system showing maximum,

minimum and normal stress and the angle of misorientation of the failure

plane. (c) Weakening of the rock by changing S and µ results in a dis-

placement of the failure envelope (modified after Yamato et al., 2019). (d)

Increasing the shear stress changes the differential stress and therefore the

circle diameter. (e) An increase in fluid pressure drives the circle toward a

lower normal stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.2 Section through a rock system consisting of minerals porphyroblasts in a

mineral matrix and a fluid-filled porosity which is connected in 3D. The

system is assumed to be closed and at thermodynamic equilibrium therefore

there is no differential stress (σ1 = σ3). The fluid pressure can be modified

from the surrounding and is represented by a valve mechanism (modified

after Hobbs & Ord, 2018). When the system receives pressure changes from

internal work (volumetric changes) and/or surrounding (increasing vertical

load or shear stress) the fluid pressure will adapt to the new condition by

moving the valve mechanism. The variables σ1 and σ3 represent the maxi-

mum and minimum normal stress, respectively, and P f is the fluid pressure. 75

3.3 Failure criterion test in a system under stress and changing its solid and

fluid volume during metamorphic reaction for given conditions for variables

S, τ, µ, and Δσ. (a) Equilibrated rock system with no free fluid phase at T 1

and P1. (b) Mohr-Coulomb diagram for the intact system. (c) Equilibrated

and fluid saturated rock system at T 1 and P1. (d) Mohr-Coulomb diagram

for the intact system with fluid-filled porosity. (e) Volume change of the

reacting system at the new conditions of T 2 and P2. The system experiences

a negative volume change and the fluid pressure is affecting the mechanical

stability of the system (see panel d). Positive volume change is similar

calculated following Equation 3.2.8. (f) Mohr circle is moving to the left

due to the change in effective stress caused by the fluid pressure and hits

the failure envelope. Here, P f >σ3 and σ’3 ≥ -S so that pure extensional

failure is predicted. (g) After extraction the system is healing and is in

thermodynamic and mechanical equilibrium. (h) Mohr-Coulomb diagram of

the healed and intact system at the new equilibrated P and T condition. . 77
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3.4 Overview of the values of tensile strength of different rock types and esti-

mates of the differential stress in regional regimes summarized from the lit-

erature. (a) Compilation of values for the tensile strength of rocks showing

their difference in competence modified after Lockner (1995). (b) Compila-

tion of the differential stresses reported in the literature based on recorded

pressure drops during earthquakes and outcrop observations from paleo-

subduction zones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.5 Box mode diagrams of an unaltered metabasalt with similar model parame-

ters as Vho et al. (2020). Both plots show the relative volume fraction to the

initial rock system on the y-axis, and temperature (also increasing pressure)

steps on the x-axis. The cumulative volume of fluid extracted (in vol% of

the total system) is shown as a dashed blue line on the right y-axis with

each point representing a model step. (a) Continuous extraction: the free

fluid phase is always fractionated when present in the system. Each blue

point indicates the cumulative amount of fluid extracted (b) Fluid extrac-

tion associated with mechanical failure: the free fluid phase is fractionated

only when failure is predicted by the mechanical model. The red diamonds

indicate brittle failure and fluid extraction, while the blue dots indicate the

cumulative amount of fluid extracted in the previous extraction step. Min-

eral abbreviations are after Warr (2021). . . . . . . . . . . . . . . . . . . . . 84

3.6 Modelling of a metabasalt und serpentinite on the average geoterm for a

range of differential stress. (a-b) Mode box diagram of the metabasalt and

serpentinite with the evolution of the cumulative extracted fluid volume

(dashed blue line). Diamond marker show the type of mechanical failure

and episodes of fluid extraction from the system (red diamonds = pure ex-

tensional failure, blue diamonds = compressive shear failure). (c-d) Cumula-

tive fluid volume extracted from the system and number of fluid extraction

steps vs. values of differential stress. Domains of failure mode are color

coded for pure extensional failure (red), extensional shear failure (green),

and compressive shear failure (blue). The used differential stress of 50 MPa

in model of (a) and (b) are annotated in (c) and (d), respectively. See text

for modelling details. Mineral abbreviations are after Warr (2021). . . . . . 87
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3.7 Modelling results for variation the tensile strength of the rock and the bulk

chemistry. (a) Simulation showing the extracted fluid vs. increasing differ-

ential stress for increasing tensile strength using the metabasalt composition.

Annotated values represent the used tensile strength. (b) Cumulative fluid

extracted vs. differential stress plot showing the differences between the bulk

rock compositions in the simulation. Annotations are qualitatively compared

to the metabasalt. Metabasalt is again the unaltered basalt from 1Gale et al.

(2013), average basalt from 2Winter (2014), and altered metabasalt compo-

sitions are taken from 3Belgrano and Diamond (2019). . . . . . . . . . . . . 88

3.8 Conceptual model and results of the metastability test. (a) Density and

volume changes for modelling stages 1 to 2.3. Stage 1 represents the initial

conditions with the system at thermodynamic and mechanical equilibrium

at 500 °C and 2.00 GPa. For stage 2, the system conditions are increased to

550 °C and 2.15 GPa. Stage 2.1, metastability, shows the densification of the

metastable mineral assemblage associated to a decrease of the total volume

of the system. Stage 2.2, represents the thermodynamically equilibrated

system. Fluid and garnet are produced, and this reaction is associated with

a decrease in density, an increase in total volume and an increase of the

fluid pressure shown by the valve mechanism. Stage 2.3, the system reaches

mechanical failure, fluid is extracted resulting in densification and a decrease

in the total volume. The grey dashed line is the reference line for the density

at stage 1. The black solid box always represents the same size with respect

to the system volume at stage 1. (b) Example Mohr-Coulomb diagram from

an unmodified basalt simulation with S of 20 MPa and Δσ of 50 MPa.

Coloured regions are the fractured (red) and intact (blue) regions. Dashed

black lines show the Mohr circle of the system for each modelling step. The

red line represents the failure envelope. Small black arrows indicate the

calculated shift of the Mohr circle when the metastable feedback is included

in the failure model. The white box is a zoom in to make the shift due to

metastable feedback more visible. . . . . . . . . . . . . . . . . . . . . . . . . 91

3.9 Simulation of two models with higher (default model) and lower kinetic

barriers. (a) The cumulative extracted fluid comparing both models for the

metabasalt composition using an S of 20 MPa and Δσ of 50 MPa. Coloured

bars show the duration of the blueschist to eclogite transition (BSE) with

associated fluid extraction for both simulations. (b) Volume changes during

the chlorite-out reaction (c) Total number of extraction events predicted for

different values of differential stress. Left y-axis shows the smaller step size

model whereas the right y-axis shows the larger step size model. . . . . . . 95
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3.10 Calculated permeability of the serpentinites simulation (Figure 3.6b) from 1

m3 of rock over a discharge surface of 0.01 m2 or 0.001 m2. Values represent

the corresponding permeability when brittle failure occurs and associated

fluid is assumed to be extracted. Purple areas highlight the duration of

brucite, antigorite, and/or chlorite dehydration. The predicted permeability

over depth estimated by Manning and Ingebritsen (1999) is shown as a gray

dashed line for reference. Field of impermeability after Ganzhorn et al. (2019). 98

3.11 Summary of the natural occurring garnet from Monviso Lago Superiore Unit

(Angiboust & Raimondo, 2022) and simulation results with ThorPT. (a)

Sketch of the chemically zoned garnet as in (Angiboust & Raimondo, 2022)

and the representative transect from core to rim. (b) Modelling results

showing the box mode diagram, cumulative fluid extractions, and events of

mechanical failure. (c) The simulated garnet presented as a sphere show-

ing the spessartine fraction (X Sps = Mn/(Mn+Fe+Mg+Ca)) as a colormap

after diffusion. Arrows indicate the brittle failure events associated with

the growth shell (dashed grey lines) when garnet fractionates during the

simulation. Mineral abbreviations are after Warr (2021). . . . . . . . . . . . 100

4.1 Geological maps of Greece and Syros. (a) Simplified geological map of Greece

highlighting Syros (after Keiter et al., 2011). (b) Geological map of Syros

modified after Laurent et al. (2016). Location of the two main outcrops

Achladi and Katergaki are highlighted as well as the location of the sampled

metagabbro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.2 P–T diagram showing compiling different P–T paths, mineral reactions,

and garnet growth ages. Black curve represents the path for rocks in the

south of Syros from Skelton et al. (2019). The red path (L18) shows the

P–T path representing multiple high-pressure subunits on Syros based on

Laurent et al. (2018). For reference the average geotherm from Penniston-

Dorland et al. (2015) (dashed green line PD15) as well as the intermediate

geotherm from Gerya et al. (2002) (dashed purple line G2) are displayed.

Blue polygons represent the garnet growth and ages from Gorce et al. (2021)

and the reddish poylgons the garnet growth and ages from Tual et al. (2022).
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4.2 Three-dimensional reconstruction of the main outcrops. (a) Achladi se-

quence showing the stacked sequence of solidified pillow lavas, which ex-

perienced blueschist to elcogite metamorphism. (b) Parts of the Katergaki

sequence showing the high variability of eclogites, blueschists, greenschist,

and qz-phg schist on the outcrop scale. Highlighted is the main outcrop of

the well-preserved blueschist and eclogitic mafic boudins in the qz-phg-schist

shown in Figure 4.5. The miniature map highlights the visualized outcrop

locations of Achladi and Katergaki as a zoom-in of Figure 4.1. The complete

coastal sequence of Katergaki can be found in Supplementary Material S1.

(c) Outcrop of Ormos Lakkoi showing the metagabbro and the field location.
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construction of the outcrops from images was done using AgiSoft PhotoScan

(Version 1.2.6). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.3 Field images and photomicrographs of the outcrop and samples from Achladi.

(a) Overview drone image of the outcrop showing stacked mafic lenses in-
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crograph of the eclogite sample SY21-05. The anhedral inclusion-rich garnet
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blueschist sample SY21-04. Garnet occurs broken and is surrounded by
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prisms. Mineral abbreviations are after Warr (2021). . . . . . . . . . . . . . 128

4.4 Carbonate occurence at Achladi and Katergaki. (a) Overview of a mafic
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breviations are after Warr (2021). . . . . . . . . . . . . . . . . . . . . . . . . 129
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4.5 Field images and photomicrographs of the outcrop and samples from Kater-

gaki. (a) Overview drone image of the outcrop where mafic boudins are

wrapped into the qz-phg schist. (b) Contact zone of the mafic boudin contact
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to the qz-phg schist. (d) Photomicrograph of the blueschist part of sample

SY21-01/2. Fractured garnet is in a matrix of glaucophane with adjacent

epidote. (e) Photomicrograph of the eclogite boudin SY21-33. Euhedral
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tomicrograph showing the qz-phg schist sample SY21-01/3 from the boudin

contact in panel (b). The relatively small garnet sits in a matrix of quartz

adjacent to packs of phengite. Mineral abbreviations are after Warr (2021). 130
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4.8 Chondrite-normalized rare earth element (REE) patterns for analyzed rock

samples from the Katergaki and Achladi sequence. (a) REE pattern show-

ing all bulk rock samples and highlights the qz-phg schist. (b) REE pat-

tern showing the mafic pillows from Achladi and mafic boudins from Kater-

gaki. Chondrite composition from Sun and McDonough (1989), N-MORB,

E-MORB, and D-MORB from Gale et al. (2013), OIB from Sun and Mc-

Donough (1989), and continental crust from Taylor and McLennan (1985). 140

4.9 Primitive mantle-normalized (PM) trace element (TE) patterns for analyzed
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iments, gabbros, and serpentinites from Achladi, Katergaki, and Ormos
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mineral phases from Syros, Sifnos, and Tinos. Garnet δ18O values and their

kernel density estimates are visualized by violins. Phengite δ18O ranges are
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4.18 Summarizing sketch of the studied outcrops and their evolution during re-

gional metamorphism. I.) Starting δ18O values of the subducted pieces of

the ophiolithe sequence and first values inherit in the garnet. II.) The po-

tential metamorphic fluid production and transfer modifying the infiltrated

units. III.) Changed δ18O values of garnet and recrystallised phengite. This
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5.0 Overview of garnet porphyroblast shapes in blueschist samples from Achladi

(SY21-07) and Katergaki (SY21-01/2-1). (a) Photomicrograph of the blueschist

sample SY21-07 from Achladi, illustrating garnet shapes 1.1 to 1.4. These

range from euhedral, millimeter-sized garnets (1.1) to garnet fragments in

the matrix measuring 50–100 µm (1.4). (b) Reconstructed gray-scale CT

scan images of SY21-07. The left side highlights classified garnets in color,

while the right presents a selected grain visualized in 3D using a thickness-

mesh-based color scale. (c) Photomicrograph of the blueschist and eclogite
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5.1 Distribution of garnet grains in CT-scanned drill cores from blueschist sam-

ples collected at Achladi (SY21-07) and Katergaki (SY21-01/2-1). (a) His-

togram (yellow bars) and kernel density distribution (KDE, blue curve) de-

picting the distribution of garnet grain volumes in the drill core of sample

SY21-07. Colored curves show grain volume filtered KDEs. (b) Visual-

ization of classified garnet grains in sample SY21-07, showing their spatial

distribution in the x and y positions within the drill core. Grain volumes are

represented by a color scale*. (c) Histogram (yellow bars) and kernel density

distribution (blue curve) showing the garnet grain volume distribution in the

drill core of sample SY21-01/2-1. Colored curves show grain volume filtered

KDEs. (d) Visualization of classified garnet grains in sample SY21-01/2-1,

displaying their x and y positions within the drill core, with grain volumes

indicated by a color scale*. *Note: Grain volumes are scaled by a factor of
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SY21-07 and SY21-01/2-1. (a) Density plot of the garnet population in
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radius, calculated from the grain volume. (b) Density plot of the garnet
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5.3 Compositional map of spessartine molar fraction acquired by EPMA. (a)

Four randomly selected garnets with shape type 1.1 from sample SY21-07,

displaying varying cross-sections of garnet cores, highlighted by the higher

spessartine content concentrated towards the core. (b) Spessartine map of

a region containing garnets from sample SY21-01/2-1, illustrating different

cross-sections of garnets within the thin section. Garnet cores are distin-
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1.1 Treatise of the geological perspective

Modern geology was profoundly shaped by the discovery of continental drift (Wegener,

1912) and seafloor spreading at mid-ocean ridges (Hess, 1962), which culminated in the

theory of plate tectonics (McKenzie & Parker, 1967; Morgan, 1968). These groundbreaking

studies laid the foundation for understanding the Earth as a versatile geodynamic system

in constant motion. Today, subduction zones — where oceanic crust is subducted into the

Earth’s mantle — are recognized as key components of the global elemental cycle, linking

the Earth’s interior with the hydrosphere, atmosphere, and lithosphere (e.g., Hacker, 2008;

Ito et al., 2003; Manning, 2004; Schmidt & Poli, 2003; Spandler & Pirard, 2013). Despite

the fact that the total amount of water entering subduction zones over the course of a

million years is roughly equivalent to the entire volume of today’s oceans (e.g., Plümper

et al., 2017, and references therein), Earth’s oceans have not disappeared. This paradox

highlights that the mechanisms controlling fluid release and migration within subducting

slabs and how fluids are cycled between the Earth’s interior and its surface are only partially

understood.

The subduction of hydrated oceanic crust plays a critical role in Earth’s geochemical

cycles, as increasing temperature and pressure during prograde metamorphism trigger key

mineralogical reactions. Hydrous phases — minerals containing structurally bound H2O

— decompose as oceanic lithosphere is buried deeper into the Earth, releasing aqueous

fluids into the surrounding environment (see Figure 1.1 Manning, 2004; Poli & Schmidt,

2002; Schmidt & Poli, 2003; Zheng et al., 2016). This fluid release is vital to the recycling

processes in subduction zones, as it exerts a first-order control on element transport, re-

action kinetics, and heat transfer. Additionally, these fluids play a key role in triggering

arc magmatism and seismic activity (Bebout & Penniston-Dorland, 2016; Hacker, Peacock,

et al., 2003; Hermann et al., 2006; Kerrick & Connolly, 2001; Kirby et al., 1996; Kita et al.,

2006; Peacock, 1996, 2009; Peacock & Wang, 1999; Schmidt & Poli, 2014; Schmidt & Poli,

1998; Shiina et al., 2013; Spandler et al., 2011; Tatsumi, 2005; Zheng, 2019).

The primary challenge in studying fluids in subduction zones lies in the fact that these

processes can only be investigated indirectly, through the examination of exhumed slices of

ancient subduction zones. Specifically, blueschist and eclogite metamorphic rocks serve as

direct witnesses to dehydration reactions and the redistribution of aqueous fluids and ele-

ments within the crust. These rocks are preserved in a few high-pressure terranes around

the world (e.g., Tsujimori et al., 2006; Warren, 2013; Whitney et al., 2020), and pro-

vide key evidence of fluid flow during subduction processes (e.g., Philippot & Selverstone,

1991; Plümper et al., 2017; Spandler & Hermann, 2006; Strating & Vissers, 1991; Taetz

et al., 2018; Zack & John, 2007). To bridge the gap left by indirect natural observations,

petrological, thermomechanical, and geochemical models have been developed to assess
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Figure 1.1: Schematic representation of an ocean-continent subduction zone, illustrating the fluid pathways

within a recycled crustal section and at the slab-mantle interface from Bebout (2007).

fluid release from devolatilization reactions in subduction zones and their influence on heat

transfer, element cycling, and fluid migration (e.g., Ague & Nicolescu, 2014; Baxter &

Caddick, 2013; Connolly, 1997, 2010; Connolly & Podladchikov, 1998; Hacker, Abers, &

Peacock, 2003; Konrad-Schmolke et al., 2011; Malvoisin et al., 2015; Morishige & van

Keken, 2018; Peacock, 1996; Syracuse et al., 2010; Van Keken et al., 2002; Wilson et al.,

2014). Recent advances have focused on coupling fluid production and migration with

geochemical signatures in stable mineral phases, such as oxygen isotopes and trace ele-

ments (Konrad-Schmolke et al., 2011; Konrad-Schmolke et al., 2023; Vho et al., 2020),

attempting to replicate natural phenomena. These models, along with cutting-edge ana-

lytical techniques, now enable the investigation of fluid-rock interactions by studying the

geochemical signatures preserved in metamorphic minerals. Advances in electron micro-

probe analysis (EPMA), ion microprobe techniques like secondary ion mass spectrometry

(SIMS), and laser ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-MS)

have enhanced the ability to probe microscale geochemical variations. Isotopes and trace

elements, in particular, serve as valuable tracers for fluid-rock interactions.

Metamorphic minerals often exhibit compositional zoning in major, trace, and isotopic

compositions, with oxygen being especially useful as it is a major component of both fluids

and minerals. Variations in tracer elements or isotopes are closely linked to changes in

temperature, pressure, and fluid presence (Martin et al., 2014; Page et al., 2014; Raimondo

et al., 2012; Rubatto & Angiboust, 2015; Ulrich et al., 2024), while pH can also affect
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tracers like boron isotopes (Vesin et al., 2024). The challenge of recording compositional

zoning (Dempster, 1985; Hickmott, 1988; Hickmott & Spear, 1992; Hollister, 1966; Kretz,

1993; Schwandt et al., 1996; Tracy et al., 1976; Yang & Rivers, 2002) has been addressed

through advancements in analytical techniques, allowing high-resolution geochemical map-

ping (Chabala et al., 1995; Lanari et al., 2019; Paton et al., 2011; Woodhead et al., 2007,

2008). However, quantifying compositions in zoned or inhomogeneous minerals remains a

challenge.

Garnet is one of the most widely used proxies for isotope and trace element studies,

as it is a major mineral in various metamorphic rocks and forms under a broad range

of temperature and pressure conditions (Baxter & Caddick, 2013; Caddick et al., 2010;

Hermann, 2003; Konrad-Schmolke et al., 2006; Yang & Rivers, 2001). The nucleation and

growth of porphyroblasts, such as garnet, are critical in metamorphic petrology, capturing

key stages of a rock’s metamorphic history. Techniques like micro-computed tomography

(µCT) allow for 3D analysis of porphyroblast distribution, providing insights into growth

mechanisms (e.g., Carlson & Denison, 1992; Denison & Carlson, 1997). Garnet growth and

its chemical composition, however, are intrinsically linked to fluid presence, which affects

the availability of chemical components and the kinetics of mineral reactions (Carlson, 2011;

Gaidies et al., 2017, 2021; George et al., 2018). Despite extensive studies in recent decades,

the intricate influence of fluids on the geochemical zoning of porphyroblasts remains an

active area of research.

1.2 Objectives of the Study

The primary objective of this thesis is to investigate prograde metamorphism and fluid-rock

interaction processes in subduction zones through two key approaches: I) the development

of new software tools, and II) the application of state-of-the-art analytical techniques, such

as in-situ oxygen isotope measurements via SIMS and quantitative compositional mapping,

to document fluid-rock interactions in high-pressure terranes.

The software development component consists of two main parts. Part 1 focuses on

modelling fluid fluxes using petrochemical approaches, which integrate petrological mod-

elling of mineral phase assemblages with a chemical model for oxygen isotope composition

(e.g., Vho et al., 2020). As conceptualized in Figure 1.1, current petrological models pre-

dict a continuous release of fluid from rocks during subduction and ongoing dehydration

(e.g., Baxter & Caddick, 2013; Gies et al., 2024; Hacker, Peacock, et al., 2003). How-

ever, natural observations suggest that fluid flux is episodic (e.g., Hoover et al., 2022;

John et al., 2012; Pattison & Tinkham, 2009; Spandler & Hermann, 2006), highlighting a

significant discrepancy. To address this, a mechanical model is integrated into the petro-
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chemical framework, enabling a comprehensive evaluation of fluid release from rocks, its

transfer, and the interactions between multiple rock types and fluids. Part 2 focuses on

developing an integrated measurement routine and an optimized data reduction scheme for

processing quantitative compositional data obtained from LA-ICP-MS mapping. Mapping

multi-phase assemblages is a powerful method for assessing the elemental distribution in

minerals on a broad scale. However, calibration remains limited to elements that are homo-

geneously distributed within the minerals, as well as the pixel classification process (e.g.,

Paul et al., 2014). Currently, no established mapping protocol takes into account opti-

mized pixel allocation strategies to enhance data quality while addressing the complexities

of multi-phase assemblages, and this work aims to fill that gap.

The developed tools are then applied to natural samples, where petrological inves-

tigations and oxygen isotope analyses at the microscale are conducted on high-pressure

terranes from the European Alps and the Cyclades (Greece). By integrating these tools

and methods, this thesis offers a comprehensive examination of metamorphic processes in

subduction zones, contributing to a deeper understanding of how fluids and their release

influence mineral growth and geochemical evolution in these dynamic geological environ-

ments.

1.3 Contributions of the Thesis

The key contributions of this thesis are:

• Theoretical Contributions: The mechanisms governing the release and migration of

aqueous fluids in subducting slabs are analyzed from both mechanical and geochem-

ical perspectives. This includes a detailed discussion of how these processes are

recorded through porphyroblast growth and traced via isotope and trace element

measurements at the microscale in mineral phases. Additionally, the study highlights

the importance of compositional data treatment from mapping experiments and 3D

data reconstruction from µCT, providing deeper insights into fluid-rock interactions

and the role of fluid migration in subduction zones.

• Methodological Advances: Two significant analytical methodologies were developed:

(1) an enhanced approach for LA-ICP-MS mapping, and (2) a new petrochemical

modelling technique. Moreover, a multi-scale 2D and 3D workflow was introduced,

enabling a comprehensive geochemical analysis of ancient subducted crust, integrat-

ing both chemical and structural data from different spatial scales.

• Practical Applications: The newly developed tools and methodological improvements

were applied to case studies from the European Alps and the Cyclades. These ap-
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plications included state-of-the-art 2D and 3D outcrop mapping, 3D sample recovery

and analysis using µCT, along with high-resolution quantitative chemical mapping

via EPMA and LA-ICP-MS. Additionally, in-situ oxygen isotope analysis of garnet

and phengite provided insights into fluid-rock interaction. The novel petrochemical

modelling tool, ThorPT, was also employed to evaluate fluid production, extraction,

and transfer in multi-rock systems, with a particular focus on the mechanical behavior

of these processes. This holistic approach allowed for a comprehensive understanding

of the fluid dynamics, trace element redistribution, and mechanical influences during

metamorphism in these geological settings.

1.4 Thesis Structure

This dissertation is conceptualised as four chapters written in article format. This comprises

Chapter 2: Multi-phase quantitative compositional mapping by LA-ICP-MS: analytical

approach and data reduction protocol implemented in XMapTools.

This chapter is an published article in Chemical Geology. Co-authors are Pierre La-

nari, Francesca Piccoli, Thomas Pettke, Renée Tamblyn, Mahyra Tedeschi, Mona Lueder,

Barbara E. Kunz, Nicolas Riel, and Joshua Laughton

LA-ICP-MS is widely used in geosciences and materials science due to its versatility,

high chemical resolution, and minimal sample preparation. However, advancements in data

handling and quality enhancement depend on the development of specialized measurement

routines tailored to the technique’s capabilities and the complexity of the samples. This

chapter addresses both challenges by introducing two key innovations. First, it presents a

novel measurement routine for major, minor, and trace element mapping, specifically de-

signed for samples composed of multiple materials, such as rock slices with diverse mineral

phases. Second, it introduces a custom software tool that allows for the individual treat-

ment of different mineral phases, enabling high-precision quantification of compositionally

zoned materials. These developments significantly improve the accuracy and applicability

of LA-ICP-MS for complex sample analysis. The developments serve as a tool in this work.

Chapter 3: Mechanical modelling in petrochemical models: implications for fluid ex-

traction in subduction zones

This chapter is a manuscript under review in Journal of Metamorphic Geology. Pierre

Lanari is a co-author.

This chapter introduces a new petrochemical modelling software designed to enable

users to create detailed modelling scenarios based on field observations. The software al-

lows for the incorporation of bulk rock compositions and other constraints to simulate the
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metamorphic evolution of geological sequences. It facilitates the testing of mineral assem-

blage evolution, reconstructs the oxygen isotope composition of stable mineral phases, and

models fluid transfer between lithologies in multi-rock scenarios along a defined pressure

and temperature (P–T ) path. A key advancement presented in this chapter is a new model

for evaluating the mechanical integrity of the rocks being modelled, which integrates volume

and pressure changes with thermodynamic principles. This mechanical integrity is criti-

cal for understanding fluid transport, release, and transfer within the Earth’s crust. The

software’s capabilities are demonstrated using natural examples from subduction zones,

illustrating its value in real-world geological applications.

Chapter 4: Isotope evidence of fluid-rock interaction processes in blueschists and eclog-

ites on Syros (Cyclades, Greece)

This chapter consists of an article to be submitted to the Journal of Petrology. Co-

authors are Pierre Lanari, Valentin Laurent, and Daniela Rubatto.

This chapter focuses on the study of fluid-rock interactions in subduction zones, with

the island of Syros (Cyclades, Greece) serving as a case study due to its exceptionally

well-preserved blueschist and eclogite facies rocks. The chapter explores the processes of

fluid flow and metasomatism, particularly in the absence of major dehydration reactions,

such as the formation of olivine, which are typically observed in subduction settings. Using

a combination of techniques, including major element mapping, isotope analysis of vari-

ous mineral phases, and a petrochemical model, the study reconstructs fluid transfer and

interactions within a multi-rock outcrop scenario. The 3D investigation provides detailed

insights into the metasomatic processes that affected the region, contributing to a deeper

understanding of how fluids behave in subduction zones.

Chapter 5: Garnet porphyroblast analysis in 2D to 3D: Insights for major to trace

element zoning in blueschists-facies rocks from Syros

This chapter consists of an article to be edited and submitted to the Journal of Petrol-

ogy. Pierre Lanari is a co-author.

This chapter presents an in-depth analysis of garnet porphyroblasts in blueschist-facies

rocks from Syros, focusing on prophyroblast shapes and their major to trace element zon-

ing. This is achieved by using a combination of 2D and 3D techniques, including µCT and

LA-ICP-MS mapping. The outcome of the study is the reconstruction of the growth history

and chemical evolution of garnet porphyroblasts. The analysis reveals zoning patterns that

reflect the metamorphic conditions during garnet growth, providing key insights into the

pressure-temperature (P-T) evolution and fluid interactions in subduction zone environ-

ments. By integrating 3D data, the chapter highlights the complexities of garnet growth

and how it can be used to trace fluid-related processes in high-pressure metamorphic rocks.
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Abstract

Mapping of trace element signatures is an expanding tool in geoscience and mate-

rial sciences, which allows the study of solid materials, and processes that may not be

captured by major elements. Developments in laser-ablation inductively-coupled-plasma

mass-spectrometry (LA-ICP-MS) capabilities in the last decade now provide the necessary

spatial resolution for in situ element mapping. The acquisition of two-dimensional, fully

quantitative and geologically meaningful data with LA-ICP-MS is still a challenging task,

and a particular obstacle is the calibration of inhomogeneous phases, such as chemically

zoned minerals. This work presents a novel approach to data reduction and image gen-

eration for multi-element mapping employing LA-ICP- quadrupole MS (LA-ICP-QMS),

implemented in the free and open-source software XMapTools. Three geological applica-

tions are presented to illustrate the benefits of the procedures. Garnet from an eclogitic

sample (Latto Hills, Togo) and plagioclase, k-feldspar, biotite from a migmatite sample

(El Oro Complex, Ecuador) were mapped multiple times at different spatial resolutions

to test the calibration quality and chemical detection capabilities. Rutile in a metapelite

sample (Val Malenco, Italian Alps) was mapped, and Zr-in-rutile thermometry shows a

temperature range of 510 to 550 °C within a single grain. The accuracy of the LA-ICP-MS

method was verified by comparison with zoned major and minor element maps (garnet,

plagioclase) and Ti-in-biotite geothermometry maps obtained by electron probe microanal-

ysis (EPMA). A spatial resolution of up to 5 µm is achieved with LA-ICP-QMS, which is

similar to the resolution reported for LA-ICP time-of-flight mass spectrometry (LA-ICP-

TOFMS), albeit at significantly lower acquisition speed. Maps with lower spatial resolution

offer better chemical detection power as demonstrated by lower per-pixel limit of detection

(LOD) map calculation. Moreover, such maps are also recorded faster. The pixel allocation

strategy and the instrumental conditions also have a direct impact on map quality. We

recommend that maps are interpolated to square pixels, where a pixel consists of multiple

sweeps to gain an improved detection power. Benchmarks using an emulated LA-ICP-MS

mapping show that the spot size, together with scan direction, can lead to a shift in com-

position depending on the feature size of chemical patterns. This is verified by mapping

a thin <50 µm annulus in garnet visible in REE and such compositional shifts can have

a significant impact on e.g., diffusion modelling. The new software solution provides a

multi-standard and variable composition calibration of LA-ICP-MS maps with single pixel

LOD filtering at 95% confidence, allowing the user to quantify inhomogeneous materials of

major and trace elements simultaneously with improved accuracy.
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2.1 Introduction

The use of Laser-Ablation Inductively-Coupled-Plasma Mass Spectrometry (LA-ICP-MS)

mapping has increased dramatically over the past decade, especially for in situ (semi-

) quantification of major, minor and trace element compositions of geological materials

(Phillips et al., 2023; Raimondo et al., 2017; Rubatto et al., 2020; Ubide et al., 2015;

Ulrich et al., 2009). LA-ICP-MS is commonly used for single-spot measurements where the

signal is integrated over the ablation crater, which is approximately 10–30 µm deep. Spot

locations can be determined using surface imaging techniques that capture the uppermost

few micrometers of the sample only. The homogeneity of the sample with depth remains

unknown except for transmitted light microscopy inspection for the presence of inclusions

or cracks; however, the transient signal acquired in single spot mode offers information on

whether sample composition is homogeneous down the ablated crater depth. An alternative

strategy is to use line scanning instead of single spots to collect intensity data that can be

calibrated to produce chemical maps (Paton et al., 2011; Woodhead et al., 2007, 2008).

Although quantitative compositional mapping is common for other instruments such as

electron probe micro-analysis (EPMA) (e.g., Lanari et al., 2019), the analytical protocol

development for LA-ICP-MS mapping is much less advanced. This is due to both analytical

and data reduction challenges. Developing an analytical protocol implemented in publicly

available software for broader use can therefore help to advance the applicability of LA-

ICP-MS mapping methods and, for example, reveal previously unseen details missed by

single spot data acquisition routines.

Most LA-ICP-MS systems in geological laboratories can be used for mapping, pro-

vided an automated sample stage with µm resolution and ≤ 2 µm positioning accuracy is

available. A simple mapping protocol can be easily implemented as it requires little sample

preparation, and several analytical strategies are available (Ubide et al., 2015; Ulrich et al.,

2009). The number of elements analyzed in mapping mode with a quadrupole can reach

well over 30 with best detection capabilities at the sub-µg/g level within measurement times

>4 hours (Lanari & Piccoli, 2020; Raimondo et al., 2017). More complex techniques have

also been developed to address the limitations of the approach, particularly in terms of

spatial resolution. For example, custom-designed systems have been used to resolve single-

pulse signals by combining ultrafast laser cells with specific data processing algorithms to

achieve sub-spot resolution (Fox et al., 2017; Plotnikov et al., 2008; Van Malderen et al.,

2015). This allows the study of synchronization problems between the pulsed laser ablation

and the ICP-MS signal recording processes, known as aliasing, as well as artefacts such

as blurring and smearing (Gundlach-Graham & Günther, 2016; Norris et al., 2021; Pettke

et al., 2000; van Elteren et al., 2019). However, such analytical setups are usually limited

to a more restricted number of elements and often require longer measurement times (e.g.,
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Fox et al., 2017). Quantitative compositional mapping using laser ablation time-of-flight

MS (LA-ICP-TOFMS) extends the application to higher spatial resolution, faster measure-

ment and a larger set of elements to be measured in one experiment, albeit at higher limits

of detection (LOD; Rubatto et al. (2020) and Savard et al. (2023)).

Regardless of the measurement protocol chosen, a software solution is required for data

reduction and processing of LA-ICP-MS maps. Several software solutions exist in the

geochemical community (see Chew et al., 2021, for a review). All provide basic tools for

converting the raw signal into element intensity maps in X–Y space. This step requires a

background correction, followed by a drift correction using the intensity of a known refer-

ence material. The maps can be calibrated using an external and internal standardization

procedure, provided that an elemental composition for a single mineral can be fixed to

a spatially constant value as an internal standard and the composition of the same ele-

ment in a well-characterized calibration material is known as an external standard (see

Table 2.1 for definitions). However, most natural materials like minerals show composi-

tional zoning (e.g., Tracy, 1982) or do not have an element with a constant stoichiometry

(e.g., amphiboles, phyllosilicates, feldspars, spinel), necessitating a new solution for in-

ternal calibration. After calibration, the map data can be displayed in various chemical

diagrams (Lanari & Piccoli, 2020; Raimondo et al., 2017). The most popular software so-

lution for the construction and calibration of LA-ICP-MS maps is the commercial software

IOLITE (Paton et al., 2011) with the add-ons CellSpace (Paul et al., 2012) and Monocle

(Petrus et al., 2017). Quantitative maps generated with IOLITE can be imported into

XMapTools (Lanari et al., 2014, 2019) for further transformations and data visualization

(Lanari & Piccoli, 2020; Raimondo et al., 2017; Rubatto et al., 2020). To date, there is

no free open source software that can create intensity maps, perform pixel classification,

and offer quantification of element maps that are rigorously filtered for the LOD for each

individual pixel. This contribution presents a new measurement routine for quantitative

compositional mapping by LA-ICP quadrupole MS (LA-ICP-QMS). An advanced data re-

duction environment is provided to process and calibrate the raw data embedded in the

open-source and free software solution XMapTools (Lanari et al., 2023). The procedure

involves the guided generation of intensity maps from time-resolved signals using an inter-

polation approach. Quantified elemental data for individual pixels are obtained by using

an external standardization protocol combined with variable mass fractions of the element

used for internal standardization, a previously unavailable prerequisite for minerals of vari-

able compositions. The proposed procedure includes a rigorous calculation of the LOD for

individual pixels. Three examples from metamorphic rocks are used to demonstrate the

potential of this method for petrological applications.
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Term Definition

Acquisition time Total time of backgrounds and scan times for a given map.

Background Gas blank measurement usually around 30 to 50 s. This accounts for 11 to

30% of the total acquisition time (see text).

Dwell time Net measurement time on one analyte (in s).

External standard Material of known composition used for measurement calibration following

the IUPAC definition after Ettre (1993).

Fluence On-sample surface energy density (in J/cm²).
Internal standard A known element concentration in the sample used to convert apparent ele-

ment concentrations obtained from external standardization into true sample

element concentrations following the IUPAC definition after Ettre (1993).

Detector settling time The time needed by the detector to go from one mass to the next in the

element list.

Mask Selection of an area of pixels by a particular shape.

Analyte Isotope and element of interest set to measure in an element list in the ICP-

MS software corresponds to the m/z ratio of analyte = dalton.

Pixel The spatial information of one value such as a concentration assigned in X-Y

space.

Pulse Application of the laser optical power for a duration on the sample.

Repetition rate The number of laser pulses emitted per second (in Hz).

Region of interest (ROI) An area of several pixels of interest sampled from the dataset.

Scan Laser sampling in line scan mode.

Scan time Time that laser is ablating and ICP-MS is recording.

Secondary standard A reference material of known composition used for quality control purpose

by comparison with a primary standard.

Spot The shape of the laser beam here as a circular aperture (in µm).

Sweep The acquisition of one full sequence of analytes in transient signal mode.

Sweep time Total time in s required to measure all the analytes in sequence once.

Transient raw signal The raw data output as one continuous time-resolved record of analyte signal

intensities.

Table 2.1: Definition of terms used in the text.

2.2 Methods

2.2.1 Data acquisition

Time resolved analysis resolution

The sweep time of a given acquisition method, controls the time resolved analysis resolution

in a transient signal of a line scan. For LA-ICP-QMS, if long element lists are needed (>20

elements), the dwell times should be as short as possible to reduce artefacts caused by non-

representative sampling (e.g., Pettke et al., 2000), and long enough to detect the element of

interest. For a given element (i), the LOD can be calculated following Pettke et al. (2012):

LODi =

3.29

√
IBkg
i ·DTi ·

(
1 + Ni

Nbkg

)
+ 2.71

Ni ·DTi · Si
(2.2.1)
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where IBkg
i is the mean intensity of the background (cps), DTi the dwell time (s), Nbkg

the number of sweeps for the background measurement, Si the sensitivity of analyte i (in

cps per µg/g of material), and Ni the number of sweeps for the measurement of the analyte

in the sample. The numerical coefficients 2.71 and 3.29 relate to 5% probabilities of false

positive and false negative detections as derived from a Poisson distribution (Pettke et al.,

2012). The sensitivity Si of the analyte is defined after Longerich et al. (1996):

Si =
I intunk · C int

std · Iistd
Ci
std · I intstd · C int

unk

(2.2.2)

with I as the intensity (cps) and c as the mass fraction (µg/g) of the internal standard

element (int) in the external standard (std) and the unknown sample (unk). Increasing

the dwell time and/or the number of sweeps of an element (i) results in a decrease of the

LOD, keeping all other parameters unchanged.

Spatial resolution

The spatial resolution of the signal in X and Y directions are different and depend on the

scanning direction (vertical or horizontal). Perpendicular to the scan direction, the spatial

resolution is controlled by the beam diameter, while along the scan direction it is controlled

by the number of overlapping pulses. This number is determined by the repetition rate,

which is the product of the scan speed and the sweep time (Fig. 2.1). The scan speed v

(expressed in µg/s) can be calculated as:

v =
d

n · tacq
(2.2.3)

where d is the beam diameter (in µg), tacq is the sweep time (in s), and n is the number

of sweeps measured over a scan distance equal to the beam diameter. The spatial resolution

along the scan direction is therefore directly proportional to the number of sweeps per scan

distance. Fast scan speed is obtained for n = 1, corresponding to a single sweep acquired

during a scan distance equal to the beam diameter (Fig. 2.1a). If n is greater than 1,

more than one sweep is acquired for a scan distance equal to the beam diameter (Fig.

2.1b), resulting in a higher spatial resolution along the scan direction. Spatial resolution is

thus inversely proportional to scan speed, keeping all other parameters constant. At high

scan speeds (v > d
tacq

) it is also to consider that the analytes are measured sequentially,

the sweep and simultaneous stage motion results in a small shift of the spatial reference

between the successively analyzed analytes (Norris et al., 2021; Raimondo et al., 2017).

The compositional information of a given map is provided for each pixel individually

that compose the map. The spatial resolution of the final map is defined by the pixel size.
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This differs from the spatial resolution of the signal discussed above. Different strategies

can be used to convert the measured signal into pixel values. The first strategy is to assign

an intensity value to a pixel for each sweep between the start and end positions during the

scan. Square pixels are obtained if n = 1 (Fig. 2.1a) and rectangular pixels if n >1 (Fig.

2.1b). This strategy is simple to implement and is used in IOLITE (Paton et al., 2011).

Here, for circular laser beams, the material ablated in the outside half-circle at the start and

end positions of the sweep is incorrectly included in the pixel value (Fig. 2.1b-c). A similar

problem would occur if a square or rectangular beam shape were used. The second strategy

is to apply oversampling in one or two dimensions and, additionally, signal deconvolution

to reconstruct the true pixel intensity values from all individual measurements (van Elteren

et al., 2021). This method offers a more accurate spatial resolution in the map, but has the

limitation that the deconvolution process can lead to an increase in the signal uncertainty

and therefore affect the precision of the measurement (van Elteren et al., 2021). The third

strategy — the one developed here — is to use interpolation methods to transform the

intensity signal into maps of square pixels using a value of n that is greater than 1. A

circular beam is used here because the energy density is more homogeneous for circular

beams for laser systems relying on focusing (and not imaging) optics. In addition, the

circular beam shape translates into a rectangular area when scanning in line direction

(Fig. 2.1). Scanning over features that are smaller than the beam size will inevitably cause

spatial resolution problems for either circular or rectangular beam shapes (see discussion).

Measurement of unknowns and standard materials

The map area of the sample is usually selected based on BSE images or composition maps

obtained by EPMA. This area is scanned with horizontal or vertical lines, which are lined

up touching each other. Ideally the scanning direction is perpendicular to the compositional

features, offering better spatial resolution in the compositional map. A minimum resolution

of 10,000 pixels (i.e., 100×100 pixels) is recommended for each map measured by LA-

ICP-MS (Lanari2020). The external and secondary standards used for calibration and

quality control need to be scanned frequently to properly monitor instrumental drift (e.g.,

Longerich et al., 1996). In the proposed protocol, calibration is performed at least every

30 minutes at the exact same instrumental and data acquisition parameters. A minimum

number of 100 sweeps for one line scan on the standard material is used to ensure a

statistically meaningful measurement. The length of the line scan on the standard material

is determined by the scanning speed and therefore the number of analytes and their dwell

times (Eq. 2.2.3). In other studies, spot measurements were used to calibrate maps (George

et al., 2018).
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Figure 2.1: Continuous line scanning with the laser in X and Y directions and pixel mapping. Three exam-

ples are illustrated using a fixed value for the total sweep and variable scan speeds and pixel reconstruction

strategies. The values of tend are different in (a) and (b) and the same in (b) and (c). The blue rectangles

represent one sweep. The gray circles show the center position of the laser beam of each single sweep

recording, and the purple squares show the shape and position of the pixels on the final map. (a) Fast scan

speed resulting in a single sweep measurement for a scan distance equal to the beam diameter. The pixel

allocation for the center position results in squared pixels of the same size as the beam diameter. (b–c) Slow

scan speed resulting in three sweep cycle measurements for a scan distance equal to the beam diameter.

Two pixel generation strategies are illustrated: in (b), a rectangular pixel is generated for each sweep, while

in (c) squared pixels are obtained by interpolation across three sweeps for this example as implemented in

this work (see text for further explanations).

2.2.2 Map generation strategy and implementation in XMapTools

The data reduction scheme was implemented in the open source software XMapTools 4.3

(Lanari et al., 2014, 2019). Two modules have been developed for LA-ICP-MS applications:

a converter module (Fig. S2.4) and a calibration module (Fig. S2.5). The converter

module includes signal intensity extraction, background correction, standard selection and

interpolation, and intensity map generation. The calibration module is used for individual

calibration of masked regions of pixels.

Converter module

Files containing the transient intensity data are imported together with a compatible laser

ablation system log file. Automatic synchronization is performed by comparing the time

of the first ”laser on” state with the position — in time — of the first transient signal

increase in the derivative of the total intensity signal. Signal intensities are then extracted

from the raw transient signal by the defined time intervals for each background and line

scan measurement for standards and unknowns. A background correction is first applied

and the detected background sweep cycles are interpolated over the time series for each

element. Four interpolation methods are available to choose from: linear, polynomial (de-
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gree 2), step function, and a custom spline. The custom spline is obtained by cubic spline

data interpolation of a signal. Signal integration intervals are selected automatically by

excluding 10% of the total number of sweeps for the start and end of each background

measurement. This value can be manually adjusted for all measurements. The start and

end positions of individual background interval measurements can also be set manually. An

automatic outlier rejection filter is also applied to each background measurement, rejecting

any measurement that is more than 5 scaled median absolute deviation from the median

value. The interpolation is then subtracted from the line measurement signal to generate

background corrected intensity data, similar to procedures used in IOLITE (Paton et al.,

2011) or SILLS (Guillong et al., 2008). In the next step, one or multiple external standards

are selected prior to map generation. Similar to the background selection, an automatic

selection is made by excluding 10% of the total number of sweeps at the start and end of

each measurement. Manual adjustment of this threshold is possible, as is examination of

the signal and modification of the start and end positions of each selection. The four inter-

polation methods described above are available for external standard data interpolation.

A secondary standard is then used to verify the quality of the calibration. The selected

secondary standard is automatically selected by excluding 10% of the sweep cycles at the

beginning and end of each measurement. Once a primary and secondary standard have

been selected, a comparison is made between the calculated (using the mean intensity value

of all selected sweep cycles) and reference element mass fractions of the secondary standard

by selecting an element for internal standardization (see below). Finally, for the unknowns,

the start and end positions for each line scan is automatically selected to have an intensity

signal that is consistent with the spatial position of the laser between scans. The map

area is converted into a Cartesian grid of square pixels with a size equal to that of the

beam diameter (Fig. 2.1). The grid is defined by positions corresponding to pixels. The

intensity signal corresponding to each sweep is spatially referenced to the center position

of the corresponding scan (Fig. 2.1). The resulting signal intensity grid has a different

resolution along the scan direction when n ̸= 1 (see Eq. 2.2.3). Intensities for the central

position of each pixel on the map grid are obtained by interpolating the intensity signal

grid surface using a gridded cubic interpolation of the non-zero measurements obtained

via a Delaunay triangulation. This procedure is used to extract all data, the background

intensity maps from the interpolated background measurements and the intensity maps for

standards and unknowns.

Calibration module

Masked regions of pixels corresponding to a single class (single phases, such as a mineral,

glass or metal) within the intensity maps are calibrated individually using an internal

standardization approach (Longerich et al., 1996):
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Ci
unk

Ci
std

=
Iiunk

k · Iistd
(2.2.4)

ciunk is the mass fraction of element (i) in the unknown sample, cistd the mass fraction of

element i in the calibration material, Iiunk is the intensity (cps) of element i in the unknown

sample, and Iistd the intensity (cps) of element i in the calibration material. The variable

k represents the internal standardization factor and forms part of the relative sensitivity

factor (RSF) following Halter et al. (2002):

k =
I intunk · C int

std

I intstd · C int
unk

(2.2.5)

Pixels in the intensity map are calibrated using an analyte of known composition,

i.e. the internal standard element (int), in a calibration material and the sample. Each

calibration uses either a constant or a variable internal standard element mass fraction as

selected by the user. A single value for the internal standard element mass fraction (i.e.,

cintstd) is commonly used for calibration, but this strategy can only be applied to phases where

the internal standard element mass fraction is constant across the phase in the mapped area.

To calibrate inhomogeneous materials, a variable internal standard element mass fraction

needs to be used. If the variation in the mass fraction of the internal standard element is

known, the measured intensities in the map can be matched to the known mass fraction of

the internal standard element. In both cases, constant or variable value, the composition

is determined by an external technique or mineral stoichiometry, and is set as percent

oxide weight which is automatically converted to µg/g element. The constant composition

method applies this value to all pixels of the selected class regardless of the intensity

value. The variable composition method uses a linear relationship between intensity and

composition of the internal standard element. This relationship is manually defined by the

user by selecting at least two regions of interest (ROI) and assigning a fixed composition

value to each. This information can then be used for interpolation and calibration of

materials with a variable internal standard element mass fraction. In addition, a choice

of multiple external standards for individual element calibration has been implemented.

While this approach is often used to calibrate LA-ICP-MS spot measurements to improve

analytical accuracy, to our knowledge none of the mapping software solutions to date offer

this feature. Different external standards can be selected by the user for different elements

being sampled. Finally, the LOD maps are calculated using equation 2.2.1.

Additional tools

Intensity maps can be used for phase classification using the machine learning algorithms

implemented in XMapTools 4.3 (Lanari2023). The quantitative compositional maps ob-
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tained after calibration can be used for structural formula calculations and thermobarome-

try using functions from the PTtoolbox (Laughton, 2023). Advanced data interrogation is

available using the sampling functions or the data visualization module of XMapTools (La-

nari et al., 2014, 2019). A spider diagram module is also available and includes advanced

tools for visualization and graphical representation or trace element data (Raimondo et al.,

2017).

2.3 Application examples

Three case studies have been selected to examine the workflow and calibrations, as well

as measurement acquisition conditions and will illustrate selected aspects and benefits of

our novel approach. The first example shows a comparison between fast and slow scanning

speeds for mapping eclogitic garnets and omphacite from Latto Hills in Togo (maps 1.1, 1.2,

and 1.3). The second example shows two multiphase maps acquired with different spatial

resolutions of a migmatite sample from the El Oro complex in Ecuador (maps 2.1 and 2.2).

This example contains minerals that show strong chemical zoning across the mapped area,

thus requiring the variable composition method for internal standardization. The third

case study provides trace element maps of rutile from Val Malenco in the Italian Alps

used for thermometry (map 3.1). Data reduction was performed entirely with XMapTools

4.3 (Lanari et al., 2023). Mineral classification was performed using the random forest

algorithm. All data presented in this study, including the raw signal, the intensity and

calibrated maps, are available in Supplementary Material 2 and in a Zenodo data repository

(https://zenodo.org/doi/10.5281/zenodo.8340229).

Figure 2.2: Optical images of the (a) garnet DKE-352, (b) migmatite BA1013 and (c) rutile from sample

AS19–3. (a) Shows the targeted garnet grain in a matrix of pyroxene. (b) The residuum with higher biotite

abundance next to the leucosome with larger biotite flakes but higher plagioclase abundance. (c) Image

of the mapped rutile grain inside the matrix of quartz with visible exsolution needles of ilmenite. Mineral

abbreviations are from Warr (2021)

https://zenodo.org/doi/10.5281/zenodo.8340229
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2.3.1 Analytical conditions

LA-ICP-MS

Mapping experiments were performed at the Institute of Geological Sciences, University of

Bern, using an ASI Resonetics RESOlution-SE 193nm excimer laser system with the S155

dual volume sample cell coupled to an Agilent 7900 quadrupole mass spectrometer. The

ablated material was transported from the ablation cell to the plasma in an atmosphere

of He at a flux of 0.7 L/min mixed with Ar (0.86-0.87 L/min) and N2 (0.003 L/min)

at the exit of the ablation cell. At the beginning of each session instrument optimization

included setting the ThO/Th intensity ratio to below 0.3% for low oxide production, and to

ensure robust plasma conditions monitored by a U/Th sensitivity ratio of >0.97 (Günther

& Hattendorf, 2005). The samples, consisting of polished thin sections (30 µm thick),

were loaded into a spring holder of the S155 sample cell. The map areas were defined by a

rectangular shape containing evenly spaced line scans using the GeoStar© software (Norris

Scientific). A round aperture shape was chosen for all sessions to minimize variations

in laser energy density across the beam area. The map size, laser beam diameter and

scanning speeds for each map are given in Table 2.2. Detailed instrument conditions are

given in Supplementary Material 1. Each map acquisition contains line scans measured

over standard reference material and unknowns, i.e., the samples. The sample surface

was pre-cleaned prior to each line scan using an aperture one size larger than the beam

diameter used for the map and a scanning speed 10 times the normal scanning speed. The

data were acquired in transient analysis mode in one continuous acquisition. The following

three reference materials were used to evaluate data quality GSD-1G, NIST SRM 612 and

NIST SRM 610 (Jochum et al., 2005). For each mapping session, at least two of the three

reference materials were used, so that always one primary and one secondary standard

material were included (see Supplementary Material 1). Primary and secondary standard

materials were measured with at least one scan every half an hour with a minimum distance

determined by equation 2.2.3 based on the scan speed in the respective experiment and

acquiring a minimum of 100 sweep.

Electron probe micro-analysis

EPMA was performed using a JEOL JXA-8200 instrument at the Institute of Geological

Sciences, University of Bern. Each EPMA session consisted of the measurement of spot

analyses and X-ray maps. Analytical conditions for spot analyses were 15 KeV accelerat-

ing voltage, 10 nA specimen current and 40 s dwell times including 2×10 s of background

measurement. Nine oxide compositions were measured using synthetic and natural stan-

dards as follow: wollastonite/orthoclase/garnet (SiO2), orthoclase (K2O), albite (Na2O),
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magnetite/garnet (FeO, TiO2), anorthite (Al2O3, CaO), forsterite (MgO) and tephroite

(MnO). Analytical conditions for mapping were 15 KeV accelerating voltage, 100 nA beam

current and varying dwell times depending on the size of the map. Mapping with EPMA

was performed to compare the element distribution obtained by mapping with LA-ICP-MS.

2.3.2 Sample description and map generation

Garnet DKE-352

Sample DKE-352 is a glaucophane-bearing eclogite from the Latto Hills, Togo. The ob-

served mineral association consists of garnet (35-40 vol%), omphacite (15-20%), glauco-

phane (10-15%), zoisite (15-20%), paragonite (<5%), phengite (<5%), quartz (10-15%)

and rutile (<5%). Accessory minerals (<2 vol%) include apatite, zircon, allanite, titan-

ite, ilmenite and hematite. The peak metamorphic minerals in this eclogite have recorded

ultra-high pressure conditions of 2.8–3.0 GPa and 620–700 °C during the formation of the

West Gondwana Orogen at ∼610 Ma (Ganade de Araujo et al., 2014). The garnet grain

recording the widest range of chemical variability in major elements from core to rim ob-

served in sample DKE-352 was selected for the LA-ICP-MS analysis (Fig. 2.3). Three

LA-ICP-MS maps were collected on the selected garnet grain (Tab. 2.2). Map 1.1 (Fig.

2.5) was obtained with a spatial resolution of 12 µm to cover the entire grain and includes

surrounding minerals such as pyroxene and mica. Map 1.2 and Map 1.3 (Fig. 2.5) were

obtained one month later. Compared to map 1.1, a beam diameter of 5 µm was used to

image the mantle to rim transition at a higher spatial resolution. Garnet in the three maps

was calibrated using a variable composition of Ca used as the internal standard element. In

each case the higher value of Ca was taken in the core area (78,617 µg/g Ca corresponding

to 11.00 wt% CaO) and the lower value in the rim (42,882 µg/g Ca corresponding to 6.00

wt% CaO). These CaO contents were determined using average values for ROI in the major

element maps obtained by EPMA.

Migmatite BA1013

Sample BA1013 is a migmatite from the El Oro Complex, Ecuador. The sample was

collected in the pelitic domain of a metasedimentary xenolith embedded in the Marcabelli

pluton (Riel et al., 2013). Two textural and mineralogical domains can be distinguished.

(1) The biotite-poor (<15 vol%, grain size 0.5–1 mm) leucocratic domain accounts for

∼45 vol% of the rock and is composed of K-feldspar (∼35 vol%), plagioclase (∼45%),

biotite (<15%), quartz (<1%), ilmenite (<1%), magnetite (<1%), and apatite (<1%).

This domain is interpreted as a result of partial biotite dehydration melting (Vielzeuf1988)

and referred to as the leucosome. (2) The biotite-rich (>30 vol%, grain size 100–300
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Figure 2.3: Phase assemblage map (a) and major element compositional map of CaO in wt% for all phases

(b) of sample DKE-352. (a) Shows inclusions of amphibole, rutile, and epidote in the garnet. (b) Garnet

shows compositional variation between ∼4 to 13 wt% CaO. All phases are calibrated separately (see text

for more information). Mineral abbreviations are from Warr (2021)

µm) melanocratic domain makes up ∼55 vol% of the rock and contains biotite (>30%),

plagioclase (∼55%), cordierite (∼8%), spinel (∼1%), apatite (<1%) and magnetite (<1%).

This domain does not show evidence of melt and is referred to as the residuum. An

area of interest was selected at the contact between the leucosome and the residuum (see

Fig. 2.2 and 2.4a). The three main phases, plagioclase, biotite, and K-feldspar show

major element variation. Plagioclase is strongly zoned in anorthite molar fraction from

0.1 to 1.0 (Fig. 2.3b), as reflected in major element variations (∼10 wt% in NaO; ∼20

wt% in CaO; ∼15 wt% in Al2O3; and ∼20 wt% in SiO2). Biotite shows a variation of

<2 wt% in SiO2 and a higher variability of ∼5 wt% in Al2O3. K-feldspar varies ∼2

wt% in SiO2, ∼3 wt% in NaO and <1 wt% in Al2O3. Two adjacent maps of 1x4 mm²
were obtained within the same area of the element maps from EPMA in two separate

sessions. The first part map 2.1 was obtained with a spatial resolution of 20 µm and

the second part map 2.2 with 10 µm in a separate analytical session, both covering the

leucosome and residuum domains. Internal standardization of plagioclase was done with

variable CaO mass fraction, because plagioclase contains no major element of constant mass

fraction suitable for internal standardization with a constant value. For each map part, the

minimum and maximum anorthite molar fraction in plagioclase (X an) domains were defined

as ROI for the calibration. Map 2.1 regions are in the high X an domain (131,504 µg/g Ca

corresponding to 18.40 wt% CaO) and low X an next to the larger biotite grain (30,732 µg/g

Ca corresponding to 4.30 wt% CaO). Map 2.2 regions relate to a medium-high X an patchy
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domain at the contact between the two map parts (95,055 µg/g Ca corresponding to 13.30

wt% CaO) and a low X an domain near the biotite flake (25,729 µg/g Ca corresponding

to 3.60 wt% CaO). Calibration of biotite used Si as the internal standard element with a

value of 166,861 µg/g corresponding to 35.70 wt% SiO2. K-feldspar was calibrated using Al

as the internal standard element with a value of 98,450 µg/g corresponding to 18.60 wt%

of Al2O3. All values were determined using average values for ROIs in the major element

maps obtained by EPMA.

Rutile AS19-3

The metapelite sample AS19-3 from Alpe Senevedo Superiore, Val Malenco (Italian Alps)

reached high-pressure upper greenschist facies conditions of ∼1.0 ± 0.3 GPa and 475 ±
25 °C (Bissig & Hermann, 1999). The observed mineral association consists of garnet

(∼10 vol%), chlorite (∼15%), amphibole (∼35%), quartz (∼20%), white mica (∼10%) and

rutile (∼10%). Rutile occurs as ∼200 µm–sized grains within the matrix and can reach

cm–sized grains within the quartz layer. The latter contains ilmenite dissolution needles.

The mapped rutile grain originates from the quartz domain (see Figure 2.2). A map of 2.5

mm² size has been acquired using LA-ICP-MS covering ∼80% of the rutile grain shown

in Figure 2.2c. Rutile in the map was calibrated using Ti as internal standard element

(599,260 µg/g Ti corresponding to 99.96 wt% of TiO2).
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Figure 2.4: Mineral phase assemblage map (a) and map of X an (b) acquired with EPMA for plagioclase of

the migmatite sample BA1013. The shape of the maps results from stitching of two subsets of maps from

EPMA. (a) Showing the contact between the leucosome (right) and residuum (left). Inclusion phases in

plagioclase smaller than 10 µm can be identified. Gray dashed fields represent the areas of map 2.1 and

2.2. (b) Strong zoning can be seen for X an from almost pure anorthite to albite with a transition along

the contact between residuum and leucosome. Circles define ROIs of extracted CaO mass fraction used for

calibration. ROI 1 through 4 yield CaO values of 18.40, 4.30, 13.30, and 3.60 wt%, respectively. Mineral

abbreviations are from Warr (2021)
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2.4 Results

2.4.1 Garnet DKE-352

The results of structural formula calculations for garnet are shown in Figure 2.5 and trace

element maps in Figure2.6. Additional compositional maps are in the Supplementary

Material 2. Major, minor, and trace element maps for pyroxene from both EPMA and LA-

ICP-MS are provided in Supplementary Material 2 but not discussed here. The maps of the

end-member molar fractions (X alm for almandine defined as molar Fe/(Fe+Mg+Ca+Mn);

X sps for spessartine as Mn/(Fe+Mg+Ca+Mn); X prp for pyrope as Mg/(Fe+Mg+Ca+Mn);

and X grs for grossular as Ca/(Fe+Mg+Ca+Mn)) obtained by LA-ICP-MS are consistent

with those obtained using the EPMA (Fig. 2.5). Distinct compositional zoning is observed

between core, mantle and rim for X sps and X grs, whereas X alm and X prp show patchy

distribution within the mantle. The X alm LA-ICP-MS maps show slightly higher contents

of ∼1-3% in the patchy areas compared to EPMA data (Figs. 2.5a-d). Small veinlets

connecting the outermost rim and the core of the garnet grain are observed in the X sps

map (Fig. 2.5e). The distribution of X sps also shows an increase around the garnet core,

separating core from mantle. These veinlets are still visible but not well resolved in the

LA-ICP-MS maps, especially for the 12 µm resolution (Fig. 2.5f). The sharpness of the

veinlets is improved in the maps obtained with 5 µm resolution (Fig. 2.5g). Faint oscillatory

zoning is observed in the EPMA X grs map (see arrow in Fig. 2.5m) but is not resolved

in the LA-ICP-MS maps. The garnet sample DKE-352 shows strong compositional zoning

for most trace elements (Supplementary Material 2). A discussion of the systematics and

differences between the LA-ICP-MS maps is based on Dy, Lu, and Y (Figs.2.6a-f). An

annulus is visible for Dy, Lu, and Y at the boundary between core and mantle. This feature

is thin and sharp in the REE maps (e.g., Figs.2.6a-c) and is positionally consistent with

the manganese enrichment around the garnet core (Figs. 2.5e-h). Similarly, the transition

between mantle and rim in the REE maps is sharper than that observed for the major

elements. Furthermore, the elements Dy, Lu, and Y show a similar trend of increasing

content from the inner rim to the outer rim and a sharp contrast between the mantle part

wrapping the annulus and progressing towards the inner rim. The three selected elements

were reproduced between the three maps 1.1, 1.2 and 1.3. The average mantle composition

in Dy is 19.5 µg/g for map 1.1, 17.9 µg/g for map 1.2 and map 1.3, and showing differences

up to 8.5%. Values for Y decrease from mantle to inner rim from ∼116 µg/g to ∼25 µg/g

in map 1.1 and from ∼119 µg/g to ∼24 µg/g in map 1.2 (similar for map 1.3), which

corresponds to differences between map 1.1 and 1.2 of 2.5% and 4%, respectively. The

average value of Lu in the mantle is 1.8 µg/g in map 1.1 and 1.9 to 2.0 µg/g in map 2.2

and 2.3 corresponding to a difference of 5 to 8%. A larger difference is found in Dy and Lu

content of the annulus when comparing map 1.1 with map 1.2 and 1.3. Map 1.1 records



2.4. RESULTS 37

Figure 2.5: Calculated end-member maps of X alm (a–d), X sps (e–h), X prp (i–l) and X grs (m–p) in garnet

(DKE-352) for EPMA (a, e, I, m) and LA-ICP-MS mapping (b–d, f–h, j–l, n–p). (b, f, j, n) The results

from mapping with 12 µm spot size. (c–d, g–h, k-l, o–p) The repeated mapping with a spot size of 5 µm.

(a) Map of X alm showing the sections of map 1.2 and 1.3 (black squares), which are shown in panel (c) and

(d). (m) Oscillatory zoning is indicated in the garnet rim marked with the red arrow and acquired with

EPMA. The scale shown is representative of all maps.

generally lower values for the annulus with a maximum value of 58 µg/g whereas map 1.2

and 1.3 reach up to 75 µg/g. This is a difference of 25%. Comparing the LOD of the pixels

for the three elements between the three maps shows some expected differences related to

the spatial resolution. The LODs are generally higher for the maps with the smaller spot

size and this is visible in the Dy and Lu maps where some pixels in the garnet mantle

region are below the LOD (see Figs.2.6a-f). This is due to the fact that the mass of aerosol

ablated per unit time increases with increasing pixel size (keeping all other parameters

constant); hence, the LOD is inversely proportional to pixel size. The average LOD of Dy

for map 1.1 is 0.9 µg/g, and for maps 1.2 and 1.3 it is 2.7 µg/g. The LOD of Lu is 0.2

µg/g for map 1.1, and 0.7 µg/g for maps 1.2 and 1.3. For Y it is 0.28 µg/g and 0.74 µg/g,

respectively.
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Figure 2.6: LA-ICP-MS element maps for selected trace elements Dy (a–c), Lu (d–f), and V (g–i) in garnet

(DKE-352). (a, d, g) Maps acquired with 12 µm spot size. (b–c, e–f, h–i) Maps acquired with 5 µm spot size.

(b–c) Annulus shows higher content for Dy and a second annulus compared to the map in (a) acquired with

lower spatial resolution. (b–f) A significant part of the pixels in the rim are black, representing pixels for

which the apparent element mass fraction is below the corresponding LOD per pixel calculated individually

for each element (white arrows). (b–c, e–f, h–i). The white line traces the grain boundary of the garnet.



2.4. RESULTS 39

2.4.2 Migmatite BA1013

Compositional maps for biotite, K-feldspar, and plagioclase were generated using constant

and variable mass fractions for the internal standard element (see above). Pixels corre-

sponding to other phases (e.g., magnetite and cordierite) were not considered due to their

mixed composition. The calibration procedure, including the generation of maps for LOD,

is presented using the example of Ba for the two LA-ICP-MS maps (Fig. 2.7). The maps

for major elements (CaO, Na2O, Al2O3) and structural formula maps (X an) for plagioclase

obtained by LA-ICP-MS are then compared with EPMA data (Fig. 2.8). The comparison

between EPMA and LA-ICP-MS data also includes maps of Ti-in-biotite thermometry

(Fig. 2.9). Finally, results for selected trace elements are shown in Figure 2.10. Additional

maps of major elements, structural formulae and trace elements of plagioclase, biotite and

K-feldspar are in Supplementary Material 2. Map 2.1 was measured with 20 µm spot size

and shows generally higher pixel intensities in Ba for all phases compared to map 2.2 which

was measured with 10 µm spot size (Fig. 2.7b). After calibration no significant difference

in major and trace element pattern is observed between maps 2.1 and 2.2 (e.g., Ba in Fig.

2.7c). Plagioclase shows a homogeneous distribution of Ba (∼300 µg/g), with the exception

that lower contents (∼70 µg/g) are observed in the high X an domains (Fig. 2.4b). Biotite

shows patchy Ba zoning especially in the larger grain located in the leucosome domain.

K-feldspar shows both patchy zoning and domain zoning in Ba with a decrease of ∼2000

µg/g between the upper and lower part of the leucosome. Note that the transition between

these two K-feldspar compositions is not located at the boundary between the two maps.

Calculated maps of LOD (Fig. 2.7d) show ∼50% lower values in map 2.1 (20 µm) compared

to map 2.2 (10 µm), again illustrating the inverse proportionality between pixel size and

LOD for a given analytical protocol. The LOD map shown in figure 2.7d displays a pattern

that reflects the different minerals present in the mapped area, because the ablation rate

per unit time is variable for different minerals. As a consequence, the mineral-specific sen-

sitivities for each analyte are variable for different minerals, resulting in variable LODs for

the minerals mapped (keeping all other analytical parameters constant; compare equation

2.2.1). After calibration, an excellent agreement in composition is observed between maps

2.1 and 2.2 for major, minor and trace elements (Figs. 2.7, 2.8, 2.10), and between EPMA

and LA-ICP-MS quantitative maps. The CaO maps of plagioclase obtained by LA-ICP-MS

and EPMA record a compositional variation of ∼20.0 wt% with a patchy zoning along the

transition from residuum to leucosome (Figs. 2.8a, e). Plagioclase zoning in Na2O shows

∼10.0 wt% variation across the area for both LA-ICP-MS and EPMA maps (Figs. 2.8b,

f). Maps of LA-ICP-MS and EPMA show both illustrate the variation between almost

pure anorthite and albite in the calculated map of X an. Two selected ROIs show the local

average value for X an, one in the leucosome and one in the residuum area (see Figs. 2.8d,

h). The value from EPMA results show in average 19% X an (integrating 3400 pixels) and



2.4. RESULTS 40

LA-ICP-MS shows 18% X an (integrating 180 pixels) in the leucosome. In the residuum,

X an determined by EPMA is 63% (integrating 470 pixels) while that determined by LA-

ICP-MS is 61% (integrating 21 pixels) on average. The Ti-in-biotite temperature map

obtained from EPMA results shown in Figure 2.9a illustrates a gradual increase from left

to right in the residuum domain from 600-700 °C. The large biotite flake in the leucosome

domain yields the highest temperature of between 700 and 750°C showing a slight irregular

zoning pattern. LA-ICP-MS results illustrate the same gradual temperature increase in

the residuum and similar zoning of the biotite in the leucosome (Fig. 2.9b). As a test, the

same ROI in the EPMA and LA-ICP-MS maps return values for Ti, XMg, and temperature

that are identical within analytical uncertainties (displaying a difference of 0.5%, 0.5%, and

<0.2%, respectively). Plagioclase, biotite, and K-feldspar show moderate to strong zoning

in several trace elements as well as sectional differences between leucosome and residuum,

which is shown using Sr in K-feldspar, Sr, La, and Nd in Plagioclase and Li, Co, V, and

Rb in biotite (see Fig. 2.10). All trace element maps of K-feldspar, plagioclase, and biotite

show no major difference at the boundary between the two maps 2.1 and 2.2, which were

measured using the presented mapping routine with LA-ICP-MS but in separate analytical

sessions (see Fig. 2.10 and S2.2). Instead, the generated maps resolve spatial patterns of

trace element distribution in the different mineral grains and domains (Fig. 2.10 and S2.2).

2.4.3 Rutile AS19-3

Results of trace element distribution and a temperature map calculated using a Zr-in-rutile

thermometer (Tomkins et al., 2007) are shown in Figure 2.11. The element Ta is chosen

as an example of observed trace element zoning in rutile. Additional trace element maps

and temperature maps using additional calibrated functions are shown in Supplementary

Material 2. Sharp contrasts in the trace element patterns in rutile are shown using Zr

and Ta (Figs. 2.11a-b). Zirconium and Ta are partially correlated, and the highest trace

element contents are visible in a curved feature on the left side of the grain with ∼70

µg/g Zr and ∼190 µg/g Ta. The temperature map follows the Zr distribution with the

highest temperature of ∼550 °C in the curved feature and lower temperatures of 515-530

°C towards the rim.
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Figure 2.7: Compilation of (a) the mineral assemblage, (b) the background corrected intensity map of Ba,

(c) calibrated quantitative map of Ba and (d) map of the LOD per pixel for Ba in the phases of biotite,

plagioclase and K-feldspar in sample BA1013. Lower half in the map represents map 2.1 using 20 µm spot

size and the upper half map 2.2 using 10 µm spot size of adjacent domains in the sample. (b) The intensities

in map 2.1 are larger by at least a factor of 2 compared to map 2.2, resulting from larger aerosol masses

measured per unit time per pixel for the larger spot size. (c) After calibration, the interface between the

two maps shows a smooth transition. (d) The LOD per pixel in the lower half of the map is roughly half

the mass fraction of that in the upper half of the map. Black outlines have been added to highlight grain

boundaries in all images in this figure. Mineral abbreviations are from Warr (2021).
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Figure 2.8: Calibrated maps for plagioclase of CaO, Na2O, and Al2O3 and calculated map of X an maps

for EPMA and LA-ICP-MS in sample BA1013. (d, h) ROIs in the leucosome and residuum represented as

circles (1–4 in red). EPMA ROI 1 yield 0.63 (±0.05) X an and 0.19 (±0.03) X an for ROI 2 in leucosome

and residuum respectively. LA-ICP-MS yield 0.61 (±0.03) X an in ROI 3 and 0.18 (±0.03) X an in ROI 4

for leucosome and residuum, respectively.
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Figure 2.9: Temperature maps of biotite calculated using the Ti-in-biotite thermometer of Henry et al.

(2005) obtained by (a) EPMA, (b) LA-ICP-MS in sample BA1013. The comparison of results for the

same ROI (white circle) in the large crystal of the leucosome reveals that calculated temperatures are

identical within uncertainties for the EPMA and LA-ICP-MS maps. Mean and standard deviation values

were obtained from the pixel values within the circular ROI. The measurement precision of the LA-ICP-MS

temperature determination (2σ = 0.65%) is slightly higher than that of the EPMA determination (2σ =

0.8%).
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Figure 2.10: Quantitative trace element maps obtained by LA-ICP-MS (a) Sr in K-feldspar, (b–d) Sr, La,

and Nd in plagioclase, and (e–f) Li, Co, V, and Rb in biotite of sample BA1013. Colour codes represent

element mass fractions per pixel while black pixels in the map represent apparent element mass fractions

below the respective LODs calculated individually for each element in every pixel.

Figure 2.11: Trace element maps of Zr and Ta in rutile and temperature map of rutile calculated using

the Zr-in-rutile thermometer of Tomkins et al. (2007) obtained by LA-ICP-MS. (a–b) The elements Ta

and Zr show a patchy zonation with no correlation to the cracks visible in Fig. 2.2c. (c) The temperature

map shows variation in the temperature of maximum ∼7.5% difference, from ∼510 to 550 °C. Black map

domains represent other phases.
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2.5 Discussion

Six datasets including 19 to 38 measured elements resulting in a total of 178 intensity

maps were acquired by LA-ICP-MS from three geological samples showing various mineral

phases ranging across diverse metamorphic grades. Compositional maps were calculated

from the time series intensity data using our novel data reduction protocol implemented

in XMapTools. The following discussion focuses on the relevant features and advantages

of our new method and the tools provided by our mapping approach, the resolution of the

generated maps, and the quantification of element mass fractions and associated LODs

calculated for each element per pixel as well as for ROIs. LA-ICP-MS mapping was com-

pared with EPMA maps to evaluate the calibration quality. However, EPMA maps are

not required and calibration of LA-ICP-MS maps can be done by single spot analyses or

any other technique that can determine the internal standard element content used in the

defined ROI.

2.5.1 Mapping method

High-resolution mapping of garnet (Fig. 2.6) can be performed at the same spatial resolu-

tion and similar detection power as recent LA-ICP-TOFMS experiments (Bussweiler et al.,

2020; Rubatto et al., 2020). The acquisition rates calculated in this study using the total

measurement time for standards and unknowns ranges between 15 and 40 pixels/min. This

is similar to Raimondo2017 and significantly slower than LA-ICP-TOFMS (∼170 to 3300

pixels/min in Rubatto et al. (2020) or ∼1500 in Savard et al. (2023)). The acquisition

rate of this study could be improved by reducing the number of sweeps per pixel. For n

= 1, the acquisition rate would be between 45 and 120 pixels/min. This is still lower than

what was reported by Konrad-Schmolke et al. (2023). Similar figures could be obtained

by reducing the duration of the background measurement, which accounts for 11 to 30%

of the acquisition time in our data acquisition procedure and depends on the scan dura-

tion of a single line (Tables 2.1 and 2.2) and the duration of the washout (1.4 to 7.9%).

The duration of the background measurement could be reduced; however, this results in

higher LODs, if all other parameters are kept constant (see Eq. 2.2.1 and Fig. S2.6).

Each mapping experiment requires ascertaining the balance between spatial resolution and

compositional detection capability. Maps can be collected faster by increasing the spot

size. In the example of the migmatite sample BA1013, the beam diameter of map 2.1 is

twice that of map 2.2, allowing mapping to be performed 3 times faster. The loss in spatial

resolution is moderate because similar zoning patterns could be resolved in the composition

for minerals, especially for large grains at least 20 times the diameter of the laser beam.

However, this depends on the size of compositional zoning features and thus also on the

grain size of the target area. For example, a 500 µm biotite grain and its internal chemical
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zoning are reasonably well resolved when imaged with a 20 µm beam diameter (Fig. 2.10).

Grains smaller than 400 µm are better resolved in the 10 µm spatial resolution map as only

then can similar features be resolved as in EPMA maps (Fig. 2.8). Spatial resolution of

maps is inversely proportional to LOD of the analytes per pixel. Larger beam diameters

(= poorer spatial resolution) result in a significant gain in detection power as illustrated

by the LOD value (Fig. 2.7d). As a result, more pixels are generally below LOD when a

higher spatial resolution — i.e. a smaller spot size — is used (Fig. 2.6), and analyte mass

fractions near the respective LODs are measured less precisely. Increasing the resolution

by a factor of 2 (e.g., from 20 µm to 10 µm) will increase the measurement time by 3 to 4

times and double the respective LODs.

Precision and accuracy

The maps of samples DKE-352 and BA1013 are useful to evaluate the precision and accu-

racy of our mapping approach. Accuracy was assessed for major and minor elements by

comparing LA-ICP-MS maps to EPMA maps (see Figs. 2.5 and 2.8). We recall that a well-

calibrated QMS instrument is necessary for the testing process, notably the calibration of

the pulse to analog detector signal conversion factor. The three maps of sample DKE-352

and the two maps of sample BA1013 were acquired with different measurement conditions

(on different days; Table 2.1). Quality tests on secondary standards (GSD-1G, NIST SRM

610 and NIST SRM 612) returned mass fraction data in the maps that are generally within

10% of preferred values (see Supplementary Material 1), demonstrating accuracy of our

mapped element mass fraction data. Moreover, our maps also document excellent external

reproducibility, as merged compositional maps do not reveal measurement day dependent

content jumps or other differences in patterns. The LA-ICP-MS major element maps re-

produce the maps obtained by EPMA, illustrated by identical zoning patterns and element

mass fraction data that differ by less than 10%, mostly identical to within a few percent.

The accuracy of LA-ICP-MS mapping was tested by structural formula calculations for

sample BA1013 using CaO mass fractions for internal standardization of the LA-ICP-MS

maps. The EPMA structural formula calculations are known to have a precision of ∼1%.

The X an of plagioclase is within 3 to 5.5% between EPMA and LA-ICP-MS data (Fig. 2.8).

Part of the differences can be explained by the lower spatial resolution of the LA-ICP-MS

maps. This is the case for the ∼100 µm wide albite-rich plagioclase domain surrounding the

large biotite grain in the leucosome. Map 2.1, obtained with a spot size of 20 µm, shows a

close agreement with the EPMA results, with only a few percent difference compared to the

EPMA data, and the higher spatial resolution map 2.2 shows even better agreement with

the EPMA data, with a difference of <5% in X an. The larger difference in the low spatial

resolution map can be explained by the presence of pixels representing a mixed composi-

tion between plagioclase, biotite and K-feldspar. For samples DKE-352, the end-member
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fractions of garnet obtained by EPMA and LA-ICP-MS mostly agree to within 5%. Zoning

domains that are smaller than 200 µm can show slightly higher difference below 10%. This

differences can also be explained by the larger beam diameter of the LA-ICP-MS, between

5 and 14 times larger than the 1 µm beam size used for EPMA mapping. Another test was

performed using the Ti-in-biotite thermometer of Henry et al. (2005) for the migmatite

sample BA1013. The reference material GSD-1G was used as the external standard and

Si as the internal standard element, resulting in a biotite temperature of 731.0 ± 4.8 °C
(Ti = 0.46 ± 0.02 apfu; XMg = 0.54 ± 0.01) with LA-ICP-MS extracted from the circular

ROI. The average temperature of the selected ROI shows a difference of ∼4 °C compared to

EPMA results. This is well within the respective measurement uncertainties of EPMA and

LA-ICP-MS and smaller than the uncertainty inherent in the calibration of the Ti-in-biotite

thermometer by Henry et al. (2005). In contrast to the eclogite sample DKE-352, which is

externally standardized to NIST SRM 612, the XMg of biotite is more reliably determined

using GSD-1G as an the external standard because the calibration for Mg and Fe is better

when high-Mg-Fe standards are used. Moreover, the map of sample BA1013 calibrated

using NIST SRM 612 as the external standard results in an average biotite temperature

of 775.2 ± 4.3 °C for the ROI shown in Figure 2.9 (Ti = 0.49 ± 0.02 apfu; XMg = 0.69

± 0.01), 44 °C higher than that obtained by external standardization on GSD-1G. These

differences illustrate well the limited reliability of NIST SRM 612 external standardization

for Fe, Mg, Ti, and, by implication, for other major/minor elements that are present in

NIST SRM 612 at ca. 40 µg/g mass fraction only. This is why we use GSD-1G for external

calibration, which has a basaltic major and minor element composition. Importantly, it

also emphasizes the benefit of using different external standards for different elements as

implemented in XMapTools, to improve the accuracy of LA-ICP-MS map calibration for

compositionally diverse minerals covering a wide range of element contents. The accuracy

of the LA-ICP-MS map calibration for trace elements presented in this study compares

favorably to the accuracy obtained for single-spot measurements using the same reference

material for external standardization and employing the same element mass fraction for

internal standardization. In sample DKE-352, the trace element mass fractions obtained

for all maps are consistent within ±3% for Yb, Er, Y, <10% for Sc, V, Cr, Dy, Ho, Lu

and <15% for Tm. Similarly to major elements, compositional zoning patterns smaller

than 100–150 µm are visible and show more extreme differences (e.g., maps 1.2 and 1.3 in

Fig2.6) due to the spatial resolution effect discussed above. An interesting feature is the

REE-rich annulus where two key differences can be seen in the trace element maps (Fig.

2.6). First, the maps 1.2 and 1.3, which represent a higher spatial resolution, consistently

show higher contents when compared to map 1.1, which was obtained with a lower res-

olution. For example, measured Dy content increases from 58 to 75 µg/g corresponding

to a 25% increase with increasing annulus thickness. The second ring of the annulus is
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almost absent in map 1.1 due to the lower spatial resolution. The second difference is best

observed in map 1.2, where Dy reaches values of 50 µg/g when the annulus is oriented

perpendicular to the scanning direction and 58 µg/g (corresponding to a difference of 14%)

when oriented parallel to the scanning direction. Clearly, mapping at lower spatial resolu-

tion was insufficient to fully resolve the narrow high-content zone, as further evaluated in

the next section.

Pixel allocation and direction of scanning

The ultimate aim of 2D mapping is the spatial presentation of element content data via

the assignment of pixels on a two-dimensional grid. The approach proposed in this study

involves generating square pixels from a line scan using an interpolation method, as op-

posed to the rectangular pixels commonly employed in other software (Chew et al., 2021,

and references therein). The interpolation method allows to minimize the number of in-

correctly assigned laser pulses to each pixel (see van Elteren et al., 2019)(Fig. 2.1). Figure

2.12 illustrates different results of converting the intensity signal of one single scan into

an intensity map. The intensity measurement for each sweep (black dashed line) can be

averaged or interpolated to obtain square pixels. Alternatively, averaging of sweeps is

used, for example, in the CellSpace software solution (Paul et al., 2012). In the case of

an annulus or any other type of narrow feature that generates a high-intensity signal mea-

sured by a single sweep, the interpolation method is much more precise than the averaging

method (Fig. 2.12). However, the gridded cubic interpolation via the Delaunay triangula-

tion method was used in this work due to better performance in the numerous 2D maps

generated during this study. Importantly, we recommend to use three sweeps for each

squared pixel (n = 3 in Fig 2.1a). If three sweeps are integrated into a squared pixel, a

sufficiently slow scanning speed is required to obtain the resolution of chemical features for

the given spatial resolution. This approach cannot resolve features smaller than the spot

size, as other studies have also noted (Jollands, 2020; van Elteren et al., 2021). Impor-

tantly, interpolation methods allow for representative recording of fast transient signals,

thus avoiding potential problems with aliasing, as previously reported for other strategies

(Norris et al., 2021; Van Malderen et al., 2018). Moreover, including multiple sweeps in a

single square pixel also reduces the element LODs per pixel, thus significantly improving

element detectability for our LA-ICP-MS mapping protocol. The data reduction method

implemented in XMapTools has the flexibility of using any value of n, the number of sweeps

per square pixel, which is determined by the user’s LA-ICP-MS setup as detailed above.

The interpolation is performed on a rectangular Cartesian grid with a pixel size equal to

the beam diameter. In practice, the scanning speed and the number of sweeps integrated

into one squared pixel can be calculated by utilizing equation 2.2.3.
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Figure 2.12: Transformation of the raw intensity signal to intensities used for maps, based on a single-scan

example. The method of the commonly used average (yellow line) and interpolation method presented in

this work (blue line) are shown for comparison. Both interpolation and averaging take three raw signal

measurements into account before transforming them to one value.

We developed a virtual mapping example to further illustrate and quantify the potential

artefacts of the interpolation approach. A “real intensity map” is created with an ultra-high

resolution (1×10-2 µm). This program measures the intensity acquired for a given beam

size and scan speed by averaging a shape corresponding to the scanned surface of each

sweep. It simulates the results of a measurement from a LA-ICP-MS system, and the data

extracted from the simulation underwent the same interpolation approach as implemented

in XMapTools. In Figure 2.13, a band of 10 µm width oriented perpendicular to the

scanning direction is shown, which has a pixel value of 34 µg/g. Each experiment has a

fixed value of 3 sweeps per pixel (n=3). If the beam size is twice the width of the band,

the maximum intensity is reduced by ∼33% and the distance of a mixed signal intensity

into the pixel is roughly 3 times the width of the band. When the beam size is similar to

the width of the band the true feature size is measured whereas the maximum intensity

is still reduced by ∼5%. The slight increase in the measured intensity before the annulus

also shows a possible smearing effect which still occurs with similar spot size to the feature.

Our finding is consistent with the results on analytical convolution artefacts presented by

Jollands (2020). As shown in the maps of sample DKE-352, the true composition of any

feature can be resolved for cases where the feature size corresponds to at least two times

the beam size. For pure scanning perpendicular to mineralogical or chemical features, the

use of rectangular beam shapes can help in their spatial resolution (e.g. Jollands, 2020).
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In theory, the presented interpolation method can spatially resolve the true composition

of features as small as the beam diameter, but with a subordinate smoothing effect (Fig.

2.13c).

Determination of element-specific LOD per pixel in LA-ICP-MS maps

Quantified element maps are effective at showing regions of similar composition and relative

differences such as zoning patterns as shown in several published studies (Ahmed et al.,

2020; Bovay et al., 2022; Bussweiler et al., 2020; Drost et al., 2018; Fox et al., 2017;

Gaidies & George, 2021; George et al., 2018; Gundlach-Graham et al., 2018; Hagen-Peter

et al., 2021; McCarron et al., 2014; Paul et al., 2014; Petrus et al., 2017; Piccoli et al.,

2022; Raimondo et al., 2017; Rittner & Müller, 2012; Savard et al., 2023; Tamblyn et

al., 2021; Tamblyn et al., 2020; Tual et al., 2022; Ubide et al., 2015; Ulrich et al., 2009;

Woodhead et al., 2016). However, none of the cited studies compute LOD maps and only

a few filter the quantified maps to assess which pixel values were detected at statistically

defined confidence. To date, only Gundlach-Graham et al. (2018) have calculated the LOD

per pixel using a single laser pulse and filtering resulting maps. Rubatto et al. (2020)

developed an approach to determine the LOD per pixel based on the mass removed per

pixel in the sample. Additionally, Rittner and Müller (2012) discard pixels with values

below an average LOD. Other studies have only defined regions within the mapped areas,

extracted the data, and calculated the LOD or limit of quantification (LOQ) from such

ROIs (Petrus et al., 2017; Raimondo et al., 2017; Zhu et al., 2016). Conversely, the LOD

calculation presented in our work is based on equation 2.2.1 proposed by Pettke et al.

(2012) and provides the LOD for each pixel at 95% confidence in a classified and calibrated

phase. The magnitude of the LOD is dependent on the number of sweeps in each pixel and

the sensitivity during measurement, and the user can influence this by selecting appropriate

map measurement settings. The software XMapTools allows the user to view each LOD

map calculated for each element individually, and the final maps can then be filtered for

LOD by user selection. Mapping experiments in this study included up to 38 analytes in

the element list and no measurement artefacts are detected in the generated maps. Low

abundance elements in the mapped phases may go undetected (as they are below the LOD)

depending on the sampling parameters (Fig. 2.6 and Supplementary Material 2). Maps of

Ba in sample BA1013 show that the sampling parameters influence the LOD, as expected

(Fig. 2.7d). The 20 µm spot map has an LOD of ∼3 µg/g for Ba and is half the LOD

calculated for the 10 µm spot size map. Variations in the LOD values are the result of

the sensitivity factor and therefore the pixel intensities recorded (see Eq. 1). The Lu

maps in garnet from sample DKE-352 provide an example of when the LOD is reached

for domains of relatively low Lu abundance (Figs.2.6d-f). In the case where no filter is

applied for the pixels, Lu appears to be detected in low abundance domains and may even
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Figure 2.13: Virtual mapping of an annulus of higher content with different spot sizes. (a) The virtual

distribution of element i in a phase is shown with a band width of 10 µm and a composition of 34 µg/g.
(b) Virtual results from scanning with LA-ICP-MS using a spot size of 20 µm. (c) Virtual results from

scanning with LA-ICP-MS using a spot size of 10 µm. (b-c) Direction of scanning is from left to right in

the images (black arrow).
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resolve a zoning pattern, although the average LOD for Lu is 0.2 µg/g for the map 1.1 and

0.7 µg/g for map 1.2 and 1.3. Similarly, Raimondo et al. (2017) present continuous zoned

maps of Lu in garnet that reach low values of Lu with values below 1 µg/g. Filtering the

image for pixels that are below the calculated LOD identifies ∼6% of the REE pixel data

as non-significant in map 1.1 (Fig. 2.6d) and ∼35% in maps 1.2 and 1.3 (Figs.2.6e-f), all

displayed as black pixels. Maps are intended to guide the eye to read chemical information;

therefore, we consider filtering pixels for LOD to be mandatory for removing potentially

misleading information. An LOD filter represents a prerequisite for preventing data below

the LOD from being interpreted (see examples in Figs. 2.14 & 2.15).

2.5.2 Application examples

Major and trace element mapping is essential to resolve, recognize, and interpret spatial

variations in geochemical patterns, to eventually better understand petrogenetic processes.

With the three application examples presented we now showcase the potential of multi-

mineral mapping for the investigation of metamorphic processes.

Garnet DKE-352

Spatial correlation of chemical signatures in garnet has the potential to reveal mech-

anisms of crystal growth, recrystallization and resorption, element diffusion, elemental

(re)distribution and open-system processes during metamorphism (George & Gaidies, 2017;

Raimondo et al., 2017; Rubatto et al., 2020). For example, major and trace element maps

show that the garnet in sample DKE-352 contains concentric zoning (Figs. 2.5 &2.6). The

garnet core major element zonation patterns (Ca, Mn) correlate with enrichments in V

and Cr (and to a lesser extent Ti and Zr; Supp. Fig. S1) and low Lu, Dy, and Y contents

(Figs. 2.5 &2.6). The enrichment in the slow-diffusing elements V, Cr, Ti, and Zr are

related to the presence of former minerals which were located in the garnet core prior to

garnet growth (Angiboust et al., 2014; Moore et al., 2013; Spandler et al., 2011). Mapping

also shows that the core is encircled by an increase in Mn and a sharp increase in the

REE content, forming a double annulus. This double annulus is best seen at the highest

spatial resolution used for mapping, which is a spot size of 5 µm. The formation of an

annulus in garnet, especially in Y+REE, as seen for Dy and Lu (Fig. 2.6) and Y+HREE

(Fig. 2.14 and Supplementary Material 2), is often associated with the breakdown of major

and/or accessory phases, for example allanite (Boston et al., 2017; Gieré et al., 2011; Pyle

& Spear, 2003), but no enrichment in Ca or Sr is detected. The REE pattern also shows

an increase in MREE from core to mantle (Fig. 2.14), which may be related to allanite

and/or lawsonite breakdown (Spandler et al., 2003). The rim again shows an increase in

HREE and a decrease in MREE, a zonation which is also visible on the major element
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Figure 2.14: Chondrite-normalized REE patterns for six circular ROIs from core to rim (blue to red) in

the garnet grain of sample DKE-352. The annulus (gray-blue curve) shows enrichment in HREE, while

the mantle region (yellow curve) shows enrichment in MREE and depletion in HREE. The rim region

again shows a depletion in MREE and enrichment in HREE. Data is extracted using the Spider module of

XMapTools. The gray dashed line represents the average LOD per pixel for the REE. Colored dashed lines

represent the 1 SE of the integrated value of the ROI. Normalization follows Taylor and McLennan (1985).

maps and that can be related to changes in bulk and REE composition. Radial veinlets

in X sps are not visible in trace elements, but may be the result of a selective replacement

process (Rubatto et al., 2020).

Migmatite BA1013

In the migmatitic sample, we demonstrate effective mapping of a large area of two genet-

ically distinct domains (the leucosome, or melt domain, and the residuum) that contain

relatively small-scale features. Biotite is enriched in the transition metals Sc, Ti, V, Cr,

Mn, Fe, Co, Zn, Zr, and depleted in Li and Rb in the leucosome compared to the residuum

(Figs. 2.10e-h and Supplementary Material 2). In biotite, patchy zoning is observed for

Ba and Cr with comparatively higher contents preserved in the large grain within the

leucosome. Interestingly, the transition metals are preserved in peritectic biotite at the

melting temperature of 750 °C (Icenhower & London, 1995; Kunz et al., 2022), whereas Li

and Rb were mobilized by the melt and enriched in the leucosome (Icenhower & London,

1996). Similarly, Sr contents in plagioclase and K-feldspar show a continuous decrease

towards the residuum (Figs. 2.10a-b). REE maps also show La and Nd enriched sites

in plagioclase located in the residuum which correlate with the highest anorthite compo-
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Figure 2.15: Chondrite-normalized REE patterns for circular ROIs in sample BA1013. (a) Plagioclase REE

patterns from two ROIs, one in the leucosome and one in the residuum. (b) K-feldspar REE patterns from

two ROIs, one in the leucosome and one at the contact to the residuum. (c-d) Map of La in plagioclase

and Sr in K-feldspar guide the selection of the ROIs (red circles). (a–b) REE pattern of the local bulk

composition by integrating biotite, plagioclase and K-feldspar (black solid line). Gray dashed line represents

the averaged LOD per pixel of REE in plagioclase and K-feldspar respectively. Normalization follows Taylor

and McLennan (1985).

sition (Figs. 2.10c-d and Fig. 2.8). The spatial relationships can be selected for closer

examination of REE patterns using ROIs plotted in a chondrite-normalized trace element

distribution diagram (Fig. 2.15). The leucosome domain shows systematic depletion in

LREE for plagioclase and K-feldspar compared to the residuum.

Rutile AS19-3

The combination of trace element patterns and a thermometer or barometer can allow for

linking element behaviour and metamorphic conditions, e.g., the connection between fluid

pulses and thermal conditions in subduction zones Meinhold (2010). Rutile can provide

temperature information from Zr-in-rutile thermometry (Cherniak et al., 2007; Tomkins et

al., 2007; Zack et al., 2004) and is able to incorporate a variety of trace elements. Mapping

of rutile from sample AS19-3 reveals strong compositional zoning, for example, zoning of

Zr in at least five different domains with a range of ∼30 µg/g. Temperatures calculated

from the Zr-in-rutile thermometer according to equation 8 in Tomkins et al. (2007) reveal a

significant temperature variation of ∼40 °C, ranging from 510 to 550 °C (see Fig. 2.11). To

the contrast, a series of single spot analysis could potentially yield a similar temperature

range, and most likely would be interpreted to be homogeneous due to the uncertainty of
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the method. Visualization of the sharp Zr zoning pattern could not be reconstructed by

traditional single spot analysis, but can assist in interpreting the formation of the rutile

grain. In addition, similar zoning patterns can be observed in other trace elements (e.g.,

Ta 70 to 180 µg/g, Fig. 2.11). This might support that zoning domains are the result

of multiple growth episodes, as Zr incorporation in rutile is expected to be temperature

dependent when the system is in equilibrium and the assemblage is zircon buffered Tomkins

et al. (e.g. 2007) and Zack et al. (2004). Furthermore, the sharp zoning of trace elements

now visible in the maps indicates that diffusion did not play a major role in the post-

crystallization history of this rutile grain, as is commonly assumed for grains larger than

200 µm at temperatures of around 500 °C (Cherniak et al., 2007).

2.6 Conclusion

The detailed comparison between EPMA and LA-ICP-MS data shows that for well cal-

ibrated instruments compositional mapping by LA-ICP-MS is robust not only for trace

elements but also for major and minor elements. Structural formula and end-member

fraction maps can be calculated from LA-ICP-MS data with a quality similar to EPMA

mapping. In addition, thermobarometry is more precise than EPMA even when based on

major elements (e.g., XMg) and minor elements (Ti-in-biotite). However, achieving such

a high level of accuracy requires calibration over a variable composition for the internal

standard element in cases where the phases of interest are chemically variable. In addition,

the use of multiple external standards offers the possibility of improving the accuracy of

the trace element mass fraction, especially for specific element contents that may not be

precisely known in a given external standard material. Moreover, our procedures provide

the calculation of LODs for each pixel individually with 95% confidence, thus preventing

the interpretation of non-significant data on maps. These novel features are incorporated

into the calibration procedure and implemented in XMapTools. Increasing the spatial reso-

lution by decreasing the spot size results in an improved resolution of geochemical features

in relatively small mineral grains, but at the expense of chemical detection power, i.e., in-

creasing LODs as shown on LOD maps. Moreover, while a larger spot size provides better

chemical detection power, a low spatial resolution can result in a mixing composition for

grains and other chemical features. We also found that directional scanning and lower spa-

tial resolution can lead to a deviation in the true value of a geochemical feature. Using the

proposed squared pixel interpolation method and virtual mapping test, we show that the

true composition can be resolved when the beam diameter is equal to, or smaller than, the

feature size, but may contain a smoothing effect. Finding a way to minimize the smoothing

and mixing effect is desirable as it can affect the application of e.g., trace element diffusion

modelling in garnet based on quantitative data from maps. Regardless, the novel procedure
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described in this paper improves the analysis, calibration and open-source software tools

available to understand major and trace elements in LA-ICP-MS maps.
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Abstract

The dissolution of hydrous minerals during prograde metamorphism in subduction

zones can result in an increase in fluid pressure due to volume changes associated with

the reaction. The local changes in fluid pressure are evaluated through the integration

of mechanical and petrological modelling. This approach combines a mechanical model

based on Mohr-Coulomb theory with thermodynamic modelling using Gibbs energy min-

imisation, calculated by Theriak-Domino, and an oxygen isotope fractionation model. This

combination enables the prediction of brittle failure based on thermodynamic calculations

and considering volume changes, fluctuations in fluid pressure, and differential stress. The

model demonstrates that metamorphic dehydration reactions are a principal factor in the

mechanical integrity of the system. The limitation of fluid extraction to brittle failure

events serves to emphasise the episodic extraction of fluids that occurs during metamor-

phism in subduction zones. The model is able to account for the formation of up to 4

vol% of fluid-filled porosity in the absence of brittle failure, which is in accordance with the

findings of a number of geophysical studies. In serpentinites, the calculated time-averaged

permeability values demonstrate episodes of high permeability (10-20 to 10-19 m2), which

can be linked to olivine formation in cm-sized veins, as well as in shear bands, and/or shear

zones. The garnet from a metagabbro in the Monviso ophiolite complex in the Western

Alps, shows a good correlation between the predicted frequency of brittle failure episodes

and the oscillatory compositional zoning in Mn. The presence of veins, fractures, and shear

zones within the crust effectively facilitates fluid flow. The episodic extraction of accumu-

lated fluid can intensify the degree of fluid-rock interaction processes in subduction zones,

which can subsequently affect mass transfer.
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3.1 Introduction

There are several metamorphic reactions occurring in the Earth’s crust and mantle that

consume or produce aqueous fluids consisting of H2O with small amounts of CO2, CH4

and other aqueous species. In subduction zones these fluids contribute largely to arc

magmatism, mass transfer, and seismicity (Bebout & Penniston-Dorland, 2016; Etheridge

et al., 2021; Hacker, Peacock, et al., 2003; Kerrick & Connolly, 2001; Kirby et al., 1996;

Padrón-Navarta et al., 2010; Peacock, 2009; Saffer & Tobin, 2011; Sibson, 2013). During

prograde metamorphism, the H2O bounded in minerals is released as the minerals dissolve,

contributing to the production of aqueous fluids. Released fluids can migrate vertically

upward within rock grain boundaries or fractures, as they are less dense and volatile, and

flow along grain boundaries, fractures, and other structural patterns (Ague & Nicolescu,

2014; Malvoisin et al., 2015). Brittle deformation in the crust has often been associated

with fluid production during metamorphic reactions and fluid migration away from the

production site (Cox, 2010; Etheridge, 1983; Giuntoli et al., 2024; Gold & Soter, 1984;

Hacker, Abers, & Peacock, 2003). The movement of a fluid along grain boundaries is

referred to as pervasive flow whereas a high conductive transfer is described as channelized

flow (Ague & Nicolescu, 2014; Zack & John, 2007). There is evidence that dehydration

can lead to both fluid channeling and pervasive fluid migration (Bovay et al., 2021; Huber

et al., 2022; Stewart & Ague, 2020).

Two main approaches have been used in previous studies to gain a better understanding

of fluid production and fluid flow in the crust.

• Global fluid fluxes have been investigated using petrological and/or petrochemical

models based on equilibrium thermodynamics assuming that the fluid is instanta-

neously extracted from the rock system during a metamorphic reaction. Such models

can predict the conditions under which a particular reaction will occur, estimate

the magnitude of fluid fluxes and/or calculate the isotopic composition of the fluid.

For example, garnet growth—often associated with a dehydration reaction—can be

linked to water production during progressive burial in subduction zone (Baxter &

Caddick, 2013). Models of reacting rock systems can also include calculation of the

trace element budgets and partitioning between the fluid and rock (Konrad-Schmolke

et al., 2011). These models have been used to study fluid-rock interaction processes,

for example to explain the fluid-induced trace element patterns commonly observed

in high-pressure minerals. In addition, the oxygen isotopic composition of the stable

mineral and fluid phases can be simulated with such models for closed and open sys-

tem conditions (Vho et al., 2020). Multi-layer models can simulate fluid production

in specific lithologies such as serpentinites, and its infiltration into other lithologies

such as mafic or metasedimentary layers and calculate the corresponding change in
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the isotopic signature of the bulk and mineral phases. Similar simulations can be ap-

plied for the water transfer from the slab that is infiltrating the forearc mantle wedge,

which causes serpentinization (Vho et al., 2020). Applying fluid transfer models to

large-scale scenarios such as subduction zones can quantify not only the fluid fluxes

associated to dehydration reactions, but also the amount of deeply subducted water

that is recycled to the deep mantle (Gies et al., 2024). However, these models do

not take into account the possible mechanical mechanisms that control fluid extrac-

tion, which is either instantaneous or occurring when the amount of fluid exceed a

threshold value (Wilson et al., 2014).

• The second approach is to use thermomechanical models that can simulate fluid

movement in porous media. These two-phase flow models involve porous compaction

and viscous-plastic deformation of the solid matrix, mass and momentum conserva-

tion coupled with Darcy flow for the fluid (Connolly, 1997; Malvoisin et al., 2015;

Mckenzie, 1984; Morishige & van Keken, 2018; Wang et al., 2019). Mass, momentum,

and energy conservative equations are solved to describe the fluid or melt movement

by compaction. Different matrixes and geological problems can be tested by using

such an approach and exemplarily the transport velocity of major and trace elements

in melt could be estimated (Mckenzie, 1984). A similar approach can also be ap-

plied to rocks that undergo devolatilisation reactions, which results in an aqueous

fluid pressure gradient. The reaction front propagation can be described as a creep

of porosity waves and imply the temporal focus of a fluid flux was identified couple

to metamorphic dehydration (Connolly, 1997). The fluid pathways in a dehydrating

subducting slab have been simulated using this approach, confirming the possibility of

trenchward or arcward fluid movements (Morishige & van Keken, 2018; Wang et al.,

2019). Typically, such 2D or 3D simulations are designed for km-scale models and

rarely consider mineral reactions as predicted by thermodynamic models. Models

that include deformation mechanisms rely on permeability and fluid viscosity, pa-

rameters that are still poorly constrained (Mckenzie, 1984; Morishige & van Keken,

2018; Wilson et al., 2014). Coupling of thermodynamic data with such models often

comes with a trade-off. Either it has to neglect deformation or needs assumptions

of fluid flow (buoyancy-driven) and/or requires simplified thermodynamic data for

acceptable performance such as using precomputed look-up tables (Malvoisin et al.,

2015). In addition, mineralogical and chemical reactions can affect viscous flow and

estimated fluid release in subduction zone models, which in turn modify permeability

and fluid migration (Beinlich et al., 2020; Bras et al., 2023; Plümper et al., 2012).

Plümper et al. (2017) also showed that the fluid flow in dehydrating rocks does not

necessarily follow a Darcy behaviour. Dehydration reactions are associated with the

nucleation and growth of minerals and can often be described by a reaction front
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propagating in a network.

None of the above approaches can explain increase in the P-to-S velocity ratio obtained

from geophysical studies, which are interpreted to reflect zones of high fluid-filled porosity

of up to 4 vol% (Abers et al., 2009; Audet et al., 2009; Egbert et al., 2022; Gosselin

et al., 2020; Kodaira et al., 2004; Peacock, 2009; Peacock et al., 2011; Shiina et al.,

2013). Controversially, the presence of free fluid in the crust is also often associated with

extensional hydraulic fracturing or shear failure (Buka la et al., 2020; Cox, 2010; Cox et al.,

1987; Etheridge, 1983; Etheridge et al., 1983; Jung et al., 2004; Niu et al., 2003; Secor,

1965; Sibson, 2017; Sippl et al., 2018). To date, there is no model that links metamorphic

reactions and fluid production with a mechanical model that responses to the occurring

volume changes of the system. Such a thermodynamically evolving system might link to

the mechanical failure of rocks undergoing subduction zone metamorphism responsible for

seismic activity. A preliminary attempt was proposed for melts, but is restricted to isobaric

conditions (Etheridge et al., 2021).

In this study, we propose a framework for petrochemical modelling that combines chem-

ical equilibrium calculations and isotope fractionation with a mechanical model of brittle

rock failure. The implementation in Python® is distributed as an open-source modelling

package ThorPT available at https://github.com/neoscalc/ThorPT. The thermodynamic

calculations are performed using Theriak-Domino (de Capitani & Brown, 1987; de Capitani

& Petrakakis, 2010) and combined with an oxygen isotope composition model (Vho et al.,

2020). Fluid extraction from the considered system is associated with volume changes con-

trolled by metamorphic reactions and is assumed to take place when brittle failure occurs.

Mechanical failure is predicted using a mechanical model based on the Mohr-Coulomb the-

ory. This integrated model is applied to different rock types to re-evaluate fluid extraction

during the subduction of altered oceanic crust and to investigate possible triggers.

3.2 Mechanical model for rock failure and fluid extraction

3.2.1 Failure criteria

The occurrence and mechanisms of brittle deformation in rocks buried below the brittle-

ductile transition is a standing debate in geology (e.g., Yamato et al., 2019). From the

perspective of classical rock mechanics, brittle rock failure is described semi-quantitatively

as a function of material properties (internal friction, tensile strength, and cohesion) and

the differential stress (Jaeger, 1979; Sibson, 2013, and references therein). The failure

envelope in normal stress versus shear stress space is defined as

https://github.com/neoscalc/ThorPT
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τ = C + (σn − Pf ) · µ (3.2.1)

where τ is the shear stress (in MPa), σn is the normal stress, and Pf is the fluid

pressure with the material properties C for the rock cohesion (MPa) and µ the internal

friction coefficient (see Figure 3.1). In this space, the stress state of the rock is represented

by a circle, with a diameter equal to the differential stress. The differential stress can be

obtained from the maximum and minimum normal stress

∆σ = σ1 − σ3 (3.2.2)

The Griffith failure criterion is an extension of the Mohr-Coulomb failure criterion

describing the complete failure envelope in shear stress against normal stress

τ2 = 4S2 + 4S(σn − Pf ) (3.2.3)

where S is the tensile strength of the rock (MPa) and follows the empirical observation

with the cohesion C≈2S (see Figure 3.1; Griffits (1921), Jaeger (1979), Secor (1965), and

Sibson (2000)).

In a rock without fluid, failure can only occur due to changes in the material properties

(µ, C, or S ; see Figure 3.1c) or by an increase in the shear stress on the system (Figure

3.1d). In a rock system including fluid, the fluid pressure applies a mechanical effect and

acts as an additional tensile stress on the rock system (Figure 3.1e). The normal stress is

reduced by the amount of the fluid pressure to an effective stress σ’ defined as:

σ′
1 = σ1 − Pf , σ′

3 = σ3 − Pf , and σ′
n = σn − Pf (3.2.4)

This rock mechanics framework allows the failure of a rock to be evaluated in three

different ways (Figure 3.1a). (1) Pure extensional failure as the brittle extensional failure,

also known as hydraulic fracturing or mode 1 cracks, requires low differential stress ex-

pressed by the condition σ<4S and the minimum effective normal stress to overcome the

tensile strength of the rock. The critical fluid pressure is defined as:

P crit
f = σ3 + S (3.2.5)

(2) Extensional-shear failure, applies for intermediate differential stress values with the

condition σ<4S<5.66S. The critical fluid pressure is defined as (Cox, 2010):

P crit
f =

8S(σ1 + σ3) − (σ1 − σ3)
2

16S
(3.2.6)
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Figure 3.1: Mohr-Coulomb failure mode diagram in compressive stress state. (a) Representation of the

rock as a circle in the shear stress-normal stress space and the failure envelope. The diameter of the circle

is defined by the differential stress (see Equation 3.2.3). Failure modes can be (1) pure extension failure

(yellow), (2) extension-shear failure (red), and (3) compression-shear failure (green). (b) Compression stress

state of the rock system showing maximum, minimum and normal stress and the angle of misorientation of

the failure plane. (c) Weakening of the rock by changing S and µ results in a displacement of the failure

envelope (modified after Yamato et al., 2019). (d) Increasing the shear stress changes the differential stress

and therefore the circle diameter. (e) An increase in fluid pressure drives the circle toward a lower normal

stress.

(3) Compressional shear failure occurs for high differential stress values with σ≥5.66S

resulting in a critical fluid pressure defined as:

P crit
f =

C

µ
+

σ1 + σ3
2

− σ1 − σ3
2

cos(2θ) − σ1 − σ3
2µ

sin(2θ) (3.2.7)

with Θ as the misorientation angle corresponding to the angle between a fault and the

maximum normal stress σ1 (Cox, 2010).

3.2.2 Coupling thermodynamic modelling with failure mechanics

Thermodynamic models can be used to simulate the evolution of a rock system along a pres-

sure temperature path (Baxter & Caddick, 2013; Hernández-Uribe & Palin, 2019; Lanari

& Duesterhoeft, 2019). These petrological models assume a closed system at thermody-

namic equilibrium as predicted by Gibbs free energy minimisation and can be combined

into petrochemical models by integrating the calculation of oxygen isotope fractionation

or trace element fractionation for the stable mineral assemblage (Konrad-Schmolke et al.,

2011; Vho et al., 2020). Coupling these petrochemical models with failure mechanics re-
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quires to link the thermodynamic pressure with the differential stress, fluid pressure, and

volume changes from mineral reactions.

In classic equilibrium thermodynamics, a closed system at fixed pressure (P) and tem-

perature (T ) conditions evolves towards equilibrium by minimizing its Gibbs free energy

(e.g., Connolly, 2005; de Capitani & Brown, 1987; de Capitani & Petrakakis, 2010). The

system can be composed of solid mineral phases and fluid phases (Figure 3.2). For sim-

plicity, only an aqueous fluid is considered as the dominant fluid phase in the following.

The thermodynamic pressure of such a closed system is generally assumed to be the same

for all mineral phases and for the fluid. At equilibrium, i.e. when the Gibbs free energy is

minimized, the system has relaxed to any differential stress and represents a static system

under thermodynamic pressure (Moulas et al., 2019; Nordstrom & Munoz, 1994). Moulas

et al. (2019) demonstrated that the mean stress of a system is close to the lithostatic pres-

sure P lith on large timescales (>10 kyr) including volumetric deformation and differential

stress values lower than 100 MPa. In this case, the lithostatic pressure P lith can be used

as the thermodynamic pressure P for modelling. For a system with a fluid-filled porosity,

the fluid pressure is close to the lithostatic pressure, which represents the mean stress (see

Figure 3.2; Connolly & Podladchikov, 2004; Etheridge et al., 2021; Hobbs & Ord, 2018;

Saffer & Tobin, 2011; Sibson, 2013).

The fluid pressure is equal to the thermodynamic pressure for a system in thermody-

namic equilibrium. For the case where P and T are changed, the system reacts to reach

a new equilibrium state. Phase reactions occur to reach chemical equilibrium at the new

P–T conditions. The volume change related to the reaction cause a pressure change (ΔP)

which can be calculated as (Duesterhoeft et al., 2014):

∆P =
σn (VSys1 + ∆V )

VSys1
− σn (3.2.8)

with V Sys2 the initial volume of the rock before reaction (system 2) and with ΔV

defined as

∆V = VSys2 − VSys1 = VSolid2 + VFluid2 − VSolid1 − VFluid1 (3.2.9)

where V Sys2 is the volume of the new reacted system at chemical equilibrium. The fluid

pressure is then the mean stress plus the pressure changes due to volume changes using

Equation 3.2.8, which becomes

Pf = σn + ∆P =
σn (VSys1 + ∆V )

VSys1
(3.2.10)

with the magnitude of ΔP depending on the type of reaction such as the mineral
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Figure 3.2: Section through a rock system consisting of minerals porphyroblasts in a mineral matrix and a

fluid-filled porosity which is connected in 3D. The system is assumed to be closed and at thermodynamic

equilibrium therefore there is no differential stress (σ1 = σ3). The fluid pressure can be modified from the

surrounding and is represented by a valve mechanism (modified after Hobbs & Ord, 2018). When the system

receives pressure changes from internal work (volumetric changes) and/or surrounding (increasing vertical

load or shear stress) the fluid pressure will adapt to the new condition by moving the valve mechanism.

The variables σ1 and σ3 represent the maximum and minimum normal stress, respectively, and P f is the

fluid pressure.
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or fluid phases involved. In a fluid-filled porous system, the fluid will accommodate the

pressure changes from volume changes of the solids and additionally the differential stress

(Mazzucchelli et al., 2024). The fluid pressure can increase or decrease depending on a

mineral reaction. This pressure change is represented by a valve mechanism in Figure 3.2.

In a petrological modelling framework, the Gibbs free energy can be minimised after

each P and T increment and the fluid pressure calculated using Equation 3.2.10 (Figure

3.3). The following description is based on prograde metamorphism with production of a

fluid phase by dehydration reaction and at a fixed differential stress, but it can be applied

to other conditions such as retrograde metamorphism. In step 1, the system is in chemical

and mechanical equilibrium at given P and T conditions (Fig 3.3a-b). Stage 2 represents

the system after a small change in P and T in the absence of mechanical failure. After the

reaction, the stable phases predicted by Gibbs free energy minimisation at P2–T 2 include a

fluid phase (Figure 3.3c). At this stage, the associated volume changes cause an increase in

fluid pressure that is insufficient to cause mechanical failure (Figure 3.3d). The differential

stress is also not large enough to cause failure. Step 3 represents the system following a new

small increment in P and T. In this case, the associated volume change causes a further

increase in the fluid pressure triggering mechanical failure (Figure 3.3f) causing the fluid to

be extracted from the system (Figure 3.3e). The mechanical failure in this example occurs

by extensional failure, but other modes are possible (see Figure 3.1). Step 4 represents the

system after fluid extraction when it has chemically and mechanically equilibrated to P3

and T 3 conditions (Figures 3.3g-h).
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Figure 3.3: Failure criterion test in a system under stress and changing its solid and fluid volume during

metamorphic reaction for given conditions for variables S, τ, µ, and Δσ. (a) Equilibrated rock system with

no free fluid phase at T 1 and P1. (b) Mohr-Coulomb diagram for the intact system. (c) Equilibrated

and fluid saturated rock system at T 1 and P1. (d) Mohr-Coulomb diagram for the intact system with

fluid-filled porosity. (e) Volume change of the reacting system at the new conditions of T 2 and P2. The

system experiences a negative volume change and the fluid pressure is affecting the mechanical stability

of the system (see panel d). Positive volume change is similar calculated following Equation 3.2.8. (f)

Mohr circle is moving to the left due to the change in effective stress caused by the fluid pressure and hits

the failure envelope. Here, P f >σ3 and σ’3 ≥ -S so that pure extensional failure is predicted. (g) After

extraction the system is healing and is in thermodynamic and mechanical equilibrium. (h) Mohr-Coulomb

diagram of the healed and intact system at the new equilibrated P and T condition.
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3.3 Petrochemical model calculator ThorPT

The petrochemical modelling was performed using a free and open source software pack-

age written in Python® called ThorPT available at https://github.com/neoscalc/ThorPT.

The thermodynamic modelling software Theriak-Domino (de Capitani & Brown, 1987; de

Capitani & Petrakakis, 2010) was used to perform the Gibbs energy minimisations for a

given bulk system composition during its evolution along a P–T path. For each iteration

step on the predefined P–T path, the starting rock is modelled using Gibbs free energy

minimisation giving predicted stable phase assemblages. Mineral phase fractionation is

possible as this effect can significantly affect the predictions of the thermodynamic model

(Lanari et al., 2017). Here the produced garnet is fractionated at each step and a new

reactive bulk composition is calculated. Additionally, spherical diffusion for garnet major

elements can be applied to account for any diffusional transport by using the Julia package

“DiffusionGarnet” (Dominguez, 2024). The oxygen isotope composition δ18O for the pre-

dicted stable phases is modelled based on oxygen isotope fractionation similar to Vho et

al. (2020) using an internally consistent oxygen isotope fractionation database (Vho et al.,

2019). Additionally, fluid extraction is implemented as fractionation and can modify the

reactive bulk composition for both the amount of H2O and 18O. The fluid fractionation is

regulated by the implemented mechanical model and fluid are only extracted when brittle

failure is predicted (see above). The failure criteria and fluid fractionation are tested for

every P–T increment when a free fluid phase is predicted to be stable is the calculated

phase assemblage.

In the ThorPT software, the user can set the following model parameters (see Table

3.1): (1) the P–T path, (2) Disable/Enable the fluid transmission and interaction, (3)

the thermodynamic database used for Gibbs free energy minimisation, (4) the bulk rock

composition (in wt%), (5) the number of moles of hydrogen, extra oxygen for Fe speciation

and/or carbon, (6) the initial δ18O value of the bulk rock, and (7) the mechanical prop-

erties of the system including the tensile strength, differential stress, and internal friction

parameter. In addition, the fluid fractionation scheme can be set as: (1) no fractionation,

(2) continuous fractionation where fractionation is performed at each increment when a

free fluid is present, or, (3) discontinuous fractionation occurring when brittle failure is

predicted by the mechanical failure model.

3.3.1 P–T path definition using the Pathfinder module

The P–T trajectory can be defined using the built-in Pathfinder module. This module can

generate P–T–t trajectories for burial or exhumation by entering a velocity and angle of

movement. An existing P–T path, for example from a publication, can be interactively

https://github.com/neoscalc/ThorPT
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Example rock

Description Value and comment

Type Metabasalt (Unaltered basalt after Gale et al. (2013)

Path increments 500 MPa and 10 °C
Model scenario Isolated mode (optional: transmitting)

Thermodynamic parameters

Database tc55 (revised version of Holland and Powell (1998), and following to

Vho et al. (2020))

Solution models Holland and Powell (2003) for calcite–dolomite–magnesite.

Holland and Powell (1998) for garnet, white mica and talc.

Holland and Powell (1996) for omphacite.

Holland, Baker, and Powell (1998) for chlorite.

Diener et al. (2007) for amphibole.

Equation of state for fluid CORK equations from Holland and Powell (1991).

Oxide wt.% SiO2 | TiO2 | Al2O3 | FeO | Fe2O3 | MnO | MgO | CaO | Na2O | K2O

50.47 | 1.68 | 14.7 | FeO 10.43 | 0 | 0 | 7.58 | 11.39 | 2.79 | 0.16

Moles of hydrogen 0.6

Moles of excess carbon 0

Geochemical parameters

Oxygen isotope fractionation factors DBOXYGEN 2.0.3 (Vho et al., 2019)

Starting bulk δ18O 5.7 ‰
Fluid & Mechanical parameters

Fluid phase fractionated water.fluid (named as in the thermodynamic database)

Fluid fractionation mechanism Mechanical Model (optional: No extraction / Continuous)

Fluid fraction leaving the system 100% when present as a free fluid phase

Fluid pressure Mean stress

Tensile strength 20 MPa

Differential stress 50 MPa

Table 3.1: Overview of model set-up parameters. Selected settings represent the model used for the

metabasalt benchmark.

digitised from an image. The following scenario ”subduction zone” is used by default to

assign a time and depth to each step from the burial rate. The top of the model is buried

beneath a two-layer structure representing the overlying crust (density 2800 kg/m3) and

mantle (density 3300 kg/m3). The generated P–T path represents the value of P and T at

each step for the top layer in the model. The layering structure in the Pathfinder package

can be defined by an input text file to adapt it to different scenarios. For the default two

layer model the lithostatic pressure at depth is related to the layer thicknesses by

Plitho = (δlayer 1 · hlayer 1 + δlayer 2 · hlayer 2) · g (3.3.1)

with g the gravitational acceleration m/s2, δ (kg/m3) the density of layer 1 and 2 and

h (m) the thickness of the layers. During subduction the second layer, which is overlaying

directly the slab is increasing in thickness and so is the total thickness of the two-layer

model. The depth related to a lithostatic pressure is then given by the sum of h1 and h2,

which is linked to the assumed burial rate given by convergence speed of the subducting

plate and the angle of dip of the slab:

htotal = hlayer 1 + hlayer 2 = v · t · sin(φ) (3.3.2)

with the subducting angle (in °), v the horizontal convergence rate (in m/s) and t the
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time (in s).

The pressure and temperature within the model column itself may differ from the top

conditions given by the input P–T trajectory. The pressure of each ”rock” layer is also

influenced by the layers above it. For each rock layer in the model, the pressure is calculated

as:

Prock layer i = Plitho+(δrock layer 1 · hrock layer 1 + · · · + δrock layer i−1 · hrock layer i−1)·g (3.3.3)

The temperature in the model column is modelled using an error function to describe

the temperature increase with increasing thickness, which is commonly implemented in

large scale numerical models (Gerya et al., 2002; Gies et al., 2024; Van Keken et al., 2002).

For smaller scale models this can be simplified by assuming an identical temperature at

the top and bottom of the model. The temperature profile is given by

TColumn = TTop + (TBottom − TTop) · erf

(
2x

d

)
(3.3.4)

with TTop as the temperature at the top of the model column as defined by the value of

the P–T step , TBottom as the temperature assumed at the bottom of the model (e.g., 100

°C warmer than the top), x as the position within the model, and d the complete thickness

of the whole model. In the case of a subducting slab, this profile represents a close to linear

increase of the temperature at the top and a more homogeneous temperature profile at the

bottom.

The path increment values in P and T represent the step size between two minimisations

(Table 3.1). These values are adjustable and represent the conditions under which the

reactive part of the system reaches a new equilibrium state. Between two steps, the mineral

assemblage and the fluid are held metastable without any reaction. Larger increment values

may represent a delay in the reactivity of the system and can be seen as an analogue of

reaction overstepping (Pattison et al., 2011; Yamato et al., 2022). In the following, we

have used increment values of 500 MPa for ΔP and 10 °C for ΔT. Once at least one

of these conditions is satisfied along the predefined P–T path, a new Gibbs free energy

minimisation is performed.

3.3.2 Mechanical properties

The implemented mechanical model framework depends on three parameters, the coefficient

of internal friction (µ) and tensile strength (S ) of the bulk rock material and the differential

stress (Δσ) of the surrounding rock. The internal friction coefficient is set to 0.75 as
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a representative value for most lithologies of the crust at greater depth (Byerlee, 1978;

Jaeger, 1979; Sibson, 2000).

Typical tensile strength values reported for different rock types are shown in Figure

3.4a (Lockner, 1995; Sibson, 2017; Strating & Vissers, 1991). Sedimentary or low com-

petence rocks have tensile strength values in the range of 1 to 10 MPa, whereas higher

competence crystalline rocks have higher values around 20 MPa and possibly higher (Fig-

ure 3.4a). Estimates based on outcrop studies and petrological observations suggest that

mafic and ultramafic rocks under eclogite facies conditions have higher values up to 38 MPa

for metagabbro and 47 MPa for peridotite, whereas estimates for serpentinised mantle are

much lower at ∼12 MPa (Figure 3.4). However, the observations of fractures in region-

ally metamorphosed rocks suggests tensile strengths values of 20 MPa or less (Etheridge,

1983). The values of 3 MPa for serpentinites, 10 MPa for sedimentary rocks and 20 MPa

for basalts have been chosen here to represent an increase from low competence to high

competence lithologies while being compatible with the common observation of fractures

in all lithologies.

Typical values for differential stress are summarised in Figure 3.4b, compiled from the

geological record, geophysical studies and laboratory experiments (e.g., Bird, 1978; Byerlee,

1978; Condit & French, 2022; Hanks, 1977; Hosokawa & Hashimoto, 2022; Kato et al., 2010;

Lockner, 1995; W. L. Schmidt & Platt, 2022; Strating & Vissers, 1991; Van Den Beukel &

Wortel, 1988). Brittle fractures, such as in peridotites, are explained by differential stresses

above 200 MPa (Strating & Vissers, 1991). The occurrence of mylonites in serpentinites,

on the other hand, is explained by a differential stress below 100 MPa (Strating & Vissers,

1991), in agreement with experiments on seismic and aseismic faulting (Hanks, 1977).

Observed tensile fractures from regional metamorphism are explained by values below 60

MPa using a tensile strength below 20 MPa (Etheridge, 1983). Brittle failure of shales and

high fluid pressures have also been explained by differential stresses ≤ 35 MPa (Condit,

French, et al., 2022). This is consistent with the calculated stresses from a ridge model and

gravity data, which give an upper limit of 30 to 60 MPa (Bird, 1978). The periodicity of

slow slip events from geophysical observations also allow a differential stress of 55-80 MPa

to be estimated when extensional shear failure occurs during subduction (Warren-Smith

et al., 2019). Deformation-related microstructures have also been used to infer differential

stress values of 30-80 MPa from paleo-subduction channels (Koyama et al., 2024). A

differential stress value below 100 MPa is assumed here and the influence of this parameter

on the model is further tested in the following.
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Figure 3.4: Overview of the values of tensile strength of different rock types and estimates of the differential

stress in regional regimes summarized from the literature. (a) Compilation of values for the tensile strength

of rocks showing their difference in competence modified after Lockner (1995). (b) Compilation of the

differential stresses reported in the literature based on recorded pressure drops during earthquakes and

outcrop observations from paleo-subduction zones.
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3.4 Results

3.4.1 Comparative test of the integrated petrochemical model

The addition of the mechanical model can affect the petrochemical model because the

fractionation of the fluid phase can influence both the amount of H2O available for reaction

and the δ18O value of the system. A comparative test of ThorPT was performed using the

same model settings as in Vho et al. (2020) with an unaltered basalt bulk rock composition

from Gale et al. (2013) to simulate the evolution of a metabasalt. The Gibbs free energy

minimisations were performed using the internally consistent dataset of Holland, Baker,

and Powell (1998) with subsequent updates collected in the Theriak-Domino database tc55

(Table 3.1, Supplementary S1+S4 and Vho et al. (2020)). The P–T trajectory was set to

an oceanic subduction geotherm using a convergence speed of 0.02 m/year and a dipping

angle of 20° (Gerya et al., 2002, see Supplementary Material S2 Figure S2-2). Detailed

information on the data used for input and the calculations used in the model can be

found in Table 3.1 and Supplementary Material S1.

The main simulation results are summarised in Figure 3.5 using mode box diagrams

showing the evolution of the predicted mineral modes and the cumulative volume of fluid

extracted from the system (both expressed in vol%) along the P–T trajectory. The first

model shown in Figure 3.5a assumes continuous fluid extraction as in Vho et al. (2020), and

the second model shown in Figure 3.5b uses the integrated mechanical model to calculate

whether the fluid should be extracted or retained in the system (see above). The full

set of results, including the simulated oxygen isotope values for the bulk rock, the fluid

and the mineral phases are given in the Supplementary Material S2. For both models,

lawsonite, glaucophane, and actinolite make up ∼80 vol% of the system at conditions below

450 °C and most of the fluid is released during garnet and omphacite growth associated

with chlorite, amphibole and lawsonite breakdown. In both models, 12 vol% of fluid was

produced and extracted at 700 °C, but the extent and timing of fluid extraction differs due

to the mechanical model. The first model predicts continuous fluid extraction between 450

°C and 650 °C, whereas the second model predicts two discrete episodes of fluid extraction

between 510 and 570 °C and at ∼620 °C. In the absence of open system behaviour, the

predicted mineral phases have similar oxygen isotope signatures in the two models, e.g.,

garnet starts at 4.8 ‰ (vs. VSMOW) at ∼480 °C and ends at 4.6 ‰ (vs. VSMOW) at

∼700 °C (see Supplementary Material S2).
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Figure 3.5: Box mode diagrams of an unaltered metabasalt with similar model parameters as Vho et al.

(2020). Both plots show the relative volume fraction to the initial rock system on the y-axis, and temperature

(also increasing pressure) steps on the x-axis. The cumulative volume of fluid extracted (in vol% of the total

system) is shown as a dashed blue line on the right y-axis with each point representing a model step. (a)

Continuous extraction: the free fluid phase is always fractionated when present in the system. Each blue

point indicates the cumulative amount of fluid extracted (b) Fluid extraction associated with mechanical

failure: the free fluid phase is fractionated only when failure is predicted by the mechanical model. The red

diamonds indicate brittle failure and fluid extraction, while the blue dots indicate the cumulative amount

of fluid extracted in the previous extraction step. Mineral abbreviations are after Warr (2021).
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3.4.2 Fluid extraction behaviour in the integrated model

The fluid extraction episodes predicted by the mechanical model were examined using the

P–T path representing the average rock record (Penniston-Dorland et al., 2015). These

models evolve on a warmer geotherm than the previous model based on the P–T path

of (see Supplementary Material S2, Figure S2-2, Gerya et al., 2002), as additional heat

sources are considered, especially for depths below 70 km (Penniston-Dorland et al., 2015).

The peak pressure and temperature of the two paths are identical. For these simulations,

the P–T path was defined with a minimum step size of 500 MPa and 10 °C, a convergence

rate of 0.015 m/year and a dip angle of 30°. Two rock types were studied, a metabasalt

(unaltered basalt composition from Gale et al. (2013)) and a serpentinite (bulk composition

from Ulrich et al. (2024)). The thermodynamic models used the internally consistent

dataset of Holland, Baker, and Powell (1998) and the tc55 and tc55 Serp databases, similar

to Vho et al. (2020) and Kempf et al. (2020) (see Supplementary Materials S4 for details).

For the mechanical model, the serpentinite is assumed to have a low competence (S = 3

MPa), while the metabasalt is assumed to have a high competence (S = 20 MPa). The

differential stress was initially set at 50 MPa for both rock types, which is an average value

from the compilation in Figure 3.4b. Details of each model can be found in Supplementary

Material S1. Figure 3.6a-b shows the mode box plots for both lithologies.

Three episodes of fluid extraction are predicted by the model for the metabasalt. All

extractions are associated to pure extensional failure (red diamonds in Figure 3.6a). The

first episode starts at ∼375°C and is maintained almost continuously till ∼500 °C. A very

small amount of fluid (∼0.1 vol%) is continuously extracted due to the progressive con-

sumption of chlorite. Above 500 °C chlorite breaks down rapidly but the fluid is predicted

to remain in the system. The second episode of fluid extraction is continuous over an 80 °C
interval starting at ∼550 °C during garnet growth and is associated with the breakdown

of amphibole. It starts with a large pulse of fluid extraction, accounting for ∼4 vol% of

fluid at one time. This is followed by a continuous extraction of fluid to reach a cumulative

value of 5.5 vol% at ∼620 °C. The third and final episode begins with the extraction of

∼0.5 vol% of fluid at ∼650 °C after the retention of fluid due to the complete consumption

of the amphibole. Thereafter, <0.1 vol% fluid is extracted continuously during the talc

formation reaction. This last episode is also associated with garnet growth.

For the serpentinite simulation, no free fluid phases can be maintained in the system as

compressive shear failure is predicted to occur once a fluid-filled porosity is generated by

a metamorphic reaction. The first major release occurs during the brucite consumption,

antigorite dehydration and olivine forming reaction starting ∼450°C and is responsible for

the extraction of ∼26 vol% fluid. This is the largest fluid extraction episode waning at

∼510 °C. A second large fluid extraction starting at ∼670 °C is associated with antigorite
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breakdown and olivine, chlorite, and orthopyroxene formation responsible for ∼10 vol%

fluid. Chlorite dehydration above 670 °C contributes <1 vol% of fluid.

3.4.3 Sensitivity of the mechanical model

The sensitivity of the model to differential stress was tested for the metabasalt and the ser-

pentinite. The results are shown in Figures 3.6c-d. The sensitivity to the tensile strength

and the bulk rock composition is shown in Figure 3.7. Changes in tensile strength values

were simulated using the same bulk rock composition of the metabasalt (see 3.4.2). Bulk

rock composition sensitivity tests were performed using the same metabasalt composition,

with the addition of the average metabasalt from Winter (2014), and the bulk rock compo-

sitions from Belgrano and Diamond (2019). A tensile strength value of 20 MPa was taken

for the rocks at various differential stress values. Similarly, the P–T path of the average

rock record was used (Penniston-Dorland et al., 2015, and see Supplementary Material S2,

Figure S2-2 for the P–T path). All modelling details are summarized in Supplementary

Material S1.

For the metabasalt, increasing the differential stress value increases the number of

extraction steps (Figure 3.6c). A differential stress value below 37 MPa results in no fluid

extraction, whereas values above 60 MPa predict up to 30 extraction steps of 34 model

steps. The maximum number of extraction steps (30 steps) corresponds to a cumulative

fluid extraction of ∼6 vol%. At the 20 MPa differential stress interval the model shows an

increase in the number of extraction steps and the cumulative volume of fluid extracted,

marking a choke point. This choke point is the transition for the start of extraction steps to

the highest possible extraction over increasing differential stress. Differential stresses above

4S (≥80 MPa) simulate extensional shear failure, while even higher values above 5.66S

(>113 MPa) simulate compressive shear failure. The maximum number of extraction steps

and the higher amount of fluid extracted is first achieved in the pure extensional failure

range.

The sensitivity test for the serpentinite simulation shows that for low differential stress

values below 4S (<12 MPa), the mechanical model already predicts brittle extensional

failure. This would mostly correlate with a cumulative fluid extraction between 15.5 and

31 vol% and a number of extraction steps between 2 and 25 (Figure 3.6d). The 31 vol%

of fluid volume represent almost the maximum of the possible volume. In the case of

only two extraction steps this represent the two major dehydration reaction events. The

choke point of the serpentinites model starts already at a differential stress below 1 MPa.

For differential stresses between 4S (12 MPa) and 5.66S (17 MPa), the mechanical model

predicts extensional shear failure and above 17 MPa compressive shear failure. In this

interval the maximum volume extracted reaches the possible maximum of ∼32 vol% and
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Figure 3.6: Modelling of a metabasalt und serpentinite on the average geoterm for a range of differential

stress. (a-b) Mode box diagram of the metabasalt and serpentinite with the evolution of the cumulative

extracted fluid volume (dashed blue line). Diamond marker show the type of mechanical failure and episodes

of fluid extraction from the system (red diamonds = pure extensional failure, blue diamonds = compressive

shear failure). (c-d) Cumulative fluid volume extracted from the system and number of fluid extraction

steps vs. values of differential stress. Domains of failure mode are color coded for pure extensional failure

(red), extensional shear failure (green), and compressive shear failure (blue). The used differential stress of

50 MPa in model of (a) and (b) are annotated in (c) and (d), respectively. See text for modelling details.

Mineral abbreviations are after Warr (2021).
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Figure 3.7: Modelling results for variation the tensile strength of the rock and the bulk chemistry. (a)

Simulation showing the extracted fluid vs. increasing differential stress for increasing tensile strength using

the metabasalt composition. Annotated values represent the used tensile strength. (b) Cumulative fluid

extracted vs. differential stress plot showing the differences between the bulk rock compositions in the

simulation. Annotations are qualitatively compared to the metabasalt. Metabasalt is again the unaltered

basalt from 1Gale et al. (2013), average basalt from 2Winter (2014), and altered metabasalt compositions

are taken from 3Belgrano and Diamond (2019).

the maximum number of 30 extraction steps is reached for a total of 34 modelling steps.

Strengthening the metabasalt by increasing the tensile strength value from 20 MPa to

30 and 40 MPa makes brittle failure impossible; therefore, no fluid extraction is predicted

by the model (Figure 3.7a). A similar result to the previous simulation shown in Figure

3.6a is obtained when the differential stress is increased by ∼20 MPa for the model with S

= 30 MPa and by ∼40 MPa for the model with S = 40 MPa. Similar to the result shown

in Figure 3.6c with S = 40 MPa, the choke point from low fluid extraction to high fluid

extraction is shifted to a differential stress of ∼70 and ∼90 MPa when using S of 30 and

40 MPa respectively.

The choke point from lowest to highest cumulative fluid extraction shows that most

basaltic bulk rock compositions respond similarly to the mechanical model as differential

stress is increased (Figure 3.7b). All models predict rock failure between 40 and 50 MPa

differential stress and the mean location of the choke point is 45 MPa. Rocks with lower

Al, K, Mg and higher Fe content appear to result in less cumulative fluid between 0.1 and

2 vol% being able to be extracted from the system in total. Higher Si and Na contents

in an altered basalt resulted in an almost negligible higher cumulative fluid extraction of

∼0.1 vol%.
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3.5 Discussion

In our model the fluid extraction in restricted to brittle failure events. Migration of fluid

in the crust nevertheless is only feasible if the porosity and permeability of the rock is

large enough such as in reaction-induced nanopores (Plümper et al., 2017). Generally,

experimental and analytical results showed that fracturing represent a rapid enhancement

of the permeability in a rock by crack growth and surface enlargement (Nguyen et al.,

2020; Sun & Liang, 2015). The formation of cracks and fractures serves as flow channels

representing conduits of high permeability (Ague, 2011; Norton & Knapp, 1977). Regions

of high fluid flow can in turn result in features such as crack-seil veins (Ramsay, 1980) or

at least allow the drainage of the fluid from the rock system (Peacock, 2009). Changes in

the porosity and permeability therefore can occur during cracking of the material which

is eventually followed by earthquakes (Viete et al., 2018). Geophysical studies commonly

suggest relatively high fluid-filled porosities of up to 4 vol% (Egbert et al., 2022; Peacock

et al., 2011; Shiina et al., 2013), which is compatible with our model that builds up to 3-4

vol% of fluid when restricting the fluid extraction to the predicted brittle failure events

(Figure 3.5 and 3.6).

The petrochemical model ThorPT is further evaluated below, starting with the calcula-

tion method for the volume changes. Key model parameters are then discussed, including

the parameters of the mechanical model and the magnitude of pressure and temperature in-

crements. Finally, the model is discussed in terms of its applicability to natural case studies

by comparing the model results with natural observations from high-pressure rocks.

3.5.1 Reactivity of the system during increasing pressure and tempera-

ture

Gibbs free energy minimisation is performed at each P and T increment to simulate the

instantaneous re-equilibration of the reactive part of the system towards an equilibrium

state. This strategy does not take into account the transient small volume changes that

may occur during the increase in P and T prior to the reaction, i.e. when the previous

mineral assemblage and fluid are held metastable. The molar volume of a metastable

phase is pressure and temperature dependent and changes can affect the transient fluid

pressure prior to reaction. To test this effect, an unaltered basaltic rock composition was

modelled with Theriak-Domino (de Capitani & Brown, 1987; de Capitani & Petrakakis,

2010). The rock system undergoes a continuous devolatilisation reaction during garnet

growth from an arbitrary stage 1, at 500 °C and 2 GPa, and stage 2, at 550 °C and 2.15

GPa. The mineral assemblage predicted to be stable at stage 1 is omphacite, muscovite,

tremolite, glaucophane, epidote, hematite, lawsonite, quartz and rutile. At stage 2, garnet
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and fluid are predicted to be stable with epidote quartz omphacite, lawsonite and rutile. A

much larger temperature increment is considered here to explore the effect of metastable

persistence on the fluid pressure. The volumes of the phases predicted to be stable at stage

1 were calculated at 550 °C and 2.15 GPa using Theriak (de Capitani & Brown, 1987;

de Capitani & Petrakakis, 2010). The volume and density of the system at each stage

are summarised in Table 3.2 and shown in Figure 3.8a (see Supplementary Material S3

for modelling results). The calculated metastable system at stage 2.1 (Figure 3.8a) results

in a negligible densification of the rock from 3.1608 g/cm3 to 3.1612 g/cm3 compared

to stage 1 (Table 3.2). This densification is associated with a volume decrease of 0.01%

(Table 3.2). The re-equilibration of the system at Stage 2.2 (Figure 3.8a) results in a

decrease in rock density from 3.1608 g/cm3 to 3.1514 g/cm3 compared to Stage 1. This

reaction is associated with a 0.3% increase in volume (Table 3.2) due to the fluid producing

reaction and the presence of a free fluid phase in the system (Figure 3.8a). The production

of fluid at stage 2.2 results in an increase of the fluid pressure as shown in Figure 3.8a

using the valve mechanism. This increase in fluid pressure can lead to brittle failure

and fluid extraction, which would correspond to a densification of 3.1674 g/cm3 and an

associated volume reduction of 0.5% (Table 3.2). A fluid pressure of 2161.4 MPa can

be calculated using Equation 3.2.10 and a differential stress of 50 MPa (as in the model

in 3.4.2) when the system goes from Stage 1 to 2.2, i.e. without considering the volume

change caused by changing P and T for the metastable phases. If the metastable condition

of stage 2.1 is considered, the fluid pressure value obtained is slightly higher at 2161.7 MPa.

The difference of 0.3 MPa represents an increase of 0.01% when the metastable stage is

considered. This small difference was obtained for an unrealistically large temperature step

of 50°C, which is five times larger than the normal temperature step used in the model. The

effect of this pressure difference on the failure model is shown in Figure 3.8b. The positions

of the Mohr circle after displacement by fluid pressure are shown for the unmodified basalt

model using an S of 20 MPa and a Δσ of 50 MPa (see 3.4.2). The arrows show the

shift of the Mohr circle due to increased pressure for (1) the large model step size of 50 °C
and (2) the normal step size of 10 °C. The effect of the volume changes of the metastable

phases is insignificant compared to the magnitudes of the circle displacements, even for the

large temperature step of 50 °C considered here. Therefore, this effect is negligible in the

calculations of the fluid pressure and has been ignored in the model.

System condition Temperature [°C] Pressure [GPa] Volume [cm3] Density [g/cm3]

Stage 1 500 2.00 240.9220 3.1608

Stage 2.1 550 2.15 240.8869 3.1612

Stage 2.2 550 2.15 241.6341 3.1514

Stage 2.3 550 2.15 239.6871 3.1674

Table 3.2: Modelling results using Theriak summarizing the modelled system volume and density for

changing pressure and temperature.
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Figure 3.8: Conceptual model and results of the metastability test. (a) Density and volume changes for

modelling stages 1 to 2.3. Stage 1 represents the initial conditions with the system at thermodynamic and

mechanical equilibrium at 500 °C and 2.00 GPa. For stage 2, the system conditions are increased to 550

°C and 2.15 GPa. Stage 2.1, metastability, shows the densification of the metastable mineral assemblage

associated to a decrease of the total volume of the system. Stage 2.2, represents the thermodynamically

equilibrated system. Fluid and garnet are produced, and this reaction is associated with a decrease in

density, an increase in total volume and an increase of the fluid pressure shown by the valve mechanism.

Stage 2.3, the system reaches mechanical failure, fluid is extracted resulting in densification and a decrease

in the total volume. The grey dashed line is the reference line for the density at stage 1. The black solid box

always represents the same size with respect to the system volume at stage 1. (b) Example Mohr-Coulomb

diagram from an unmodified basalt simulation with S of 20 MPa and Δσ of 50 MPa. Coloured regions are

the fractured (red) and intact (blue) regions. Dashed black lines show the Mohr circle of the system for each

modelling step. The red line represents the failure envelope. Small black arrows indicate the calculated

shift of the Mohr circle when the metastable feedback is included in the failure model. The white box is a

zoom in to make the shift due to metastable feedback more visible.
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3.5.2 Parameters of the mechanical model

The presented petrochemical model predicts brittle failure of the system as a function of

volume and pressure changes. A simplification here is that fluid is always extracted during

brittle failure regardless of the amount of fluid-filled porosity. It is assumed that the

interconnectivity between pores is achieved during brittle failure and no fluid is retained

in the system. Every time no failure is predicted the fluid will be maintained in the

system, which is expressed as fluid-filled porosity, and can be possibly transported at depth

(Figure 3.5b and Figure 3.6). Fluid-filled porosity estimates have been reported in several

geophysical studies (Abers et al., 2009; Audet et al., 2009; Egbert et al., 2022; Gosselin

et al., 2020; Kodaira et al., 2004; Peacock, 2009; Peacock et al., 2011; Shiina et al., 2013).

The model results for the metabasalt as an example predict similar fluid-filled porosity of

up to 4 vol% before brittle failure is predicted and fluid extraction is assumed (Figures

3.5b and 3.6a).

The results of the mechanical model indicate that a minimum stress should be applied

as a function of the rheological strength to obtain a brittle failure of the system. This

minimum stress is expressed as the onset of the choke point in a fluid extraction vs. differ-

ential stress diagram (see Figure 3.6c-d and Figure 3.7). This choke point is the transition

from conditions resulting in no brittle failure (and zero fluid extraction) and reaching the

maximum number of steps with brittle failure. The transition from zero to the maximum

number of steps of brittle failure over an interval of 10 to 20 MPa is therefore always as-

sociated with fluid extraction (Figure 3.6 c-d and Figure 3.9). As shown in Figure 3.7,

the transition interval is similar for one rock type, in this case the metabasalt, thus com-

positional variability. Deviation from the metabasalt composition only result in different

amounts of fluid to be extracted, which is related to the stable abundance of hydrous

phases. Increasing the tensile strength of the same rock type shifts the onset of the choke

point to higher differential stress values (Figure 3.7a). The serpentinite model correspond-

ing to a rheological weaker rock shows that the choke point is located at lower values of

differential stress around 5 MPa (Figure 3.6d). The interval to the highest possible fluid

extraction is also smaller at ∼10 MPa, represented by the number of brittle failures and

therefore assumed extraction steps.

The simulation of brittle failure occurs in the typical range of differential stress values

reported in the literature (Figure 3.4b). Several reports exist of natural occurring veining in

eclogite, which is explained by pulsed internal fluid release by mineral breakdown reactions

and coupled to shear or tensile failure (Angiboust et al., 2011; Angiboust & Raimondo,

2022; Philippot & Selverstone, 1991; Strating & Vissers, 1991; Taetz et al., 2018; Yamato

et al., 2019). As the modelling results of the metabasalt demonstrate, a consecutive brittle

failure for multiple distinct episodes can be achieved using a medium differential stress
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value of 50 MPa and a tensile strength of 20 MPa (Figure 3.6a). Assuming that the

fluid is extracted at each brittle failure event possibly explain the observed veining. Also,

Warren-Smith et al. (2019) explain slow slip events (SSE’s) in the subducting oceanic

crust by demonstrating that episodic failure and fluid overpressure occurs for differential

stresses of maximal 55-80 MPa. This aligns well with the stronger lithology model of

the metabasalt, which showed the choke point for the onset of episodic brittle failure at

∼40 MPa (Figure 3.6a+c, Figure 3.7). Condit, French, et al. (2022) examined crack-seal

veins in metasedimentary rocks and concluded in a differential stress of <35 MPa that

facilitated elevated pore fluid pressures and resulted in slow slip and tremor. This would

represent a lithology, which is rheological weaker than the metabasalt model. Strating

and Vissers (1991) reported the localization of deformation in antigorite-rich serpentinites

mylonites and the occurrence of olivine + Ti-clinohumite veins. Brittle failure of the rock

was proposed to be linked to antigorite breakdown at a shear stress of 5 MPa below 40 km.

Similar brittle failure at low differential stresses are shown in the model of the serpentinite

representing a weak lithology (Figure 3.6b+d).

3.5.3 Pressure and temperature simulation increments

The incremental increase of P and T regulates the magnitude of the volume change as

large increments can result in larger volume changes during a continuous reaction. The

step size values in P and T can therefore have a drastic effect on the integrated model

especially for the evaluation of brittle failure. In the models shown above, a step size of 500

MPa and 10 °C was used to add a small delay to the reactivity of the system, as an analogy

to reaction overstepping. Reaction overstepping represents a delay in a reaction caused by

kinetic barriers to nucleation and growth (e.g., Pattison et al., 2011; Yamato et al., 2022).

A model with 100 MPa and 1 °C step size, representing a system with small kinetic barriers

was used to assess the sensitivity of the model to smaller increments. Figure 3.9 shows

the comparison between the standard simulation corresponding to medium kinetic barriers

using the metabasalt with a tensile strength of 20 MPa and the high resolution step size

model corresponding to low kinetic barriers along the same P–T trajectory.

Both models predict low fluid extraction during progressive chlorite breakdown up to

∼500 °C (Figure 3.9a) for S of 20 MPa and aΔσ of 50 MPa (see 3.4.2). Chlorite dissolution

then accelerates and the model with the smaller kinetic barriers has more steps associated

with brittle failure between 500 and 525 °C. This results in more fluid extraction steps and

less fluid-filled porosity that can form in the system, but in a similar cumulative amount up

to 505 °C compared to the larger step size model (Figure 3.9). After this point, the larger

step size simulation does not predict failure for the generated fluid pressure and volume

changes because the next Gibbs free energy minimisation is performed at conditions when
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chlorite is no longer stable. The small step size model instead simulates small volume

changes first during chlorite dissolution and then during amphibole dissolution (Figure

3.9a, b). The consequence of these more frequent steps is that a fluid pressure is built up

and maintained for each simulation step, leading to brittle failure of the system. Larger

volume changes, on the other hand, result in a weakening effect, as the volume drop is

greater and falls below the failure conditions at 515 °C (Figure 3.9c). The model therefore

preserves the fluid while the fluid pressure starts to build up during amphibole breakdown,

eventually reaching brittle failure at 545 °C.

The fluid extraction style resembles a longer continuous fluid extraction episode for the

simulation with smaller step size. This behaviour can also be seen at the blueschist to

eclogite transition between 525 and 620 °C (see Figure 3.6a and 9a). Both models predict

the same cumulative amount of fluid extracted at the end of the blueschist to eclogite

transition of ∼5.5 vol% but for different duration. A similar behaviour is observed for the

reaction with talc up to a cumulative fluid extraction of ∼6 vol% (Figure 3.9a). Previ-

ous studies emphasized that a gradual and continuous fluid extraction is not expected for

the transition from lawsonite blueschist to lawsonite eclogite (Tsujimori & Ernst, 2014).

The model with low kinetic barriers is therefore less consistent with the natural record of

fluid infiltration events during prograde metamorphism. The model with moderate kinetic

barriers should be preferred when simulating prograde metamorphism for subduction set-

tings. A similar behaviour is observed for the reaction with talc up to a cumulative fluid

extraction of ∼6 vol% (Figure 3.9a).

The model with smaller kinetic barriers predicts the same fluid extraction behaviour

for low (<40 MPa) and high (>55 MPa) differential stresses (Figure 3.9c). The number

of extraction steps in comparison to the default model is almost ten-times larger reaching

∼290 steps. This behaviour is more like a continuous episode of fluid extraction from a

continuously reacting system, but each extraction resembles a smaller volume of fluid. Both

models show the onset of brittle failure for differential stress values above ∼40 MPa. The

onset has a steeper increase in extractions step for the model with low kinetic barriers due

to more but smaller fluid extractions caused by the model increment size. The choke point

corresponding to the transition from no extraction to the maximum number of extractions

is narrower in the low kinetic barrier model (Δσ ∼55 MPa) compared to the standard

model (Δσ ∼60 MPa; see Figure 3.9c). This corresponds to the last fluid extractions of

the talc reaction, which is attained earlier for the model with low kinetic barriers (Figure

3.9a).



3.5. DISCUSSION 95

Figure 3.9: Simulation of two models with higher (default model) and lower kinetic barriers. (a) The

cumulative extracted fluid comparing both models for the metabasalt composition using an S of 20 MPa

and Δσ of 50 MPa. Coloured bars show the duration of the blueschist to eclogite transition (BSE) with

associated fluid extraction for both simulations. (b) Volume changes during the chlorite-out reaction (c)

Total number of extraction events predicted for different values of differential stress. Left y-axis shows the

smaller step size model whereas the right y-axis shows the larger step size model.
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3.5.4 Fluid extraction in serpentinites and associated textures

Serpentinites play an important role in subduction zones due to their high fluid storage

capacity and large amounts of fluid extracted during dehydration reactions (Kempf et al.,

2020; Padrón-Navarta et al., 2010; M. W. Schmidt & Poli, 2014; Ulrich et al., 2024). The

first formation of metamorphic olivine is associated with a dehydration reaction involving

brucite and antigorite (450–500 °C in Figure 3.6b). In the Zermatt-Saas ophiolite located

in the Western Alps, this reaction results in the formation of (i) cm sized patches of olivine

in massive Ol-Atg-serpentinites, (ii) olivine in cm sized shear bands of serpentinites, (iii)

olivine in cm wide shear zones in serpentinites, and (iv) olivine in cm sized veins (Ulrich

et al., 2024). The second formation of metamorphic olivine is associated to antigorite

dehydration (Jabaloy-Sánchez et al., 2022; Padrón-Navarta et al., 2010; Trommsdorff et

al., 1998). In the Cerro del Almirez ultramafic massif, this reaction is associated with

(v) olivine formation with spinifex-like textures, (vi) cm sized olivine crystals, and (vii)

crosscutting bands on the cm size related to grain size reduction in chlorite-harzburgites

(Padrón-Navarta et al., 2010, 2011; Trommsdorff et al., 1998). Those textures are thought

to result from microcracking during brittle failure induced by hydrofracturing.

The serpentinite model presented in Figure 3.6 predicts a large fluid production at the

onset of the brucite and antigorite breakdown reaction. Multiple brittle shear failure events

are predicted by the model during the first dehydration reaction of brucite and antigorite

as both the amount of fluid released and the amount of olivine increase. The associated

formation of olivine during brittle shear failure is consistent with the natural occurrence

of textures (i) to (iv) observed in the Western Alps (Ulrich et al., 2024).

Permeability values can be used to evaluate the possible passage of fluid through a rock

and can be estimated from the model by the amount of fluid extracted over time calculated

from the time-integrated fluid flux (Ague & Nicolescu, 2014; Bovay et al., 2021; Manning

& Ingebritsen, 1999). Figure 3.10 shows the calculated permeability for the modelled

fluid extraction episodes for the serpentinite (same settings as in Figure 3.6b). For the

first episode of olivine formation and dehydration starting at ∼450 °C, centimetre-scale

fractures and veins are assumed to have a surface area of 0.01 m2 through which fluid

passes when produced from 1 m3 of serpentinite. The calculation results in permeability

values of 10-19 to 10-18 m2 (Figure 3.10). A smaller surface area of 0.001 m2 would increase

permeability by an order of magnitude. The lower limit of 10-19 m2 is similar to the crustal

permeability estimated by Manning and Ingebritsen (1999).

The second episode of olivine formation during the final antigorite breakdown at ∼670

°C is associated with a large fluid production of ∼10 vol% in total (Fig. 3.6b). The serpen-

tinites model predicts brittle shear failure associated to the fluid production. This series

of brittle failure events is associated with a second phase of olivine formation. Addition-
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ally, orthopyroxene and chlorite are predicted to be stable by the model. These results

are consistent with the textures (v) to (vii) described by (Padrón-Navarta et al., 2010)

and (Trommsdorff et al., 1998). Calculated permeability results in high values, slightly

above 10-19 m2, assuming the discharge surface of 0.01 m2 (Figure 3.10). After antigorite

breakdown small volume changes are predicted, associated with minor chlorite dehydration

in the model. This reaction results in a new series of brittle failure events following the

brittle response during the final antigorite breakdown. For this stage, permeability values

are <10-20 m2 for a discharge surface of 0.01 m2 (Figure 3.10). Small fractures on the µm to

mm scale and grain size reduction of olivine associated with brittle failure have been docu-

mented in samples from Cerro del Almirez (Jabaloy-Sánchez et al., 2022; Padrón-Navarta

et al., 2010; Trommsdorff et al., 1998) and could be associated to the partial consumption

of chlorite occurring after antigorite breakdown. Smaller fluid pathways described by a

smaller discharge area of 0.001 m2 result in permeability values above 10-20 m2 (white

diamonds in Figure 3.10). The simulation of a dehydrating serpentinite can potentially

explain brittle failure and associated textures such as for the formation of olivine in veins,

shear bands, and/or shear zones. The associated fluid production can therefore represent

either large fluid extraction in structural conduits on the cm scale or possibly pervasive

fluid flow (e.g., Bovay et al., 2021), whereas small amounts of fluid possibly occur smaller

pathways such as fractures or veinlets on the mm or even µm scale.

3.5.5 Garnet as a proxy for fluid extractions

Garnet is one of the most used proxies to retrieve the amount of fluids produced during

prograde metamorphism (Baxter & Caddick, 2013) and its major element zoning has been

used as a recorder of seismic cycles (Viete et al., 2018). The integrated model can predict

the brittle failure events associated to garnet growth. A possible correlation between

major element zoning and brittle failure events is discussed using a compositionally zoned

garnet from vugs observed in a Fe-Ti metgabbro of the Monviso area of the Western

Alps (Angiboust & Raimondo, 2022). This high-pressure unit experienced peak conditions

of 2.6–2.9 GPa and peak temperatures of 530–570 °C during alpine oceanic subduction

(Angiboust & Raimondo, 2022). Oscillatory zoning in MnO has been reported for a garnet

grain from a vug. The core of the grain contains larger zones of increasing and decreasing

MnO within 300 µm, followed by an ∼500 µm mantle zone with a smooth decrease in MnO

towards the outside of the grain (Figure 3.11a). Finally, a series of small overgrowths with

an oscillatory MnO pattern form a ∼120 µm rim of the garnet.

The prograde history of this sample was simulated with ThorPT using the bulk rock

composition, the P–T path from 445 °C and 17.0 GPa to 570 °C and 3.1 GPa and addi-

tional values for the subduction rate and angle from Angiboust and Raimondo (2022). The
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Figure 3.10: Calculated permeability of the serpentinites simulation (Figure 3.6b) from 1 m3 of rock over

a discharge surface of 0.01 m2 or 0.001 m2. Values represent the corresponding permeability when brittle

failure occurs and associated fluid is assumed to be extracted. Purple areas highlight the duration of brucite,

antigorite, and/or chlorite dehydration. The predicted permeability over depth estimated by Manning and

Ingebritsen (1999) is shown as a gray dashed line for reference. Field of impermeability after Ganzhorn

et al. (2019).
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model was performed in the simplified Na2O-CaO-K2O-FeO-MnO-MgO-Al2O3-SiO2-H2O-

O2 (MnNCKFMASHO) system using the thermodynamic dataset of Holland, Baker, and

Powell (1998) instead of Holland and Powell (2011) with similar solution models used by

the authors (see Supplementary S1 and S4 for details). Note that Mn was included in the

model compared to Angiboust and Raimondo (2022) as it allows garnet to be predicted to

be stable at lower temperatures widening the T windows in which fluids are produced dur-

ing eclogitisation. In addition, garnet fractionation was enabled to provide a more realistic

model. Modelling increments were set to 10 °C steps assuming a system with moderate ki-

netic barriers (see 3.5.3) and pressure steps to 500 MPa. A tensile strength of 20 MPa and

differential stress of 52 MPa were used. The simulation results are presented as a mode box

diagram in Figure 3.11b. Several brittle failure episodes are predicted to occur during the

crystallisation of this garnet related to compositional changes (Figure 3.11c). The predicted

garnet compositions are shown using the spessartine fraction (Mn/(Mn+Fe+Mg+Ca)) as

concentric growth shells using a circular shape. Each growth shell represent an instan-

taneous garnet growth episode at given P and T conditions. Multiple growth shells are

predicted after the core growth and in the outer part of the grain before the rim. The pre-

dicted pattern resembles the observations made in the natural garnet, but the simulated

garnet core has more Mn than the natural sample (Figure 3.11a). The increase of Mn

observed in the sample, cannot be reproduced as the model assumes a closed system for

Mn and does not consider possible garnet resorption along this P–T path. Mn can only

decrease from core to rim due to Rayleigh fractionation with the mineral matrix. However,

it is interesting to notice that the frequency of the Mn-zoning in the natural sample can be

linked to the brittle failures events predicted by the model and caused by garnet growth.

If linked to fluid extraction — as assumed in this work — these can explain variability in

the diffusivity of Mn in the intergranular medium or an open system behaviour with an

external Mn source.
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Figure 3.11: Summary of the natural occurring garnet from Monviso Lago Superiore Unit (Angiboust &

Raimondo, 2022) and simulation results with ThorPT. (a) Sketch of the chemically zoned garnet as in

(Angiboust & Raimondo, 2022) and the representative transect from core to rim. (b) Modelling results

showing the box mode diagram, cumulative fluid extractions, and events of mechanical failure. (c) The

simulated garnet presented as a sphere showing the spessartine fraction (X Sps = Mn/(Mn+Fe+Mg+Ca))

as a colormap after diffusion. Arrows indicate the brittle failure events associated with the growth shell

(dashed grey lines) when garnet fractionates during the simulation. Mineral abbreviations are after Warr

(2021).
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3.6 Conclusion

The development of a petrochemical model combined with a mechanical model is critical

to understanding how metamorphic reactions can be coupled with brittle failure of the

rock during major dehydration reactions. The software ThorPT allows the user to set up

a simulation tailored to the geological problem of interest on a customised P–T path.

The results presented in this study show that the volume changes caused by metamor-

phic reaction and associated with fluid production are sufficient to initiate brittle failure

at moderate differential stresses (40 - 50 MPa) for basaltic rocks assuming a competent

rheology (20 MPa for tensile strength). Serpentinites with less competent rheology have a

higher potential for brittle failure and are more sensitive to the mechanical stress. A higher

mechanical resistance or low differential stress values can lead to episodic failure events.

It is known that brittle failure and crack formation increase the permeability of a rock

and it is assumed here that fluid is extracted when brittle failure occurs. For episodically

failing rocks this results in episodes of large fluid extraction rather than a small volume

of fluid extracted continuously in the crust as assumed in other models. Distinct episodes

of fluid extraction associated with brittle failure further support the link between meta-

morphic fluids and the occurrence of episodic tremor and slip events in subduction zones

already suggested by many studies (Abers et al., 2009; Audet et al., 2009; Hacker, Abers,

& Peacock, 2003; Kodaira et al., 2004; Oliver & Bons, 2001; Padrón-Navarta et al., 2013;

Peacock, 2009; Peacock et al., 2011; Sippl et al., 2018; Taetz et al., 2018; Yardley, 1986).

Application of the model to subduction zone metamorphism shows that episodic and

large fluid flows can be associated with brittle failure. These features are compatible with

cm-sized veins and shear zones observed in serpentinites from the European Alps and

Spain. Similar, failure events may be related to the geochemical zoning pattern recorded

in a garnet grain of a metagabbro sample from the Western Alps. Consequently, a pulsed

and localised fluid distribution in the crust may have implications for the fluid migration

dynamics and mass transfer.
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Abstract

Dehydration during metamorphism in subduction zones plays a crucial role in the re-

distribution of fluids within the subducting oceanic crust, which can lead to significant

fluid-rock interactions. If the fluids released from a particular rock type interact with

other rock types, these interactions, and the associated chemical changes, can be traced

using isotopic mineral compositions, specifically oxygen isotopes (δ18O). This study fo-

cuses on the quantification of small δ18O variations to investigate fluid-rock interaction

processes in three representative fragments of subducted oceanic crust outcropping at

Achladi, Katergaki, and Ormos Lakkoi on Syros Island (Cyclades, Greece). The sam-

pled sequences consist of metamorphosed mafic pillows, metasediments, and metagabbro,

which all exhibit a hydrothermal overprint inherited from seafloor alteration under various

temperature conditions. Garnet core δ18O values reflect this interaction, with 11-13‰ at

Achladi, 8-11‰ at Katergaki, and 4-5‰ in the metagabbro at Ormos Lakkoi. Notably,

eclogites and blueschists at Achladi and Ormos Lakkoi show relatively homogeneous δ18O

values, suggesting an absence of interaction with an external fluid in isotopic disequilibrium

during garnet growth, a contrast to the evidence of strong metasomatic processes reported

on Syros.

The first stage of fluid interaction with an external fluid in isotopic disequilibrium is

marked by δ18O increases in the Katergaki sequence where garnet rims record higher values

up to 12‰. This shift in the oxygen isotopic composition is interpreted as reflecting the

interaction with isotopically heavier fluids during high-pressure metamorphism. Late re-

crystallization of phengite, with δ18O values of 11-13‰, indicates rock-scale equilibration

with this external fluid, likely sourced from dehydrating mafic lithologies. Petrochemi-

cal modeling of fluid transfer within a multi-rock sequence supports this interpretation,

showing that hydrous phase stabilization contributed to fluid recycling and isotopic re-

equilibration. These findings have implications for understanding pervasive fluid flow in

subduction zones.

A second stage of fluid-rock interaction is marked by cross-cutting carbonate veins in

both Achladi and Katergaki, which formed later, during greenschist metamorphism. These

veins, are associated with a CO2-rich fluid, exhibit δ18O values of 14-16‰ and δ13C values

of 2‰ to -2‰, reflecting a distinct infiltration event and could have been sourced from

the marbles on Syros.
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4.1 Introduction

Subduction zones play a major role in the large-scale geochemical cycles where crustal

material is recycled into the mantle. Subduction of crustal material is closely linked to

arc magmatism, formation of continental crust and has driven the evolution of mantle

geochemistry throughout Earth’s history. High-pressure metamorphic rocks outcropping

in the collision belts are relicts of fore-arc (depths of 40-80 km and ≤650 °C) and sub-arc (at

≥100 km and ≥700 °C) processes (Hermann et al., 2006). The destabilisation of hydrous

phases during burial releases aqueous fluids which are important drivers of subduction zone

processes, such as partial melting of the mantle wedge (Austrheim, 1987; Compagnoni et

al., 1995; Schmidt & Poli, 2014).

The most abundant lithologies in the subducting crust are 1) mafic rocks such as mid-

ocean-ridge basalts, ocean island basalts, or arc volcanic rocks, carrying up to 5-6 wt%

of water to blueschist facies conditions (Schmidt & Poli, 1998), 2) sediments can carry

2-3 wt% mineral bound water and are the main reservoir for LILE, Th, U, Li, B, and

Pb, and contribute these elements to transfer processes from the slab to the mantle wedge

(Bebout & Penniston-Dorland, 2016; Plank & Langmuir, 1993; Schmidt & Poli, 2014),

and 3) serpentinites, a major source of aqueous fluids carrying up to 13 wt% of fluid and

are an important player for the redox budget (Piccoli et al., 2019; Ulmer & Trommsdorff,

1999; Vieira Duarte et al., 2021). A good understanding of the lithologies involved in the

subduction zone and the associated fluid budget has been achieved, but it remains unclear

how fluids are redistributed within and between the different units before finally reaching

the mantle wedge (Bebout, 2014; Hermann et al., 2006; Plank & Langmuir, 1993; Poli &

Schmidt, 1995).

Ocean-floor basalts can preserve their original oxygen isotope composition during sub-

duction, which is then transferred to the deeper mantle (J. A. Miller et al., 2001; Putlitz

et al., 2000). If these metabasalts interact with an external fluid in isotopic disequilibrium,

their oxygen isotope composition will change by a magnitude depending on the degree of

interaction and the difference in isotopic composition (Baumgartner & Valley, 2001; Martin

et al., 2014; Putlitz et al., 2000; Rubatto & Angiboust, 2015; Vho, Lanari, Rubatto, &

Hermann, 2020). The exhumed rocks and their isotopic composition can potential be used

to identify fluid-rock interactions. Isotope studies have revealed that unaltered MORB

and gabbros from ophiolitic sequences typically exhibit an average δ18O value of 5.7±0.2

‰ (Gregory & Taylor, 1981; Ito & Clayton, 1983; Ito et al., 1987). Rocks undergoing

seafloor alteration before subduction can experience significant shifts in their δ18O values

(Alt et al., 1986; Gregory & Taylor, 1981; Muehlenbachs, 1986). Alteration during ex-

change with seawater at high temperatures will decrease δ18O up to 13 ‰, and alteration

at low temperatures will increase δ18O by 3-4 ‰. The δ18O value of a rock can change in
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two primary ways: a homogeneous alteration caused by pervasive fluid infiltration along

grain boundaries or through crack systems at a macroscopic scale, and a heterogeneous

alteration resulting from channelized infiltration along veins, shear zones, or other textural

conduits (Baumgartner & Valley, 2001). Fluid-rock interactions during metamorphism can

leave distinct records in metamorphic minerals at the micrometer scale. Minerals such as

garnet, phengite, lawsonite, calcite, zircon, titanite, and rutile have been effectively utilized

to trace evidence of fluid-rock interaction in high-pressure rocks (e.g., Barr, 1989; Bovay

et al., 2021, 2022; Kang et al., 2024; Martin et al., 2011; Page & Storey, 2023; Rubatto &

Angiboust, 2015; Rubatto et al., 2023; Vho, Lanari, Rubatto, & Hermann, 2020).

The prediction of the oxygen isotope composition of minerals and fluids in a system is

governed by the isotope fractionation of the coexisting mineral phases and the fluid phases

(Kohn, 1993; Vho, Lanari, Rubatto, & Hermann, 2020; Vho et al., 2019). The fractiona-

tion model is valid for a closed system that does not experience any changes from external

processes. Temperature is the main controlling variable for the isotope fractionation ex-

pressed as a second-order polynomial of 103/T for a phase assemblage in equilibrium (Vho

et al. (2019) and references therein). The oxygen isotope composition of mineral phases at

changing pressure (P) and temperature (T ) conditions can be predicted by petrochemical

models, which combine the thermodynamic modeling of phase equilibria with a model for

oxygen isotope fractionation (e.g., Kohn, 1993; Vho, Lanari, Rubatto, & Hermann, 2020).

The application of such petrochemical models allows a quantitative interpretation of intra-

grain variation of δ18O of key metamorphic mineral phases such as garnet. It has been

shown with these models that the combined effect of isotope fractionation at temperatures

above 350 °C, garnet fractionation, and the removal of excess fluid from the system is lower

than 1‰ for phases such as garnet, phengite, or lawsonite and about 1‰ per 100 °C for

quartz, calcite and rutile (Kang et al., 2024; Vho, Lanari, Rubatto, & Hermann, 2020;

Vho et al., 2019). In addition, petrochemical models allow the simulation of fluid-rock

interactions with externally-derived fluids, and to quantify the resulting intra-crystalline

δ
18O variations of metamorphic minerals under specific open-system scenarios Vho, Lanari,

Rubatto, and Hermann (2020). For a correct quantification of the fluid masses compared

to the rock it is necessary to account the volumes of lithological units, for example based

on outcrop observations.

The two main challenges in reconstructing detailed fluid-rock interaction histories are

(i) distinguishing between open and closed system behavior, and (ii) to quantifying the

degree of fluid-rock interaction. The second one can be done by calculating time-integrated

fluid fluxes, which represents the volume of fluid infiltrating a specific rock volume over

a defined surface area within a given timeframe (Ague & Nicolescu, 2014; Baumgartner

& Valley, 2001). Because different minerals i.e., garnet and phengite can grow and/or

be stable under different pressure-temperature conditions (e.g. prograde or retrograde),
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an isotopic study combining more than one mineral provides a more complete fluid-rock

history (see Kang et al., 2024; Page & Storey, 2023; Rubatto et al., 2023). For example,

Rubatto et al. (2023) demonstrated for a single outcrop from Lago Di Cignana (Italy,

European Alps) that the interaction with fluids from dehydrating mafic lithologies at peak

metamorphic conditions can be retrieved by combining δ18O in mica and garnet, whereas

a later stage of fluid infiltration could be identified by strong changes in δ18O (≥ 10‰)

in garnet result from external fluid influx. Precise estimates of when the fluid infiltration

occured along the P–T trajectory were significantly improved by combining data from both

garnet and phengite. Page and Storey (2023) used garnet, rutile and titanite δ18O from

the Franciscan complex combined with trace element compositions to reconstruct the fluid

history of the mafic protolith and modification by polymetamorphic events. This approach

required careful constraints from all three mineral phases, as the δ18O values related to

hydrothermal alteration in the protolith were altered in garnet rims and matrix rutile due

to external fluid infiltration at the high-pressure peak of metamorphism.

Fluid production during progressive burial in subduction zones can be estimated through

petrological models, which predict stable mineral phase assemblages and can be used to

quantify the fluid production based on equilibrium thermodynamics (e.g., Baxter & Cad-

dick, 2013). Such models can be further integrated with chemical models to calculate

isotope or trace element compositions, offering a more comprehensive approach. Recent ad-

vancements, for instance, have demonstrated how trace element partitioning between fluid

and rock can be modeled to explain the trace element patterns observed in high-pressure

minerals (Konrad-Schmolke et al., 2011). Additionally, by coupling the calculations of

oxygen isotope compositions of mineral phases and fluids, it is possible to simulate both

closed and open system behaviors (Kohn, 1993; Vho, Lanari, Rubatto, & Hermann, 2020).

Extending these models to account for fluid-rock interactions in multi-rock systems pro-

vides a valuable framework for tracking and quantifying these processes during prograde

metamorphism.

This study focuses on the reconstruction of fluid-rock interaction history in three out-

crops of a volcano-sedimentary suite located in the southeastern region and western region

of Syros, Greece (Cyclades), through the application of stable isotope geochemistry and

petrochemical modeling. Major element mapping is combined with stable isotope analysis

across multiple mineral phases—using secondary ion mass spectrometry (SIMS) for silicates

like garnet and phengite, and dual inlet mass spectrometry for carbonates—to investigate

processes on both micro and macro scales. This integrated approach is essential, as the

different mineral phases formed and/or recrystallized under different pressure-temperature

(P-T ) conditions, providing valuable insights into fluid interaction dynamics. Variations

in oxygen isotope compositions from core to rim in chemically zoned garnet and phengite

help trace fluid infiltration patterns, distinguishing between pervasive and channelized flow.
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These observations are supported by outcrop and microscale textural data. Potential fluid

sources are identified through oxygen isotope compositions recorded in garnet, phengite,

and carbonate. The combination of natural data and petrochemical simulations based

on outcrop observations allows for the quantification of fluid production, migration, and

interaction processes at the outcrop scale.

4.2 Geological background

Syros is an island from the Cycladic Archipelago located in the centre of the Aegean domain

(4.1a). The island resembles a part of the Cycladic Blueschist Unit (CBU), which is a piece

of a fossilized subducted crust belonging to the Pidnos oceanic domain (Bonneau, 1984;

Bonneau & Kienast, 1982). Today, it lies in the back-arc of the active Hellenic subduction

zone (Ferriere et al., 2024; Jolivet et al., 2015; Laurent et al., 2016). In general, the CBU

parts on Syros comprises a complex assemblage of schists, thick marbles, metabasites, and

ultramafics that underwent HP–LT metamorphism typical of subduction zones. These

lithologies represent remnants of a former oceanic-crust, including gabbros, cumulates,

dikes, pillow lavas, and hydrothermal sediments, along with quartzites and banded tuffitic

schists. Thes fragmented ophiolitic pieces are locally tectonically repeated and appears

across the island as multiple smaller volcanic-sedimentary sequences (e.g., Keiter et al.,

2011; Laurent et al., 2018; Marschall et al., 2006, 2009; Uunk et al., 2022). The whole

CBU can be subdivided into three subunits by their extensional top-to-the east shear

zones, lithology and metamorphic facies (Laurent et al. (2016); Figure 4.1b). From bottom

to top this is (1) the Posidonia Subunit composed of the felsic gneiss of Komito below

albitic micaschists and rare boudins of metabasite and thin marble layers, (2) the Chroussa

Subunit as a sequence of alternating micaschists, thick marble layers and metabasites, and

(3) the Kampos Subunit representing a tectonic mélange of metabasites wrapped into

serpentinites with minor abundance of qz-phg schists. All of the subunits have undergone

similar HP-LT metamorphism and peak P–T conditions (Laurent et al., 2018; Skelton

et al., 2019; Trotet et al., 2001). The Chroussa and Kampos subunit records blueschist to

eclogite metamorphism, while the Posidonia subunit mostly records a greenschist overprint.

The peak P–T conditions in the CBU on Syros are estimated to be at 2.2 ± 0.2 GPa and

530 ± 30 °C (Gorce et al., 2021; Laurent et al., 2018; Skelton et al., 2019; Trotet et al.,

2001; Tual et al., 2022).

This study focuses on two outcrops Achladi and Katergaki located along the south-

eastern coast and one outcrop in the West occurring as an isolated block (Figure 4.1).

A detailed map of the deformation features in the south-eastern part can be found in

Gerogiannis et al. (2024). All outcrops belong to the Kampos Subunit and recorded HP–LT

metamorphism with eclogite and blueschist facies assemblages, locally retrogressed into
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greenschist (Figure 1). In these localities, slightly lower peak P–T conditions were proposed

(Skelton et al., 2019) with a prograde lawsonite blueschist facies stage at 1.2 to 1.9 GPa

and 410 to 530 °C and a peak stage at 2.1 GPa and 520 °C (see Figure 4.2). Greenschist

facies overprint conditions were estimated at 0.34 ± 2.1 kbar and 456 ± 68 °C (Skelton

et al., 2019). It was proposed by these authors that the rocks from Achladi and Katergaki

did not record the isobaric heating stage during exhumation (Laurent et al., 2018), which

was also proposed for high-pressure rocks from Tinos and Andros (Huet et al., 2015; Parra

et al., 2002).

Garnet dating in the region provided constraints on the timing of garnet growth during

burial, while later growth during exhumation is typically not preserved. Exhumation is

recorded in garnet primarily through resorption and alteration, for example during the

greenschist facies overprint. Bulk garnet Lu-Hf dating provided an age of 51.9 ± 1.4 Ma

interpreted as reflecting garnet growth (Lagos et al., 2007). Gorce et al. (2021) dated

zoned garnet crystals from a qz-rich metasediment sample from Katergaki using Sm-Nd

and obtain ages of 45.3 ± 1.0 Ma for the core and 40.5 ± 1.9 Ma for the rim. This sample

is from the same sequence analysed in our study. The obtained ages were combined with

P–T estimates from quartz-in-garnet elastic geobarometry and thermodynamic modeling,

indicating an initial exhumation after peak pressure starting at 2.0 to 2.2 GPa and 500 to

560 °C (Gorce et al., 2021, Figure 4.2). Garnet Lu-Hf dating of single growth zones cut

using laser milling was applied to another qz-rich metasediment sample from Katergaki.

This garnet grain recorded prograde growth between 51.8 ± 0.1 Ma and 51.3 ± 0.2 Ma

at 2.3 GPa 500-550 °C (Tual et al., 2022). Additional age constrains were obtained on

phengite from various localities on the island of Syros with a range from 52 to 30 Ma,

interpreted as reflecting peak to retrograde growth or re-equilibration (Barnes et al., 2024;

Bröcker & Enders, 2001; Cliff et al., 2017; Laurent et al., 2021; Maluski et al., 1987; Putlitz

et al., 2005; Skelton et al., 2019).
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Figure 4.1: Geological maps of Greece and Syros. (a) Simplified geological map of Greece highlighting

Syros (after Keiter et al., 2011). (b) Geological map of Syros modified after Laurent et al. (2016). Location

of the two main outcrops Achladi and Katergaki are highlighted as well as the location of the sampled

metagabbro.
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Figure 4.2: P–T diagram showing compiling different P–T paths, mineral reactions, and garnet growth

ages. Black curve represents the path for rocks in the south of Syros from Skelton et al. (2019). The red

path (L18) shows the P–T path representing multiple high-pressure subunits on Syros based on Laurent

et al. (2018). For reference the average geotherm from Penniston-Dorland et al. (2015) (dashed green line

PD15) as well as the intermediate geotherm from Gerya et al. (2002) (dashed purple line G2) are displayed.

Blue polygons represent the garnet growth and ages from Gorce et al. (2021) and the reddish poylgons the

garnet growth and ages from Tual et al. (2022). Lawsonite-out reaction is highlighted as dashed gray line

Bovay et al. (2021) (B21) as well as the transition from quartz to coesite. Antigorite and brucite reaction to

olivine and water visualized as grayish dashed line is from Hermann et al. (2000). Fields of the metamorphic

facies are separated by gray lines.
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4.3 Petrology and petrography

4.3.1 Field relationship, outcrops, and sample description

Three different outcrops have been studied Achladi and Katergaki in the SE of Syros and

Ormos Lakkoi in the West of Syros near Galissas (Figure 4.1). Images and 3D reconstruc-

tions of the Achladi and Katergaki outcrops are shown in Figure 4.2, 4.3, and 4.5. Five

different rock types were collected from the three localities and were classified as eclogite,

blueschist (blueschist and epidote blueschist), greenschist, qz-phg schist, and metagabbro

(Table 4.1, Figures 4.2, 4.3, and 4.5).

Field relationship

The sampled outcrops belong to the Kampos unit in the CBU and resemble different parts

of an former oceanic-crust sequence, which are now distributed over the island of Syros

probably due to the intensive thrusting and normal faulting (e.g., Ring et al., 2020). The

specific sequences Achladi and Katergaki are located approximately 860 meters separated

from each other in southeastern Syros, while Ormos Lakkoi is situated about 7 kilometers

away on the west coast of the island (Figure 4.1). In between the scattered remnants of the

oceanic crust the major geological formations on Syros are characterized by an alternating

layers of schists and marbles (Keiter et al., 2011).

Achladi sequence

The first sequence Achladi consists of a single outcrop of 50 m wide and 12 m high,

consisting of pile of stacked boudins varying in size from decimeter to meters (Figure 4.3a-

c, Figure 4.2a). The main rock types observed in this sequence are (epidote-) blueschist

and eclogite. The boudins at Achladi are a locus typicus where the boudins have an

eclogitic core of 10 to 50 cm in diameter and blueschist rims of 5 to 10 cm thickness.

The matrix between the boudins is composed mostly of blueschist varying between 10 cm

to 1m thickness showing a sedimentary texture and a pale blue color. Furthermore, the

boudins are wrapped and/or crosscut by several generations of carbonate veins. (Figure

4.4a-e). The veins contain calcite, siderite, dolomite and rarely quartz; cm-sized aragonite

lenses were also found in nearby dislocated blocks that contain cm-sized eclogitic lenses

in a carbonate-rich, sedimentary matrix (Figure 4.4f). The eclogite sample SY21-05 and

blueschist samples SY21-04 and SY21-07 from this sequence were used for oxygen isotopes

analysis of garnet and phengite.
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Katergaki sequence

The second sequence, Katergaki, is located on the coastline between the village of Fabrikas

in the east and the Katergaki cape in the west (see Figure 4.1). This locality is also referred

to as Fabrikas in the literature (e.g., Gorce et al., 2021; Ring et al., 2020; Skelton et al.,

2019; Tual et al., 2022) but is not used here to avoid confusion with the Fabrikas locality in

the village itself. In Katergaki, deformed layers or lenses of eclogite, blueschist, greenschist,

and quartz-phengite schists (qz-phg schist) with variable abundances and thickness on the

size of several 10 to 50 meters are observed and the qz-phg schist resembles cm to m thick

bands (see Figure 4.2b). In a 20 m thick layer of qz-phg schists, mafic boudin are observed

as meter-sized blocks (4.5a). These boudins have blueschist cores and eclogite rims (4.5a-

b). The blueschist sample SY21-01/2-1 and elcogite sample SY21-01/2-2 represent the

transition from blueschist to eclogite sampled from the same boudin (SY21-01). Eclogite

samples (SY21-01/2-2, SY21-02, SY21-33), blueschist samples (SY21-01/2-1) and qz-phg

schist samples (SY21-01/3, SY21-03) from this sequence were used for a detailed study of

the oxygen isotopes in garnet and phengite. Calcite veins were observed and sampled in

eclogitic boudins (Figure 4.4g).

Ormos Lakkoi sequence

The metagabbro was sampled in the northwest near Ormos Lakkoi and represents an

isolated block (knocker) with a predominantly coarse-grained texture (Figure 4.2c). The

entire block is wrapped by talc-chlorite as commonly observed on Syros for such mafic

blocks Gyomlai et al. (2021), Keiter et al. (2011), Marschall (2005), and Robson (2000).

4.3.2 Petrography

Eclogites from either locality show a fine grained omphacite matrix dark to pale green

in color. Glaucophane varies in size from 100 µm to 1 mm. Epidote occurs as mm-

sized crystals in the matrix. The garnet crystals are mm-sized and contain inclusions of

quartz, zoisite-rich epidote, and/or phengite (Figure 4.3e, Figure 4.5e). Eclogite samples

classified as retrogressed show euhedral epidote, a greater abundance of chlorite around

strongly resorbed garnet. In addition the calcite abundance varies in the matrix increasing

towards the rim of the boudins. Samples that show a sedimentary texture are banded

in omphacite, glaucophane, and phengite and sometimes bear 100-500 µm calcite pods.

Mineral abbreviations used in the text and figures are from Warr (2021).

The sample SY21-05 is a eclogite from Achladi showing little greenschist retrogression

(Figure 4.3e). It contains garnet, omphacite, glaucophane, epidote, phengite, chlorite,

titanite, calcite. Late chlorite is visible around the garnet and the chlorite abundance
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Figure 4.2 (previous page): Three-dimensional reconstruction of the main outcrops. (a) Achladi sequence

showing the stacked sequence of solidified pillow lavas, which experienced blueschist to elcogite metamor-

phism. (b) Parts of the Katergaki sequence showing the high variability of eclogites, blueschists, greenschist,

and qz-phg schist on the outcrop scale. Highlighted is the main outcrop of the well-preserved blueschist

and eclogitic mafic boudins in the qz-phg-schist shown in Figure 4.5. The miniature map highlights the

visualized outcrop locations of Achladi and Katergaki as a zoom-in of Figure 4.1. The complete coastal

sequence of Katergaki can be found in Supplementary Material S1. (c) Outcrop of Ormos Lakkoi showing

the metagabbro and the field location. Geographic North is indicated by the white arrow in the 3D-models.

Reconstruction of the outcrops from images was done using AgiSoft PhotoScan (Version 1.2.6).
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Figure 4.3: Field images and photomicrographs of the outcrop and samples from Achladi. (a) Overview

drone image of the outcrop showing stacked mafic lenses interpreted as former volcanic pillows. (b) Close-up

of the boudinaged mafic lenses. (c) Close-up of the mafic lense showing the eclogitic core and blueschist

rim. (d) Photomicrograph of the blueschist of sample SY21-07. Garnet is wrapped in phengite in a

matrix of glaucophane and epidote. (e) Photomicrograph of the eclogite sample SY21-05. The anhedral

inclusion-rich garnet shows a slight redish color contrast and is surrounded by chlorite (green). The matrix

consist of phengite, amphibole (glaucophane in blue wrapping actinolite in greenish) and some epidote.

(f) Photomicrograph showing the blueschist sample SY21-04. Garnet occurs broken and is surrounded by

chlorite inside a fine grained glaucophane-rich matrix and mm-sized epidote prisms. Mineral abbreviations

are after Warr (2021).
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Figure 4.4: Carbonate occurence at Achladi and Katergaki. (a) Overview of a mafic pillow and the associ-

ated carbonate veins that wrap and crosscut the pillow. (b) Wrapping vein representing carbonate-quartz

mix (sample SYTM2303). (c) Crosscutting calcite vein (sample SYTM2306). (d) Blocky carbonate-siderite

rhombohedrons (sample SYTM2301). (e) massive crosscutting calcite-dolomite mix (sample SYTM2305).

(f) Aragonite lense (sample SYTM2337). (g) Calcite veins in boudin at Katergaki (sample SYTM2311).

Mineral abbreviations are after Warr (2021).
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Figure 4.5: Field images and photomicrographs of the outcrop and samples from Katergaki. (a) Overview

drone image of the outcrop where mafic boudins are wrapped into the qz-phg schist. (b) Contact zone of the

mafic boudin contact and the qz-phg schist. The boudin shows a blueschist core and a blueschist to eclogite

transition to the contact zone. (c) Close-up of the eclogite contact to the qz-phg schist. (d) Photomicrograph

of the blueschist part of sample SY21-01/2. Fractured garnet is in a matrix of glaucophane with adjacent

epidote. (e) Photomicrograph of the eclogite boudin SY21-33. Euhedral garnet in a matrix of omphacite

with some glaucophane crystals. (f) Photomicrograph showing the qz-phg schist sample SY21-01/3 from

the boudin contact in panel (b). The relatively small garnet sits in a matrix of quartz adjacent to packs of

phengite. Mineral abbreviations are after Warr (2021).
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increases toward the outside of the boudin at the thin section scale. Around 20% of the

glaucophane shows 100-200 µm sized actinolite cores and 100-300 µm sized glaucophane

rims. The outermost 1 cm of the boudin rim in sample SY21-05 has a high abundance of

∼30 % calcite and the garnet is strongly resorbed and replaced by chlorite.

Figure 4.6: Photomicrograph showing the metagab-

bro sample SY2204 and the omphacite matrix with

the partly resorbed garnet prophyrobalsts. Mineral

abbreviations are after Warr (2021).

Blueschist samples show a medium to

fine grained matrix of glaucophane (Figure

4.3d,f and 4.5d). Some samples show a high

abundance of glaucophane (>80%), which

would classify them as glaucophanites, but

for simplicity these samples are also called

blueschists in this study.

Blueschists samples SY21-04 and SY21-

07 from Achladi have a foliation defined by

phengite, epidote and glaucophane (Figure

4.3d). Garnet porphyroblasts (mm-sized)

are wrapped by phengite in the pressure

shadows and is associated with chlorite at

the porphyroblast edges perpendicular to

the foliation. Less chlorite is present in sample SY21-07 compared to sample SY21-04,

which has more chlorite associated with strongly fractured and resorbed garnet. Garnet

in SY21-07 also shows mm-sized inclusions composed of phengite and epidote having a

rhomboidal shape, which could indicate pseudomorphs after lawsonite (see Supplementary

Material S1). Sample SY21-01/2-1 from Katergaki has no clear foliation but patches of

quartz, smaller phengite flakes, and mm-sized epidote. Euhedral garnet porphyroblasts

(mm-sized) show fractures and 100 µm inclusions of epidote and titanite (Figure 4.5d),

but no or only minor chlorite around the grain edges. Samples SY21-04, SYTM2326,

SYTM2334, SYTM2333, SYTM2335, and SYTM2330 deviate the strongest from the typ-

ical blueschist. SY21-04, SY2333, SYTM2335, and SYTM2330 show the strongest resorp-

tion and fracturing of garnet grains, which are rounded and wrapped by chlorite (Figure

4.3f). These samples are also associated with a higher abundance of epidote in the matrix.

Sample SYTM2334 consists mainly of 5 mm epidote crystals and sample SYTM2326 has

no garnet but little patches chlorite visible in the matrix, which could represent a fully

replaced garnet.

The greenschist sample SYTM2325 consists mainly of epidote, calcite, and quartz.

Garnet is absent but chlorite aggregates are present in the matrix. These could represent

areas of former garnet.

The qz-phg schists (samples SY21-01/3, SY21-03, SY2309, and SY2310) are foliated
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rocks with garnet porphyroblasts (Figure 4.5f). Accessory minerals are titanite and rutile.

Samples SY2309 and SY2310 show skeletal garnet ranging from 2 mm to 1 cm in size.

Garnet inclusions are mainly quartz with minor phengite, epidote, rutile, and titanite. A

calcite pod cuts a garnet in sample SY2310. SY2309 shows intense brownish weathering.

Sample SY21-01/3 consists of glaucophane in its matrix associated with phengite and

epidote.

The metagabbro sample (SYTM2204) is an omphacitite consisting mainly of mm grains

of omphacite and subhedral fractured garnet (Figure 4.6). About 30% of the garnet grains

are largely replaced by chlorite (30-70 vol% of garnet). Glaucophane is present in low

abundance (∼1 vol%) and occurs as patches in the matrix. Titanite is relatively abundant

at nearly 1 vol%. In a vein feature omphacite, chlorite, and also relicts of acthinolite

needles can be found.
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4.4 Methods

4.4.1 Bulk rock geochemistry

Bulk rock analyses were obtained at the Institute of Geological Sciences, University of Bern

(Switzerland) using pressed powder pellets. Each rock sample was cleaned from weathered

surfaces and then subsequently chipped by using stainless steel pliers with chisel heads,

crushed in a stainless steel mortar and finally dry milled in an agate mill ring for 30 min.

Each milling run of one sample was bracketed by milling using a sand quartz for 15 min

to clean the milling beaker. The final pressed powder pellets were produced following the

method of Peters and Pettke (2017) using cellulose as binding material. Bulk rock analyses

were then performed by laser ablation inductively coupled plasma mass spectrometry using

a GeoLas-Pro 193 nm ArF Excimer laser (Lambda Physik, Göttingen, Germany) attached

to an ELAN DRC-e quadrupole mass spectrometer (Perkin Elmer, Waltham, MA, USA).

The pellets were measured using single spot analysis mode at an on-sample fluence of 6

J cm-2 at a repetition rate of 10 Hz and a beam size of 90 µm. For each spot analysis,

the sample surface was cleaned by pre-ablation using a larger spot size and each analysis

used then the integration of a dwell time signal of 50-60 s. Sample calibration was done by

using GSD-1G (Jochum et al., 2011) as primary reference material and BRP.1 (Cotta et al.,

2007) was used as secondary external standard. Reproducibility was always better than

10%. The data reduction was performed using the software SILLS (Guillong et al., 2008)

with the calculation method of the limit of detection from (Pettke et al., 2012). Internal

standardization assumed a fixed total of 100 wt% for major and trace elements, minus the

volatile contribution from loss on ignition. All Fe was assumed to be present as Fe2O3.

The bulk rock measurements are summarized in Supplementary Material S2.

4.4.2 Major element mapping

Mapping of major elements was conducted on a JEOL-8200 instrument at the Institute

of Geological Sciences, University of Bern (Switzerland) at an accelerating voltage of 15

keV and a 100–200 nA beam focused to a spot of approximately 1 µm diameter. Major

elements were analyzed using wavelength-dispersive spectrometers (WDS; Si, Al, Ca, Fe,

Mg), whereas other elements were analyzed using energy-dispersive spectrometer (EDS; K,

Na, Mn, Ti, La, Ce, Zr, S, P). The X-ray maps were acquired using dwell times of 80–150

ms and step sizes of 1–3 µm. Element maps were processed and reduced in XMapTools 4.3

(Lanari et al., 2014, 2019). A total of more than 34 elemental maps were obtained, focusing

primarily on detecting compositional variations within garnet and phengite. Summaries of

the major element maps are provided in Supplementary Material S1 and S3. From these,

16 sections from 10 different rock samples were selected for further oxygen isotope analysis
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using SIMS, as they represented the greatest compositional variability. Garnet samples, in

particular, were chosen based on the presence of visible Mn-rich cores, where possible.

4.4.3 Oxygen isotopes of garnet and white mica using SIMS

All oxygen isotopes analyses on garnet and white mica were performed at the SwissSIMS

facility at the University of Lausanne. Reference materials for garnet and white mica and

samples as cuts from thin sections were mounted in the same indium mount. On the same

sample thin section cuts compositional mapping with EPMA was performed beforehand.

All mounts were checked for a topographical variation within 10 µm using a white light

interferometer and coated with 35 nm of gold prior to analysis. For all measurements a 10

kV primary Cs+ beam was used with a current of ∼2 nA and a spot size of 10-15 µm. All

values of δ18O are reported against VSMOW.

In-situ oxygen isotope measurements by SIMS rely on a correction for instrumental

mass fractionation (IMF) (Page et al., 2010). The fractionation during analysis is known

as matrix effect as it usually dependents on the chemistry of the target mineral. For garnet

the matrix effect is corrected for by using suitable reference materials which have a similar

composition as the unknowns (Martin et al., 2014; Valley et al., 1995; Vho, Rubatto, Put-

litz, & Bouvier, 2020). The garnet compositions in the analysed samples from Syros cover

a range of 9-34 mol% for grossular, 1-49% in spessartine and have negligible andradite

factions. In addition to the IMF, several garnet standards were analyzed to monitor and

quantify the matrix effect of grossular and spessartine for correction. Garnet reference ma-

terials UWG-2 was used for sample standardization (δ18O = 5.8‰ VSMOW; Valley et al.

(1995)). The uncertainty on the mean value was ≤ 0.2‰ (± 2SE) for all measurement

sessions. Further, CAP02 (X grs (Ca/(Mn+Fe+Mg+Ca)) = 0.325; δ18O = 4.6‰ VSMOW;

Vho, Rubatto, Putlitz, and Bouvier, 2020) and ErrRED (X sps (Mn/(Mn+Fe+Mg+Ca))

= 0.284; δ18O = 9.3‰ VSMOW; Urosevic et al., 2018) were added to monitor and quan-

tify possible matrix effects. Matrix bias was then corrected following the protocol from

Vho, Rubatto, Putlitz, and Bouvier (2020), whereas the spessartine bias correction re-

quired an individual correction for each analytical session. Garnet chemical composition

for each analysed intra-grain position was extracted from compositional maps acquired

prior to SIMS analyses. The grossular matrix bias correction for the analyses range mostly

between 0.3 and 1.5‰ and for the spessartine bias between 0.1 and 2.1‰. The uncer-

tainties on individual analyses range between 0.10-0.27‰ (2σ), whereas the propagated

uncertainty including the repeatability of the primary standard (0.10-0.20‰ for 2σ) and

uncertainties form the matrix correction is 0.47-0.71‰ (2σ). Therefore spessartine bias

correction is neglectable for garnet compositions yielding an end-member molar fractions

of spessartine <0.1, because the calculated bias for most analyses would be smaller than
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the internal standard uncertainty and could lead to over correction. The applied grossular

bias correction and the spessartine bias correction for each measurement session are given

in Supplementary Material S1 and S4. A summary of the measurement values, the cor-

rected values and the garnet composition is given in Table 4.2. Corrected values and their

position in the analyzed garnet grain are summarized in the major element maps compiled

in Supplementary S3.

For white mica, the reference material UNIL WM-1 was used for standardisation (FeO

of 1.13 wt% and XMg of 0.57; δ18O = 10.4‰ VSMOW; Luisier et al. (2022)). There

is no reported compositional matrix effect or orientation effect for O isotope analysis for

white mica (Luisier et al., 2019, 2022). Therefore, the measurements of phengite were

only corrected for the IMF of each individual measurement session known by analysing the

reference material WM-1, which is similar in composition to the phengite of the analysed

samples. The internal standard error on individual analyses range between 0.11-0.26‰
(2σ) and the propagated uncertainty including the repeatability of the primary standard

(0.10-0.20‰ for 2σ) is 0.28-0.38‰ (2σ). A summary of the measurement values and the

corrected values is given in Supplementary Material S4.

4.4.4 Oxygen and carbon isotopes on carbonate aliquots using dual inlet

mass spectrometry

Aliquots of carbonate samples from veins were measured for δ18O and δ13C at the Institute

of Earth Surface Dynamics (IDYST), University of Lausanne (Switzerland). About 200

µg carbonate powder were weighed into 2 ml glass vials and dried at 70 °C in a carousel

within a NuCarb sample preparation device. The vials were subsequently evacuated and

reacted with 100% orthophosphoric acid (ρ = 1.94-1.95 g/ml). The released CO2 was

passed through a water trap and frozen into a cold finger with liquid nitrogen for a further

purification of the CO2 before passing into a Nu Perspective isotope ratio mass spectrom-

eter for stable carbon and oxygen isotope measurements in dual-inlet mode. The isotopic

compositions were measured as six pulses against a calibrated reference gas. Carrara mar-

ble (CM) in-house standard, calibrated to NBS18 and NBS19, was analysed repeatedly

within the same sequence and a final normalization of isotopic compositions was calculated

against accepted values of the CM. The data are expressed as δ18O values (in ‰ relative

to VSMOW) and δ13C values (in ‰ relative to VPDB, Vienna Pee Dee Belemnite inter-

national reference standard). The analytical precision was better than ±0.1‰ as standard

deviation (1σ), determined from multiple analyses of the laboratory’s in-house standards.
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4.4.5 Petrochemical modeling of oxygen isotopes and fluid-rock interac-

tion

Petrochemical models were generated based on bulk rock measurements and outcrop obser-

vations using the modeling package ThorPT (Markmann & Lanari, 2024). This open-source

software combines chemical equilibrium calculations, isotope fractionation and a mechan-

ical model for brittle failure on a predefined P–T path. Gibbs energy minimization were

performed using Theriak (de Capitani & Brown, 1987; de Capitani & Petrakakis, 2010).

The oxygen isotope composition for the predicted assemblage was modeled based on the

oxygen isotope fractionation method of Kohn (1993) and Vho, Lanari, Rubatto, and Her-

mann (2020). In ThorPT, the fractionation of chemically zoned minerals such as garnet

can be activated, as is known to significantly affect the volume fraction of the minerals in

the model and can also influence the prediction of fluid production (Baxter & Caddick,

2013; Lanari & Engi, 2017). Here the produced garnet is fractionated at each step and

a new reactive bulk composition is calculated. Similarly, fluid fractionation was activated

and applied when brittle failure was predicted by the mechanical model (Markmann &

Lanari, 2024). The P–T path of Skelton et al. (2019) was used because it was constrained

based on samples fro the same location (Figure 4.2). The evolving mineral assemblages of

the different bulk rock compositions were modeled over the predefined P–T path including

Mn in the system, which widens the stability field of garnet (Mahar et al., 1997). This

is expected to result in a larger δ18O variability for the predicted garnet. In the case of

fluid transfer, the fluid was allowed to be transferred in the model from bottom to top of

the defined layers. In example, layer 1 represents rock type 1 of a given volume at the

bottom and layer 2 the rock type 2 with a given volume. A fluid fractionated in layer 1 is

transferred into layer 2 by transferring the corresponding mass of H and O to the infiltrated

layer. Details on the modeling parameters are given in Supplementary Material S5.

4.5 Results

4.5.1 Bulk rock composition classification

The sampled rocks can be classified based on their major and trace element bulk rock

composition (Figure 4.7, 4.8).

The bulk rock compositions of the blueschist, eclogite, and greenschist samples dis-

play significant variation in the Na2O–CaO–MgO diagram. Compared to average MORB

compositions, the sampled rocks follow trends associated with spilitization, chloritization,

and epidotization (Figure 4.7). Specifically, the mafic boudins from Katergaki (SY21-01/2,

SY21-02, SY21-33) exhibit elevated Na2O values relative to MORB, aligning with the spili-
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Figure 4.7: K2O–SiO2 diagram for volcanic rocks normalized to 100%. Samples from Achladi and Katergaki

are highlighted and their sample names are annotated.

tization trend. In contrast, the samples from Achladi (SY21-04, SY21-05, SY21-07) define

a vector extending between CaO and MgO enrichment, which partially overlaps with the

MORB composition and encompasses the trends of epidotization and chloritization.

The sampled blueschist, eclogites, greenschist, and qz-phg schist cover a broad range

in the REE composition, showing especially a large variation in LREE compared to HREE

(Figure 4.8a). Two major pattern types are recognised in the eclogites, blueschists, and

greenschists. The E-MORB type is relatively flat with small enrichment in LREE and the

OIB type shows a continuous increase toward LREE (Figure 4.8b). The samples selected

for oxygen isotope analysis from Achladi are similar to the OIB endmember and those

from Katergaki are close to the E-MORB trend, but with a lower REE content compared

to E-MORB. In contrast to these two major patterns, the qz-phg schist samples show a

relatively flat pattern when normalized to chondritic composition. In addition, a typical

anomaly in Eu is visible, the LREE is plotting between the OIB and E-MORB type, and

the qz-phg schist also shows higher contents in HREE compared to the other bulk rock

analyses.

Similar to the patterns in the REE-spider diagram, the analyzed bulk rocks show a large

variation in their trace elements such as LILE, HFSE, or transition metals such as V (Figure

4.9a). A large variability is also visible in the negative Ta and Nb anomaly in the samples.

Generally, the patterns with a lower Ta and Nb value show also a lower value in Cs, Rb,

Ba, and Th. Two endmember patterns can be distinguished. One endmember shows the

lowest Nb and Ta values, which are associated with a negative trend and the lowest values

in Cs to Rb and Ba, and a negative anomaly in P (Figure 4.9b). This endmember pattern
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is described by the mafic rocks at the Katergaki sequence. The second endmember shows

the highest content of Nb and Ta, which is associated with an positive trend from Cs to

Rb and Ba, and a higher content of K (Figure 4.9b). This pattern is represented by mafic

rocks from the Achladi sequence. The analyzed qz-phg schist also show a negative anomaly

in Nb and Ta plotting between the two described endmember patterns of the mafic rocks

from Achladi and Katergaki. The qz-phg schist also show negative anomalies in Sr and P

(Figure 4.9a). In addition, all rocks have a relatively similar Pb content, which appears as

a negative anomaly in samples from Achladi and as a peak in the trace element pattern in

samples from Katergaki.

The endmember patterns in (1) the REE distribution and (2) the variable Nb and Ta

also show a distribution with increasing content within the Katergaki sequence from SW

to NE (see Supplement Material S1 for details).

4.5.2 Garnet compositions and oxygen isotopes

Garnet from the different lithologies show intra-grain variability in their end-member molar

fractions (expressed as X alm for almandine defined as molar Fe/(Fe + Mg + Ca + Mn);

X sps; X prp for pyrope as Mg/(Fe + Mg + Ca + Mn); and X grs) with distinct zoning

patterns (Figure 4.10, Supplementary Materials S3). Correction of the spessartine matrix

effect required a correction for each analytical session visible by the monitored spessartine

bias using the ErrRED reference material. In total 17 garnet grains were analyzed from

eclogite, blueschists, and qz-phg schists samples from a total of more than 50 mapped

grains (see supplementary material S1 and S3 for a summary). Number of spot analyses

range between 3 to 20 on a single garnet grain and were placed systematically from core

to rim, which was based on the compositional maps of spessartine and limited by suitable

spot locations between inclusions and fractures (Figure 4.10). The δ18O values shows a

variability between the samples between the different localities, within one locality and

within a few garnet grains. In Achladi, represented by blueschist and eclogite samples, the

minimum value is 11.1±0.5‰ and the maximum value is 12.4±0.5‰. The δ18O value do

not clearly correlate with the garnet compositional zoning for these samples (Figure 4.11).

For Katergaki, represented by blueschist, eclogite, and qz-ph schist samples, the minimum

value is 8.3±0.7‰ and the maximum value is 12.2±0.5‰. The intra grain variation of

δ
18O is the largest for blueschist and qz-phg schist samples showing a variation of up to

2.4±0.7‰. Samples with a larger variation show a correlation with the garnet composition

and the position from core to rim (Figure 4.11), i.e. for samples SY21-02/1-1 (2.3±0.8‰),

SY21-03 (2.4±0.7‰), SY21-01/3 (0.9±0.8‰). For Ormos Lakkoi the metagabbro sample

shows a minimum value of 4.1±0.7‰ and a maximum value of 5.5±0.5‰. The propagated

uncertainties on the single-spot analyses and the core-to-rim variations are reported at the
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Figure 4.8: Chondrite-normalized rare earth element (REE) patterns for analyzed rock samples from the

Katergaki and Achladi sequence. (a) REE pattern showing all bulk rock samples and highlights the qz-

phg schist. (b) REE pattern showing the mafic pillows from Achladi and mafic boudins from Katergaki.

Chondrite composition from Sun and McDonough (1989), N-MORB, E-MORB, and D-MORB from Gale

et al. (2013), OIB from Sun and McDonough (1989), and continental crust from Taylor and McLennan

(1985).
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Figure 4.9: Primitive mantle-normalized (PM) trace element (TE) patterns for analyzed rock samples from

the Katergaki and Achladi sequence. (a) TE elements normalized against primitive mantle (PM) showing

all bulk rocks and highlights the qz-phg schist. (b) TE composition of mafic pillows from Achladi and mafic

boudins from Katergaki normalized against PM. Primitive mantle composition is taken from Sun (1982),

N-MORB, E-MORB, and D-MORB from Gale et al. (2013), OIB from Sun and McDonough (1989), and

continental crust from Taylor and McLennan (1985).
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95% confidence interval.

Eclogite and blueschist samples from Achladi. Garnet from these samples show

a relatively weak zoning in almandine, spessartine, pyrope, and grossular from core to rim

(Figures 4.10a,g and 4.11a). This weak zoning is associated with an almandine content of

53-65% as well as a grossular content of 22-33% (Figure 4.11a, d). Garnet analyses also

show a moderate spread in spessartine content reaching up to 17% in the core of the grains

(Figure 4.11b). The garnet compositions also show the highest pyrope contents of up to

∼15% in the rims of the grains (Figure 4.11c). Sample SY21-05 shows oscillatory zoning,

which is best visible in the spessartine map (Figure 4.11g). Oscillatory zones are 30 µm

wide and form an idiomorphic garnet shape. The complete oscillatory zoning is surrounded

by a new garnet zone showing a distinct higher spessartine content and decrease in grossular

and almandine. Inclusions and resorption textures cross-cut both, the oscillatory zoning

and the surrounding rim. Garnet grains from Achladi show small or no variation in δ18O.

The largest variation in δ18O of 11.1±0.5‰ to 12.3±0.5‰ from core to rim is associated

with a decrease in spessartine from 16 to 2 mol% and 11 to 2 mol% in samples SY21-07

and SY21-05, respectively (Figure 4.11b and Table 4.2).

Eclogite and blueschist samples from Katergaki. The garnet grains show gradual

zoning from core to rim. They overlap in their almandine and grossular compositions with

Achladi garnet, but have a larger range in grossular from 18 to 35% (Figure 4.11a, d).

All eclogitic samples show a gradual change in composition from core to rim ranging from

67-54% in almandine, 10-1% in spessartine, 5-1% in pyrope, and 20-35% in grossular.

Eclogite sample SY21-02 shows minor oscillatory zoning in spessartine content near the

rim and is directly associated with resorption textures, also visible by patchy zones with

higher grossular content (Figure 4.11 and 4.10e). The core and rim are similar in δ18O

showing 10.6±0.5‰ and 10.7±0.5‰, respectively. Sample SY21-33 shows a weak annulus

in spessartine in the mantle region (<50 µm) correlating with an increase in grossular

and a decrease in almandine, as well as an increase of spessartine toward the rim (∼100

µm) (Figure 4.10f). The core δ18O is 10.9±0.5‰ and the rim is 11.3±0.5‰, showing no

significant increase from core to rim. For eclogite sample SY21-01/2-2 δ18O values in the

core are 9.9±0.5‰ and in the rim 10.6±0.6‰, showing no clear change. Additionally, no

spessartine rich core is visible (note, SY21-01/2-2 is the eclogite rim of the boudin SY21-01

and SY21-01/2-2 is the blueschist part of the same boudin).

Garnet from the blueschist sample SY21-01/2-1 show a change in almandine changes

between core to mantle from 51 to 66%, whereas between mantle and rim it decreases to

60% (Figure 4.11a). They also show a larger range in grossular from 18% in the cores to

28% in the rim (Figure 4.11d). Similarly pyrope increases from 2% in the core to 13% in

the rim. The grains have a spessartine rich core of 28% and a lower content of 1% in the
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rim. Garnet from the blueschist sample also shows an annulus in the mantle (∼100 µm)

visible in the map of spessartine (Figure 4.10b; Figure 4.11b; Supplementary Materials S1).

Garnet from the blueschist sample records an intra-grain δ18O increase from core to rim for

four grains, showing a change from 8.3±0.6‰ to 10.4±0.6‰, 9.2±0.5‰ to 10.7±0.6‰,

9.0±0.5‰ to 10.7±0.5‰, and 9.1±0.6‰ to 10.7±0.6‰. This corresponds to a variation

between 1.5±0.8‰ and 2.1±0.8‰ from core to rim. This systematic increase from core

to rim was measured in different analytical sessions using slightly different matrix effect

corrections (Supplementary Material S1 and S4).

Qz-phg schist samples from Katergaki. The garnet grains from qz-phg schists

at Katergaki show a strong zoning in spessartine with rich cores (up to ∼50%) and a

sharp drop from core to mantle (down to 2%) (Figure 4.10c; Figure 4.11b; Supplementary

Materials S1). The largest variation is recorded by garnet from sample SY21-03, which

represents the sedimentary matrix of the mafic boudins (e.g. samples SY21-01, SY21-02,

SY21-33). The almandine component in garnet from sample SY21-03 increases from 37%

in the core to 70% in the mantle and decreases to 63% in the rim. This trend is a similar

to whas was observed in group 2 garnet from the blueschist samples (Figure 4.11a). The

values of δ18O increase from 8.3±0.6‰ in the core to 12.2±0.5‰ in the rim (Δ18Ograin

of 2.3-2.4±0.7‰). These variations are correlated with the compositional change in the

garnet composition observed from core to rim. Sample SY21-01/3, at the contact with the

mafic boudin, shows a flat distribution of spessartine from core to rim (2 to 4%) and no

clear variability in δ18O ranging from 10.2±0.6 to 11.1±0.6‰.

Group 4, metagabbro SYTM2204. Garnet grains from Ormos Lakkoi show a

strong compositional zoning within each grain and a sharp increase of spessartine in the

rim from 1 to 5% (Figure 4.10d and Supplementary Material S1). The garnet grains show

minor increase of δ18O from core to the mantle between 4.7±0.7 and 5.5±0.5‰ and no

clear increase from mantle to the inner rim. In the outermost rim a δ18O decrease to

4.1±0.7‰ is visible corresponding to a change of 1.2±0.8‰.

4.5.3 Phengite compositions and oxygen isotopes

Phengite in all samples shows minor to moderate chemical zoning for example in Si (ex-

pressed as atoms per formula unit, apfu). The zoning is mostly patchy and chemical maps

are shown in Figure 4.10. Phengite from samples with oxygen isotope data, have Si between

3.25 and 3.49 apfu, XMg between 0.59 and 0.81 and Na between 0.03 and 0.16 apfu (Figure

4.12 and Table 4.3). Two groups can be separated based on the δ18O values. Samples from

Achladi show higher δ18O values of 13.6±0.3‰ to 14.5±0.3‰. Samples from Katergaki

show lower phengite δ18O values between 10.9±0.3‰ and 13.2±0.3‰. No correlation was

found between the major/minor element composition and the δ18O of phengite in these
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Figure 4.10: Combined major element maps of garnet and phengite including the in-situ δ18O measurement

values. (a) Representative oxygen isotope results for a blueschist (sample SY21-01/2) from Katergaki

stacked on the X sps X-ray map of garnet and Si (a.p.f.u.) X-ray map of phenigte. Watch out that the

upper limit is cut at 20 % spessartine for improved comparable contrast and that the sample reaches up to

27 % spessartine. (b) Representative oxygen isotope results for a blueschist (sample SY21-7) from Achladi

stacked on the X sps X-ray map of garnet and Si (a.p.f.u.) X-ray map of phenigte. (c) Representative oxygen

isotope results for a qz-phg schist sample (sample SY21-03) from Katergaki stacked on the X sps X-ray map

of garnet and Si (a.p.f.u.) X-ray map of phenigte. (d) Oxygen isotope results for the metagabbro (sample

SYTM2204) stacked on the X sps X-ray map of garnet and Si (a.p.f.u.) X-ray map of phenigte. (e) Oxygen

isotope results for eclogite SY21-02. (f) Oxygen isotope results for eclogite SY21-33. (g) Oxygen isotope

results for eclogite SY21-05. All maps were processed with XMapTools (Lanari et al., 2023).
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Figure 4.11: Garnet endmember composition against in-situ δ18O measurement for samples from Achladi

(SY21-04, SY21-05, SY21-07), Katergaki (SY21-01/2, SY21-02, SY21-03, SY21-33) and the metagabbro

(SYTM2204). The δ18O values are matrix corrected using the mount specific grossular bias and the spes-

sartine bias for garnet compositions with relative high X sps. Gray bars represent propagated uncertainty

(95 % confidence interval). Pink bar represents the internal standard error (95 % confidence interval) of

the measurements.
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Figure 4.12: Phengite composition and in-situ δ18O results. Gray bars represent propagated uncertainty

(95% confidence interval). Pink bar represents the internal standard error (95% confidence interval) of the

measurements.

samples.

4.5.4 Carbonate bulk oxygen and carbon isotope composition

The results of the oxygen and carbon isotope measurements for the carbonate aliquots

from Achladi and Katergaki are shown in Table 4.4. The carbonates from different vein

types show three distinct compositions.

Carbonate veins from Achladi are part of the first group with an average δ13C value of

1.6±0.04‰ (±2σ unc.) and δ18O of 16.0±0.04‰ (±2σ unc.). The vein sample containing

quartz has a lower δ13C value of -3.8±0.02‰ and an higher δ18O value of 22.0±0.17‰.

Carbonate veins from Katergaki shows a different composition compared to Achladi

samples which have a lower value of -2.0±0.17‰ in δ13C and 13.9±0.54‰ in δ18O.

A third composition is associated with the marble sample showing the highest δ18O of

28.9±0.69‰ and δ13C of 3.2±0.22‰.

4.5.5 Modelling oxygen isotope variations of mineral phases in a semi-

closed system

The evolution of the oxygen isotope composition of minerals and fluid was modeled on

a prograde path between 355 °C, 1.10 GPa and 535 °C, 2.00 GPa for the blueschists,

eclogites, and qz-phg schists of Achladi and Katergaki using their bulk rock composition

and the petrochemical modeling software ThorPT. The P–T path is based on the proposed
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path of Skelton et al. (2019) for rocks from the Katergaki outcrop. A representative model

for each rock type is presented in Figure 4.13, in which the δ18O values of minerals relative

to the bulk composition are shown. The model was set as a water-saturated, semi-closed

system where garnet and fluid fractionation is enabled (see the Methods section). The

absolute values are controlled by the bulk rock δ18O. All modeling results can be found in

Supplementary Material S1.

For the blueschist model, Grt, Qz, Phg, Gln, Law, Chl, Omp, Tit, and Ilm are predicted

to be stable along the prograde trajectory. Chlorite-out is predicted at ∼420 °C together

with the production of a free aqueous fluid. Garnet is predicted to be stable from the

beginning of the model at ∼350 °C. For the garnet growing between 350 and 535 °C a

maximum variation in δ18O of 0.7‰ is predicted if the system is closed and only garnet

and fluid fractionation is considered. Between 420 and 500 °C no garnet growth is predicted

and therefore δ18O in garnet is not modeled. Phengite is predicted to be stable throughout

the prograde path, with a δ18O variation of 0.4‰ due to T variation.

For the eclogite model, Grt, Phg, Gln, Tr, Law, Chl, Omp, Tit, Ilm, and Cc are

predicted to be stable along the prograde trajectory. Garnet becomes stable at ∼370 °C
overlapping with the appearance of a free aqueous fluid. The variation of δ18O in garnet

from ∼370 °C to ∼535 °C is 0.7‰. Phengite is also predicted to be stable throughout the

prograde path, with a δ18O variation of 0.4‰.

For the qz-phg schist model, Grt, Phg, Pa, Gln, Tr, Qz, Law, Omp, Ep, Jd, Ilm, Cc,

and Sd are predicted to be stable along the prograde path. Garnet is already stable at the

starting conditions of 350 °C. The maximum predicted variation of δ18O in garnet is 1.5‰
between 350 and 535 °C, although no garnet growth is predicted to occurr between 360 to

480 °C. Phengite is predicted to be stable throughout the model, with a δ18O variation of

0.7‰.

For the metagabbro model, Grt, Omp, Px, Gln, Tr, Ky, Rt, and Ilm are predicted to be

stable in the model. The maximum predicted variation of δ18O is 0.7‰ for garnet (Figure

4.13d).
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Figure 4.13: Oxygen isotope fractionation model results showing the difference between the bulk and the

predicted mineral phase assemblage (Δ18Omineral–bulk). Representative oxygen isotope model results for

δ
18O between the bulk rock and the mineral phases the four rock types. (a) Representative model for a

blueschist composition (SY21-01/2-1), (b) representative model for a eclogite composition (SY21-01/2-2),

(c) representative model for a qz-phg schist composition (SY21-03), and (d) representative model for a

metagabbro composition (Mg-gabbro sample 96-GB-6 from Barr, 1989). Mineral abbreviations are after

Warr (2021).
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Samples Na (a.p.f.u.) Si (a.p.f.u.) XMg Number of analyses Average δ18O [‰] Range ± 2 SD

Achladi

Eclogite

SY21-05 0.03 3.34 0.69 3 13.8 13.7 0.2

0.10 3.43 0.71 13.9

0.03 3.35 0.69 4 14.0 13.9 0.2

0.06 3.47 0.72 14.1

Blueschist

SY21-04 0.06 3.30 0.65 4 14.3 14.0 0.5

0.16 3.41 0.81 14.5

SY21-07 0.05 3.28 0.61 5 14.1 13.9 0.4

0.09 3.45 0.74 14.3

0.04 3.39 0.60 4 14.2 13.6 0.8

0.07 3.41 0.70 14.5

Katergaki

Eclogite

SY21-01/2 - 2 0.08 3.39 0.71 3 12.7 12.5 0.8

0.11 3.43 0.73 13.2

SY21-02 0.08 3.39 0.64 4 11.8 11.4 0.6

0.08 3.46 0.67 12.0

SY21-33 0.07 3.25 0.80 3 12.4 12.2 0.2

0.10 3.32 0.81 12.4

Blueschist

SY21-01/2 - 1 0.05 3.29 0.59 5 12.1 11.9 0.4

0.10 3.49 0.75 12.3

0.05 3.38 0.70 4 12.1 11.9 0.3

0.07 3.42 0.74 12.2

Qz-phg schist

SY21-01/3 0.05 3.40 0.63 3 12.2 12.1 0.2

0.08 3.43 0.74 12.3

SY21-03 0.05 3.40 0.71 3 11.5 10.9 1.1

0.07 3.43 0.72 11.9

Table 4.3: Ranges in the normative phengite composition and oxygen isotope composition.

Samples Outcrop Material δ
18O (vs. VSMOW) 2σ δ

13C (vs. VPDB) 2σ

SYTM2301 Achladi calcite w. siderite 16.22 0.09 1.57 0.08

SYTM2301 Achladi calcite w. siderite 16.26 0.15 1.77 0.19

SYTM2301 Achladi calcite w. siderite 15.93 0.17 1.52 0.03

SYTM2302 Achladi calcite 16.31 0.15 1.56 0.10

SYTM2303 Achladi quartz mix no values because low yield

SYTM2303 Achladi quartz mix 22.02 0.17 -3.82 0.02

SYTM2304 Achladi calcite 15.73 0.07 1.90 0.12

SYTM2305 Achladi calcite + dolomite 15.67 0.06 1.60 0.07

SYTM2305 Achladi calcite + dolomite no values because low yield

SYTM2306 Achladi calcite 15.81 0.08 1.51 0.07

SYTM2337 Achladi aragonite 17.52 0.06 0.56 1.59

SYTM2311 Katergaki calcite 13.92 0.54 -2.02 0.17

SYTM2312 Katergaki marble 28.93 0.69 3.19 0.22

Table 4.4: Carbonate analyse of δ13C (vs. VPDB) and δ18O (vs. VSMOW).
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4.6 Discussion

4.6.1 Outcrop relationships

The three sampled outcrops—Achladi, Katergaki, and Ormos Lakkoi—are interpreted as

part of the high-pressure, low-temperature (HP-LT) Kampos Unit, likely representing dif-

ferent fragments of former oceanic crust that have been tectonically dispersed across the

island (Figure 4.1). Previous studies have identified on Syros several components of an

ophiolitic sequence, highlighting the preservation of abyssal serpentinized mantle (Cooper-

dock et al., 2018), a diverse range of gabbros, and plagiogranites (Bloor, 1998; Bröcker &

Keasling, 2006; Bröcker & Enders, 1999, 2001; Keiter et al., 2011; Putlitz et al., 2005; Rob-

son, 2000; Seck et al., 1996; Tomaschek, 2003), as well as hydrothermally altered basalts

(Mocek, 2001; Putlitz et al., 2000; Seck et al., 1996). The oceanic crust formation has been

dated to the Cretaceous age (Bröcker & Keasling, 2006; Bröcker & Enders, 1999; Lagos

et al., 2007; Tomaschek, 2003), and its association with adjacent lithologies — comprising

Carboniferous gneisses and Triassic continental margin deposits, such as metasediments

and marbles — may suggests a hyper-extended margin setting (e.g., Bonneau, 1984; Keiter

et al., 2011; Seman, 2016; Tomaschek et al., 2008). In particular, the sampled outcrops

at Achladi, Katergaki, and Ormos Lakkoi, along with the variety of magmatic rocks, may

represent fragments of embryonic oceanic crust, similar to the vertical cross-section model

described by Manatschal and Müntener (2009). A simplified cross-section in Figure 4.14 il-

lustrates the main lithologies identified in the studied outcrops, including basalts, metased-

iments, gabbros, and serpentinites. Based on this succession, the reworked sediments of

the Katergaki sequence may have originally been structurally located below the Achladi

sequence. However, reworking and thrusting of these sequences, can result in an invertion

of the lithological order. This has been proposed for Syros and interpreted as related to

burial conditions corresponding to prograde metamorphism (Gerogiannis et al., 2024; Lau-

rent et al., 2016; Ring et al., 2020; Schumacher et al., 2008). This is also supported by the

oldest ages found in the HP ophiolithic sequence in the North of Syros (e.g., Lagos et al.,

2007). Thus, it is possible that the Achladi sequence was positioned structurally above

the Katergaky sequence during seafloor alteration and structurally below the Katergaki

sequence during prograde metamorphism.

4.6.2 Interpretation of the bulk chemistry

Major and trace elements of blueschists and eclogites show a large geochemical diversity.

The major element composition of the mafic boudins indicates substantial hydrothermal al-

teration when compared to typical MORB (Figure 4.7). At Achladi, alteration is dominated

by epidotization and chloritization, while the boudins wrapped in the quartz-phengite schist
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matrix at Katergaki are primarily altered through spilitization. Ocean-floor hydrothermal

alteration has been observed in metabasites, metagabbros, and serpentinites on Syros and

throughout the Cyclades (Cooperdock et al., 2018; Katzir et al., 1996; Mocek, 2001; Put-

litz et al., 2000; Stouraiti et al., 2017). Alteration is further supported by the enrichment

in mobile trace elements such as Cs, Rb, Sr, and Ba, but also K, compared to MORB

(Figure 4.9). The trace element compositions of the mafic boudins show a range between

E-MORB and OIB (Figure 4.8 & 4.9). The embedded boudins at Katergaki represent

one endmember being similar to an E-MORB composition, while those from Achladi are

enriched in LREE, LILE, and HFSE, similar to OIB. The qz-phg-schists plot plot within

the geochemical variation defined by these mafic boudins. A similar geochemical diversity

was reported by Seck et al. (1996) for rocks from Syros, where trace element and isotope

composition (Sr and Nd) were used to infer a back-arc setting for the protoliths. Mafic

rocks from Katergaki show a similar variation in LREE and MREE compared to their trace

element pattern. Comparable trace element signatures in metabasalts and metagabbros

from other Aegean islands, such as Tinos, Sifnos, Paros, and Samos, suggest that the pro-

toliths of these sequences likely formed in fore-arc to back-arc settings (Katzir et al., 1996;

Lagos et al., 2002; Mocek, 2001; Okrusch & Bröcker, 1990; Stouraiti et al., 2017). These

Aegean islands, part of the Cycladic Blueschist Unit (CBU), show a similar enrichement in

LILE and LREE compared to N-MORB, and similar patterns for Nb and Ta, as the rocks

from Achladi and Katergaki. These geochemical signatures suggest that the protoliths of

the blueschists and eclogites at Achladi and Katergaki were originally arc-related basalts

and is also similar with models showing the enrichment in trace elements in a transitional

geodynamic setting (e.g., rifting or breakup), which could also include a crustal contami-

nation (François et al., 2018). Based on the lithological context and the geochemical data,

the samples from Achladi, Katergaki, and Ormos Lakkoi likely represent fragments of an

altered ophiolitic sequence, which experienced seafloor alteration prior to subduction (see

Figure 4.14).

1. Achladi: the rounded and stacked boudins are interpreted as solidified pillow lavas

that underwent blueschist to eclogite facies metamorphism.

2. Katergaki: the mafic boudins are interpreted as fragments of solidified pillow lavas

intercalated into a sedimentary matrix, possibly emplaced during reworking prior sub-

duction. These boudins experienced metamorphism alongside the enclosing quartz-

phengite schist, reaching blueschist to eclogite facies conditions.

3. Ormos Lakkoi: The knocker block at Ormos Lakkoi is interpreted as a fragment of

former gabbro from the oceanic crust. This gabbroic block has been reworked into

ultramafic material represented by the talc-chlorite layer wrapping around it.
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4.6.3 Protolith oxygen isotope composition

Figure 4.14: Possible vertical cross-section

of the ophiolitic sequence after Manatschal

and Müntener (2009) including the obser-

vations from basalts, metasediments, gab-

bros, and serpentinites on Syros. Hy-

drothermal alteration due to seawater in-

filtration into the different parts of the

sequence at the seafloor. Sediments on

top could resemble continental margin de-

posits.

Estimating the original δ18O values of the protoliths

prior to high-pressure metamorphism is essential

for interpreting the isotopic composition of garnet,

phengite, and carbonates in the rocks. Bulk rock

δ
18O values for metabasalts from Syros, Sifnos, and

Tinos typically range between 10‰ and 14‰, while

metagabbros range between 4‰ and 7‰ on Syros

and 7‰ to 9‰ on Tinos (Ganor et al., 1996; Katzir

et al., 1996; Putlitz et al., 2000). Serpentinites from

Syros range between 5 and 9‰, whereas those from

Tinos can reach values as high as 14‰ (Cooperdock

et al., 2018; Katzir et al., 1996; Pogge von Strand-

mann et al., 2015). A compilation of published val-

ues together with our data is shown in Figure 4.15.

The recorded δ18O values in the Cyclades reflect the

typical isotopic trend of an ophiolitic sequence al-

tered by hydrothermal processes at the seafloor (Alt

et al., 1986; Gregory & Taylor, 1981; Muehlenbachs,

1986).

Previous studies have shown that garnet in sim-

ilar rocks from Syros and Sifnos likely crystallized

early during the prograde metamorphic path, at

temperatures between 300 and 450°C (Dragovic et

al., 2015; Gorce et al., 2021; Laurent et al., 2018;

Skelton et al., 2019; Tual et al., 2022) and for which

the original composition is kept unchanged due to limited diffusion at the conditions of

400-550 °C. Therefore the δ18O composition of garnet cores from blueschists, eclogites,

and metasediments is used to estimate post-seafloor alteration bulk rock values. The pre-

subduction bulk rock values can be then used to evaluate whether the samples have the

isotopic characteristics of altered rocks similar to those previously reported. The frac-

tionation coefficient between garnet and bulk rock is approximately +2‰ at blueschist to

eclogite facies conditions, and +4‰ for quartz-phengite schists (Figure 4.13; Vho, Lanari,

Rubatto, and Hermann, 2020). Using the calculated bulk rock δ18O values, the samples

were positioned within a typical ophiolitic sequence (Figure 4.15). For comparison pur-

poses, this idealized cross-section of altered, sediment-covered oceanic crust is used instead

of the modified version shown in Figure 4.14.
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Garnet cores from blueschist and eclogite in Achladi display δ18O values of 11-12‰,

corresponding to a bulk rock value of 13-14‰ at the time of garnet crystallization. These

values are comparable to altered basalts from Syros, Sifnos, and Tinos (see Figure 4.15).

This suggests that the stacked mafic pillows at Achladi underwent low-temperature seafloor

alteration prior to subduction, likely near the sediment cover of the ophiolitic sequence.

The uniform δ18O values across the outcrop indicate that the entire locality experienced

similar degrees of seafloor alteration at comparable depths.

Garnet in eclogite from Katergaki shows δ18O values of 10-11‰, corresponding to

a bulk rock δ18O value of 12-13‰. In contrast, garnet cores from the blueschists have

lower δ18O values of 8-10‰, translating to a bulk δ18O value of 10-11‰. These lower

values, compared to previously reported data from Syros, Sifnos, and Tinos, suggest that

the Katergaki rocks were situated deeper within the ophiolitic sequence and experienced

seafloor alteration under higher temperature conditions and/or fluid-rock ratios than the

samples from Achladi and those reported by Putlitz et al. (2000) (see Figure 4.15). A higher

temperature is compatible with the position of the reworked sediments in the ophiolitic

sequence of an hyper-extended margin.

Garnet cores from the qz-phg schist show δ18O values of 8-9‰, which correspond to a

bulk rock δ18O value of 12-13‰ when the garnet crystallized. These values align with the

typical δ18O range for clastic or continental sediments (Eiler, 2001), but are lower than the

values measured for similar rocks from Sifnos Ganor et al. (1996) (see Figure 4.15). The

origin to clastic sediments is also supported by the relative high Ba (91.7 µg/g), U (1.0

µg/g), La (5.6 µg/g), and Th (2.2 µg/g) contents compared to recycled altered MORB,

which could represent a mixture between with volcanic sediments (Eiler, 2000).

Garnet cores from the metagabbro sampled at Ormos Lakkoi yield a δ18O value of

approximately 5‰, indicating a bulk rock δ18O value of about 7‰. This is similar to

values documented by George et al. (2024). While this value is slightly above compared to

unaltered MORB, which typically shows δ18O values around 5.8±0.2‰, it aligns well with

previously reported values from Syros Putlitz et al. (2000) (see Figure 4.15).

The δ18O values of the protoliths prior to blueschist and eclogite metamorphism suggest

that the rocks from Achladi, Katergaki, and Ormos Lakkoi underwent varying degrees and

temperature conditions of seafloor alteration. Notably, the garnet cores from blueschists

at Katergaki record one of the lowest δ18O values measured on Syros.

Moreover, the lower δ18O values observed in the mafic boudins from Katergaki, em-

bedded within qz-phg schist of similar composition, compared to the rocks from Achladi,

suggest that the lithologies at Katergaki may have been situated lower in the oceanic crust

relative to the idealized cross-section and hydrothermal alteration profile, where δ18O values

tend to decrease from the top of the section toward the gabbros (Figure 4.15). Therefore,
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Figure 4.15: Ophiolithic sequence and oxygen isotope compositions. (a) Cross section modified after Man-

atschal and Müntener (2009) including the basalts, metasediments, gabbros, and serpentinites from Achladi,

Katergaki, and Ormos Lakkoi with their calculated bulk rock δ18O values (see text for details). (b) Oxygen

isotope compositions of this study and literature values for different mineral phases from Syros, Sifnos,

and Tinos. Garnet δ18O values and their kernel density estimates are visualized by violins. Phengite δ18O

ranges are represented by bar plots. Oxygen isotope profile of an typical ophiolitic sequence modified after

Gregory and Taylor (1981) and Muehlenbachs (1986) is given for reference of an expected alteration profile.

Unaltered MORB composition of 5.8±0.2‰ from Gregory and Taylor (1981). K96 is Katzir et al. (1996),

G96 is Ganor et al. (1996), P05 is Putlitz et al. (2000), P15 is Pogge von Strandmann et al. (2015), and

C18 is Cooperdock et al. (2018).

the lower δ18O values at Katergaki support a modified model of the oceanic crust, as de-

picted in Figure 4.14, where the rocks likely underwent hydrothermal alteration prior to

subduction. This has been demonstrated, for example, in the case of serpentinites on Syros,

where trace element composition and δ18O values indicate an abyssal origin (Cooperdock

et al., 2018).

4.6.4 Metamorphic evolution and garnet compositional zoning

The sequences Achladi, Katergaki, and Ormos Lakkoi represent distinct fragments of an al-

tered oceanic crust that have experienced high-pressure metamorphism. Changes in garnet

major element chemistry, particularly zoning patterns and sharp compositional changes,

can be linked to shifts in the mineral assemblage, such as the breakdown of lawsonite,

amphibole, or accessory minerals. Additionally, these changes may indicate the presence

of solute-bearing fluid phases (e.g., Giuntoli et al., 2018; Konrad-Schmolke et al., 2006;

Konrad-Schmolke et al., 2008). Quantitative compositional mapping of garnet reveals zon-

ing features such as high Mn content in the cores that decreases towards the rims and an

increase in pyrope content from core to rim. These features are indicative of prograde gar-
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net growth under water-saturated conditions (e.g., Caddick et al., 2010; Konrad-Schmolke

et al., 2006; Spear, 2014), as illustrated in Figure 4.10 and in Supplementary Materials

S3&4. The potential for modification of garnet major element zoning due to volume dif-

fusion is minimal, given the relatively low peak temperature conditions, which are below

550 °C (e.g., Caddick et al., 2010; Konrad-Schmolke et al., 2006; Page et al., 2014).

In total, 13 garnet grains from eclogites were mapped, with 5 of these analyzed for

their oxygen isotope composition. In particular, spessartine-rich cores observed in mapped

garnets from Achladi and Katergaki provide evidence for a typical prograde garnet growth

with a bell shape zonning pattern. Early garnet growth (between 300 and 450°C) during

prograde metamorphism has been modeled for several eclogites, blueschists, and metasedi-

ments in the southeastern region of Syros and Sifnos (Dragovic et al., 2015; Laurent et al.,

2018; Skelton et al., 2019), where eclogites and blueschists generally display similar meta-

morphic histories and give ages in garnet cores are around 51 to 45 Ma (Gorce et al., 2021;

Lagos et al., 2007; Tual et al., 2022).

However, most eclogitic garnets showed either lower spessartine content or lacked dis-

tinct high-Mn cores compared to garnets from blueschists (see Supplementary S4 for a

compilation of spessartine maps). This difference is observed even among garnets from

samples that are spatially related at meter- to centimeter-scales within the Achladi and

Katergaki outcrop. Similarly, garnets from blueschists in Achladi also display lower spes-

sartine content in their cores. Bulk rock data indicates that eclogites from Katergaki

and Achladi contain slightly lower MnO concentrations (0.09–0.12 wt.%) compared to

blueschists (0.14–0.15 wt.%). This could reflect varying degrees of MnO incorporation dur-

ing alteration, as observed in altered basaltic crust compositions (Staudigel et al., 1996).

Consequently, the difference in Mn availability may have resulted in garnet crystallization

(Spear & Pattison, 2017), which might indicate a later garnet growth in rocks with lower

MnO content compared to the blueschists. A similar or later garnet growth for eclogites

above 400 °C is also demonstrated by multi-equilibrium calculations by (Laurent et al.,

2018; Trotet et al., 2001).

Further evidence for early garnet growth is provided by the presence of titanite inclu-

sions within the cores and mantles of garnet, as observed in blueschist sample SY21-01/2-1

from Katergaki (Figure 4.5d). Modeling suggests that titanite is stable with garnet at tem-

peratures below 425 °C (Figure 4.13a) and overlap with prograde P–T estimates Skelton

et al. (2019). Prograde garnet growth is further supported by rutile inclusions within the

mantles and rims of garnet, such as in sample SY21-07. In addition glaucophane, phengite,

and epidote are found as inclusions in eclogite and blueschist garnets.

In the eclogite sample SY21-05 from Achladi, oscillatory zoning is evident in the spes-

sartine maps as idiomorphic shapes and chemically distinct garnet rims (Figure 4.10g). The
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modification of Mn alone suggests that the availability of Mn changed under fluid-saturated

conditions and during episodes of garnet growth (e.g., George et al., 2024; Giuntoli et al.,

2018; Kohn, 2004). The homogeneous oxygen isotope composition within the oscillatory

zone of garnet in SY21-05 indicates a relatively closed system during garnet growth.

In eclogite sample SY21-02 and garnet from SY21-33 at Katergaki, zoning is most

likely associated with garnet dissolution and regrowth, potentially linked to external fluid

infiltration (Figure 4.10e-f). The breakdown of Mn-bearing phases such as epidote or law-

sonite could have supplied Mn and Ca to the system (Page et al., 2014). Additionally, the

high grossular component in the garnet rim supports retrograde garnet growth during or

after the lawsonite-out reaction, which could have occurred just after reaching the peak

pressure forming chlorite, zoiste, and paragonite on the expense of lawsonite and glauco-

phane (Schumacher et al., 2008). The oxygen isotope composition in these samples is also

relatively homogeneous, and consistent with these interpretations.

Blueschist sample SY21-01/2-1 from Katergaki exhibits an Mn-annulus, paired with

a decrease in almandine content, which suggests a change in the Mn and Fe availability

during garnet growth (Figure 4.10b). This annulus is present in several garnet grains and

correlates with a gradual change in oxygen isotope composition from core to rim, by 1.5 to

2.1±0.8‰. Nevertheless, no resorption feature is associated with the annulus.

Garnet grains from the quartz-phengite schist SY21-03 at Katergaki show sharp zoning

from core to rim, indicative of prograde growth, but with an abrupt compositional change

at the rim, suggesting dissolution and reprecipitation (Figure 4.10c). The qz-phg schist

encloses the mafic boudins at Katergaki, such as the blueschist sample SY21-01/2-1, and

exhibits a similar gradual oxygen isotope changes from core to rim of up to 2.4±0.8‰,

consistent with garnet composition changes.

Garnets from the metagabbro SYTM2204 deviate from these patterns, displaying sharp

rim-mantle zoning across all garnet endmembers (Figure 4.10d). Radial veinlets suggest a

dissolution-precipitation process (Giuntoli et al., 2018). While the oxygen isotope compo-

sition is mostly homogeneous throughout the grain, a decrease of 1.2±0.8‰ is observed at

the rim, likely related to external fluid involvement during retrogression.

Phengite compositions from Achladi and Katergaki samples are consistent with those

previously reported for Syros by Putlitz et al. (2005) and Trotet et al. (2001), with Na

content ranging from 0.02 to 0.08 apfu and Si content between 3.35 and 3.45 apfu. As

phengite is sensitive to fluid-induced recrystallization and pressure variations (e.g., Halama

et al., 2018), these compositions likely represent peak and post-peak recrystallization under

pressures below 2.0 GPa, indicated by the elevated Si content. Following garnet mantles

to rims in samples from Achladi and Katergaki could have possibly formed in equilibrium

and may be indicated by the ages of of 48.2 ± 3.1 Ma in phengite obtained in eclogites
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by Rb-Sr dating (see for example the latest results of Barnes et al., 2024). Retrogression

during exhumation is visible with the presence of late-stage chlorite and resorption textures

in garnet, which suggest that garnet began breaking down and was replaced by chlorite as

the rocks were exhumed to greenschist facies conditions. Carbonate veins that cross-cut

and wrap around the boudins at Achladi and Katergaki likely formed after eclogitization,

as previously discussed by Barr (1989). This veining is considered a late-stage feature,

occurring during the exhumation process.

4.6.5 Interpretation of oxygen and carbon isotope compositions

In Achladi (blueschist and eclogite samples), garnet δ18O values are relatively uniform

with values of 11-13‰, with the largest variation of 1.2±0.8‰ within single grains (e.g.,

SY21-07 and SY21-05). This variation can be explained by isotope fractionation over

a temperature increase of approximately 180 °C, accounting for fractionation effects in

both garnet and any excess fluid present in the system (see Figure 4.13). The effect of

temperature-dependent fractionation is consistent with previous studies, which suggest that

combined fractionation effects are typically ≤1‰ for temperatures above 350 °C in closed

systems (Kang et al., 2024; Kohn, 1993; Vho, Lanari, Rubatto, & Hermann, 2020). The

same fractionation effect is also consistent with the range of phengite δ18O values, which

vary from 13.6±0.2‰ to 14.5±0.2‰. Therefore it is most likely that the sampled evolved as

a closed system condition as indicated in the major element zoning of garnet. Nevertheless,

from a purely isotopic perspective the system can also have been infiltrated by an external

fluid of with an oxygen isotope composition in equilibrium with the rock. For instance,

an infiltrating fluid could have re-equilibrated its isotopic composition through interaction

with surrounding lithologies before entering the studied outcrop (Vho, Rubatto, Lanari, et

al., 2020). The oscillatory zoning in garnet may also indicate the episodic growth of garnet

when fluid was distributed in the system (Kohn, 2004; Konrad-Schmolke et al., 2023; Skora

et al., 2006). However, it is most plausible that the garnet δ18O values from Achladi reflect

the isotopic signature of hydrothermally altered oceanic crust, which is supported by the

relatively high δ18O values in garnet and as seen in other areas of Syros (Putlitz et al., 2000).

Additionally, the high δ18O values in phengite (∼14‰) and its major element composition

indicate recrystallization at or just after peak pressure conditions during metamorphism.

This suggests that there was no significant modification of the bulk rock δ18O during

prograde metamorphism until phengite crystallization. Instead, the relatively high δ18O

values of ∼12‰ in garnet rims and ∼14‰ in phengite suggest that they grew in isotopic

equilibrium, given a δ18O difference of ∼2‰ at temperatures around 500°C (see Figure

4.13). Optionally, an internally-derived fluid in the mafic sequence could have triggered

the recrystallization of phengite and the incremental growth of the garnet’s outer shells,

as lawsonite likely broke down near peak pressures, as demonstrated by Schumacher et al.
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(2008). This could further explain the oscillatory zoning in some garnet grains, the increase

in grossular content near the garnet rims, and the onset of garnet rim resorption, as seen

in Figure 4.3.

The large number of wrapping and crosscutting carbonate veins in the outcrop indi-

cate post kinematic infiltration of CO2-rich fluids. The measured carbonate aliquots from

these veins at Achladi do not appear to be in isotopic equilibrium with phengite and gar-

net. Specifically, the carbonates show a δ18O value of 16.0±0.1‰, whereas fractionation

calculations between garnet and calcite (using a 4‰ fractionation factor) would suggest

an expected carbonate value of 17-18‰. This indicates that garnet and phengite likely

did not crystallize or re-crystallize from the same fluid involved in the carbonate vein for-

mation at Achladi. Instead, the δ18O values of the carbonates point to a different fluid

end-member, similar to marbles reported by Barr (1989), but with slightly lower δ18O

and a similar δ13C of 1.6±0.1‰ (Figure 4.16). This is consistent with a late-stage CO2-

rich fluid infiltration and channelized flow at the outcrop scale, as also hypothesized by

Barr (1989). Similary Gyomlai et al. (2023) has shown that heterogeneous fluid fluxes

could have occurred during exhumation. Moreover, these late-stage fluids likely circulated

through surrounding lithologies composed of metabasites and marbles, as the δ18O and

δ
13C values of the carbonates from Achladi overlap with those of marbles and carbonate

samples from metabasites (Figure 4.16).

Figure 4.16: Isotope plot showing δ18O vs. δ13C of

different carbonate samples. Gray field represents

seafloor carbonates (Veizer et al., 1999). Carbon-

ates samples from marbles, metabasalts (MB) and

metasediments (MS) are from Barr (1989).

In Katergaki (blueschist, eclogite, and

qz-phg schist samples), the relatively low

δ
18O values of 8.3±0.6‰ in the blueschist

represent the lowest recorded for metab-

asites on Syros. These values likely re-

flect the original δ18O signature of seafloor-

altered oceanic crust, as illustrated in Fig-

ure 4.15, and supported by other studies in

the Cyclades (Ganor et al., 1996; George

et al., 2024; Putlitz et al., 2000). This is

further supported by the major and trace

element signatures, which indicate seafloor

alteration prior to subduction and subse-

quent garnet growth. Given that garnet in-

clusions (e.g., titanite) and thermodynamic

modeling suggest early garnet growth in the

blueschists, the modification of bulk rock

δ
18O between seafloor alteration and garnet formation is likely to have been minimal.

Interestingly, garnet rims in the same blueschist samples exhibit higher δ18O values of
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10.4±0.6‰ to 10.7±0.6‰, indicating a maximum increase of 2.1±0.8‰ from core to rim

(corresponding to a minimum increase of 1.2‰). Petrochemical modeling predicts a 0.7‰
increase in blueschist δ18O due to combined fractionation effects during a temperature

rise, even accounting for early garnet growth below 400 °C, which is consistent with the

commonly used value of ≤1‰ (Kohn, 1993; Vho, Lanari, Rubatto, & Hermann, 2020).

Consequently, the measured increase from core to rim exceeds this simple closed-system

fractionation effect, likely indicating that the bulk rock was modified in δ18O during garnet

growth. In contrast, eclogite samples from Katergaki show relatively homogeneous δ18O

values of 10-11‰. Despite the spatial proximity of blueschist, eclogite, and qz-phg schist

rocks in Katergaki, which are linked on the meter-scale and expected to share a similar

P-T metamorphic history, garnet in eclogites probably grew later during prograde meta-

morphism, at temperatures above 400 °C. This late growth was also previously outlined

by Laurent et al. (2018). Interestingly, the major element composition and δ18O values

of garnet cores and mantles in the eclogites are similar to the δ18O of blueschist garnet

outer mantles confirming that the change should have occurred between 400 °C and gar-

net growth at 475 °C in the eclogite (Laurent et al., 2018). The geochemical similarity

is marked by an annulus of spessartine increase and almandine decrease in the blueschist.

Additionally, the increase in grossular content in eclogitic garnets is likely linked to the

lawsonite-out reaction near peak pressure, which is also predicted by (Schumacher et al.,

2008). The relatively high δ18O values of 10-12‰ in garnet mantles and rims suggest that

the bulk rock had already undergone δ18O modification by this time.

In the qz-phg schist sample SY21-03, garnet cores display low δ18O values of 8.9±0.5‰,

similar to those found in the blueschist garnets, which likely formed from a protolith

composed of mixed clastic and volcanic sediments (see protolith discussion). However, the

significant increase of up to 2.4±0.7‰ from core to rim, reaching values of 11-13‰, likely

reflects the modification of the bulk rock δ18O during metamorphism and garnet growth.

Petrochemical modeling suggests that the fractionation effects during temperature increase

in a closed system cannot fully account for this variation, as only up to 1.4‰ can be

modeled. Furthermore, phengite (re-)crystallization at Katergaki probably occurred close

to or after peak pressure as indicated by the composition and thermodynamic modelling

(e.g., Trotet et al., 2001), recording similarly high δ18O values of 11-13‰.

In Ormos Lakkoi, the homogeneous δ18O values of 4-6‰ in garnet from the metagabbro

most likely reflect the protolith’s original signature, which underwent hydrothermal seafloor

alteration before subduction. The slight decrease in δ18O at the garnet rim, reaching

4.1±0.7‰, correlates with resorption and recrystallization patterns in the garnet’s major

element composition. Nevertheless, this decrease does not clearly suggest any significant

alteration of the bulk rock δ18O by external processes. Neither any metasomatic alteration

can be identified as it has been described around Kampos in the North of Syros (e.g.,
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Bröcker & Enders, 2001; Cooperdock et al., 2018; Gyomlai et al., 2021; Marschall et al.,

2006, 2008; D. P. Miller et al., 2009; Okrusch & Bröcker, 1990; Pogge von Strandmann

et al., 2015; Ridley, 1984).

In summary, most of the δ18O analyses in garnet, particularly in their cores, from

Achladi, Katergaki, and Ormos Lakkoi suggest that the mafic rocks retained the δ18O

composition they acquired during hydrothermal seafloor alteration. This observation is

consistent with the findings of Ganor et al. (1996) and Putlitz et al. (2000) for mafic rocks

in the Cyclades. An exception to this pattern is observed in the blueschist and qz-phg

schist samples from Katergaki, where geochemical zoning in garnet indicates a change in

the bulk rock δ18O composition during garnet growth. However, this modified composition

remained stable after peak pressure, as indicated by the recrystallized phengite δ18O, which

reflects the post-peak metamorphic history. For the Katergaki sequence, it is likely that

an 18O-enriched fluid in isotopic disequilibrium infiltrated the sequence, altering the bulk

rock composition, as recorded in the garnet mantles and rims.

4.6.6 Fluid sources and flow in high-pressure metamorphic sequences

Lithologies on Syros that represent potential sources for a fluid with a δ18O above 10‰ are

the continental margin deposits (marbles and metasediments 10 to 30‰), serpentinites (5

to 9 ‰), and the altered mafic rocks (10 to 13‰) (see Figure 4.15). Continental margin

deposits are not mapped in the vicinity to Katergaki and are represented by the Chroussa

subunit that is thought to be tectonically separated from the studied Kampos subunit

(Laurent et al., 2021). Therefore they are excluded as a possible fluid source for Katergaki

but not for other localities.

Marbles are frequently occurring and typically exhibit relatively high δ18O values,

reaching up to 30‰, making them a potential source of fluids with elevated δ18O. Indeed it

has been shown by glaucophane-marbles and the stability of lawsonite mineral assemblages

that a water-rich fluid phase with a low CO2 activity was present during metamorphism

(Schumacher et al., 2008). Similar has been showed by the inclusion study in metamafic

rocks of Barr (1989) on the outcrop of Achladi and surrounding lithologies, which suggest a

water-rich and CO2 poor fluid. Additionally, if a fluid derived from marbles had infiltrated

Katergaki, it would be expected that calcite veins would exhibit δ18O and δ13C values

similar to those of the marbles. However, this is not the case, as the δ13C values of calcite

in eclogites from Katergaki are approximately 5‰ lower than those of marbles from the

Katergaki cape. Rather, the marbles exhibit units with a low permeability as described for

Naxos (Etheridge et al., 1983), and might even have been fluid barriers, which helped to

preserve blueschist rocks on Syros during metamorphism (Matthews & Schliestedt, 1984).

Consequently, a fluid derived from marbles as the infiltrating agent at Katergaki is excluded,
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although it is not necessarily eliminated as a candidate in other locations.

Serpentinites are an important fluid source during prograde metamorphism as they

produce a significant amount of aqueous fluids when brucite and/or antigorite break down

and olivine forms (e.g., Kempf et al., 2020; Ulmer & Trommsdorff, 1999; Ulrich et al.,

2024). The measured bulk δ18O values in serpentinites on Syros are up to 9‰ and could

generate a fluid with maximum δ18O values of 10‰ to 12‰. Commonly serpentinites

are found surrounding metagabbros or in the close vicinity to metasediments within the

Kampos unit such as in the North of Syros (e.g., Bröcker & Enders, 2001; Cooperdock et al.,

2018; Gyomlai et al., 2021; Marschall et al., 2006, 2008; Okrusch & Bröcker, 1990; Pogge

von Strandmann et al., 2015; Ridley, 1984). Metasomatic rinds are represented as meter-

sized reaction zones at the contacts between metasedimentary blueschists and ultramafics

indicating intensive fluid fluxing (e.g., Ague, 2007; Breeding et al., 2004; Gyomlai et al.,

2021; D. P. Miller et al., 2009). The serpentinites on Syros show no indication of major

dehydration at high pressure conditions, because antigorite still stable at these conditons

(e.g., Kempf et al., 2020; D. P. Miller et al., 2009; Padrón-Navarta et al., 2013) and the

major anhydrous reaction product olivine (e.g., Ulrich et al., 2024) was not reported. The

same conclusion can be reached for metagabbro at Ormos Lakkoi as there is no δ18O

change during garnet growth that could support metasomatism as observed in the interiors

of knockers in the North of Syros (Ague, 2007). Neither metasomatic alterations textures

are observed at Achladi or Katergaki besides the greenschist overprint which is linked to

exhumation and does not correlate with garnet growth. Consequently, the serpentinites

are an unlikely fluid source even though they have been shown to be important in other

localities such as in the Zermatt-Saas zone in the Alps (e.g., Bovay et al., 2021; Rubatto

et al., 2023).

Mafic rocks, are in the closest relationship to the analyzed sequence at Katergaki.

Blueschists, eclogites, and epidote blueschists representing the mafic rocks from the seafloor

altered oceanic crust show a thickness of several 10 to 100 meters and are intercalated with

several 10 meter thick layers of qz-phg schist (see Figure 4.2). Dehydrating mafics rocks

have recently been identified to be responsible for changes in the oxygen isotope composition

at the Lago di Cignana ultra HP unit in the Alps (Rubatto et al., 2023). Therefore the

altered oceanic crust found at Achladi and Katergaki can be a viable source for fluids as a

mafic δ18O bulk rock composition of 10 to 13‰ could release a fluid of 11 to 14‰ (using

a rock-fluid fractionation of +1‰, see Figure 4.13a,b). In addition, the associated qz-phg

schist at Katergaki with a δ18O of 12-13‰ could also contribute a fluid of 11-12‰ (using

a rock-fluid fractionation of -1‰ , see Figure 4.13c).

To test the hypothesis that fluids from dehydrating mafic rocks could have modified

the qz-phg schist, blueschist, and eclogite signatures at Katergaki, a multi-rock model
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was designed based on the observed outcrop relationships. Calculations were performed

using the ThorPT software (Markmann & Lanari, 2024, under review) and the modelling

scenario is shown in Figure 4.17a based on Figure 4.14. As mafic rocks are surrounding

the sampled sequence at Katergaki, in the model a stack of mafic rocks represented by

an alternation of blueschists and eclogites is situated below the boudin in qz-phg schist

sequence. Measurements and rocks from Achladi are taken to be representative for the mafic

stack. Volumes and size dimensions are taken from the outcrop observations and description

(see Petrology and petrography). Therefore, the full modelling sequence is consisting of (i)

the top part, which is represented by the mafic boudin at Katergaki using the blueschist

(SY21-01/2-1) as core and eclogite as rind (SY21-01/2-2). Each have a volume of 0.5 m3

and are assumed to start with a bulk rock δ18O of 10‰ (garnet will start at ∼8‰). This is

followed by (ii) the qz-phg schist (SY21-03) with a layer thickness of 150 m3 and a bulk rock

δ
18O of 13‰ (garnet will also start at ∼8‰). The sequence corresponding to Katergako is

on top of (iii) the stack of mafics alteranting between blueschist and eclogites corresponding

to Achladi. The volume is estimated to 7200 m3 based on the outcrop dimensions (12 m in

height, 30 m in width, and 20 m in depth, see Figure 4.2). The eclogite is more abundant

than the blueschist, and thus the model is simplified to five thinner layers of blueschist

(0.5x35x20 m3, SY21-07) and four thicker layers of eclogite (2.5x35x20 m3, SY21-05-1).

The initial bulk rock δ18O value for these eclogites and blueschists was established at

12‰, which is between the lower values for metabasalts from Putlitz et al. (2000) and the

slightly higher values measured at Achladi interfered from the garnet showing ∼11‰.

The multi-rock modeling results in Figure 4.17b-c show several major fluid infiltration

events that infiltrate the Katergaki boudin sequence between 400 °C and peak conditions.

The volume of fluid ranges between ∼25 m3 and ∼180 m3 with a δ18O of ∼12‰ at the

beginning and ∼13‰ at the end. The increase in the δ18O of the fluid is due to the

fractionation effect during increasing temperature but also buffered by the interaction with

the qz-phg schist. The mafic boudin of Katergaki respond to the fluid infiltration and the

bulk rock shows an increase from 10‰ at the beginning to ∼12‰ at the end. Similarly,

garnet starts with a δ18O of ∼8‰ in the blueschist, eclogite, and qz-phg schist and ends

with a value of ∼10‰. This result is similar to the measured values in the garnet cores to

rims in the analysed blueschists, eclogite, and qz-phg schist from Katergaki. The results

in Figure 4.17c shows that the main dehydrating reactions in the mafic sequence at the

bottom of the model are the chlorite and lawsonite dehydration indicated by the decreasing

abundance of the two mineral phases in the model. Nevertheless, the blueschist layers

stabilize glaucophane towards higher P–T conditions. Lawsonite was predicted to be

stable in the qz-phg schist during fluid infiltration and is completely breaking down before

peak P–T conditions, whereas glaucophane is still predicted to be stable in this lithology.
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Figure 4.17: Modeling scenario and results of the fluid transfer model. (a) Depiction of the outcrop

observations and modeling scenario. The upper part represents the sequence at Katergaki where boudins

are wrapped in the qz-phg schist. The lower part represents the surrounding mafic sequence. Each rock

layer represents one rock model in the multi-rock model scenario. Released free fluid migrates top-wards in

the modeling column and will interact with each penetrated unit. (b) Oxygen isotope evolution of the bulk,

garnet, and phengite for the Katergaki sequence (blueschist, eclogite, and qz-phg schist) on the left y-axis.

The infiltrating volume of fluid is shown as a polygon with the scale one the right y-axis. The δ18O value

of the fluid infiltrating the Katergaki boudin sequence is shown in blue. (c) Abundance of hydrous phases

in the mafic boudin sequence and the qz-phg schist. The infiltrating fluid volume is given as a reference.
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4.7 Conclusion

The sampling of subducted oceanic crust on Syros, including metagabbro, pillow basalts,

and intercalated mafic-siliciclastic sediments, has revealed distinct fluid-rock interaction

histories across the outcrops of Achladi, Katergaki, and Ormos Lakkoi, as summarized

in Figure 4.18. These rocks record multiple episodes of fluid-rock interaction, spanning

from seafloor alteration to subsequent burial. This complex history has been reconstructed

through in-situ oxygen isotope analyses of garnet and phengite, combined with major

element mapping. Garnet cores in the metagabbro and metabasalts preserve oxygen iso-

tope signatures inherited from hydrothermal seafloor alteration, resembling modern oceanic

crust. These pre-subduction signatures align with similar findings from rocks on Tinos,

Sifnos, and Syros, as shown in Figure 4.15.

The stack of metapillows at Achladi represents the upper part of the oceanic crust,

characterized by low-temperature seafloor alteration, with δ18O values of 11-13‰ in gar-

net (Figure 4.18, step I). Despite evidence of metasomatism on Syros (especially in the

North of the island), the relatively homogeneous isotope values recorded during garnet

growth suggest no significant fluid infiltration during prograde metamorphism in this se-

quence. Alternatively a fluid with a similar δ18O could have infiltrated the sequence, but

would not be possible to distinguish. A similar observation is also made in the metagabbro

at Ormos Lakkoi, where δ18O values of ∼5‰ in garnet reflect seafloor alteration, with

no change during subsequent garnet growth. The presence of a chlorite-talc shell, along

with garnet resorption and replacement by chlorite, indicates interaction with serpentinites

(Figure 4.18, step III). The δ18O values of serpentinites (5-9‰, Cooperdock et al., 2018)

around Ormos Lakkoi indicate fluid interaction, though the absence of metamorphic olivine

suggests limited dehydration, as documented in similar settings such as the Alps (Ulrich

et al., 2024). However, talc and chlorite formation from antigorite, likely due to the in-

troduction of SiO2, may have triggered late-stage fluid production (D. P. Miller et al.,

2009).

The Katergaki sequence, consisting of metapillows intercalated with quartz-phengite

schists, also preserves seafloor alteration signatures, with lower δ18O values (8-11‰) in

garnet. This likely represents a deeper part of the oceanic crust, consistent with known

profiles of altered oceanic crust (e.g., Eiler, 2001; Gregory et al., 1989; Muehlenbachs &

Clayton, 1972). During subduction, garnet rims in blueschist and quartz-phengite schists

at Katergaki show higher δ18O values (10-12‰), indicating pervasive fluid infiltration

not observed in other outcrops (Figure 4.18, step II and III). This isotopic increase is

attributed to the influx of a heavier fluid (∼12-13‰), likely mafic-derived, as supported by

a multi-rock fluid transfer model built from outcrop observations. Additionally, phengite

recrystallization during or shortly after peak metamorphism is marked by δ18O values of
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Figure 4.18: Summarizing sketch of the studied outcrops and their evolution during regional metamorphism.

I.) Starting δ18O values of the subducted pieces of the ophiolithe sequence and first values inherit in

the garnet. II.) The potential metamorphic fluid production and transfer modifying the infiltrated units.

III.) Changed δ18O values of garnet and recrystallised phengite. This is followed by dehydration such as

the lawsonite-out, which triggers resorption of garnet and chlorite production during exhumation. IV.)

Infiltration of a late stage fluid responsible for the carbonate veining at Achladi and Katergaki.
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11-13‰.

Veining and cross-cutting carbonates at Achladi and Katergaki, with δ18O values of

16‰ and 14‰ and δ13C values of 2‰ and -2‰, respectively, indicate a later fluid infiltra-

tion event involving CO2-rich fluids, likely occurring during exhumation after blueschist-

eclogite metamorphism (Figure 4.18, step IV).

Although not explored in detail, petrochemical modeling suggests that lithological se-

quences play a crucial role in recycling infiltrating fluids by stabilizing new hydrous phases,

such as lawsonite, which is a key carrier of fluids in subducting crust. This process may sig-

nificantly influence fluid redistribution during prograde metamorphism and the transport

of fluids within subduction zones.
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Abstract

Mineral growth and stability during blueschist-eclogite facies play a critical role in mass

transfer and element recycling on Earth. Garnet porphyroblasts, in particular, preserve in

their chemical composition a record of prograde metamorphism. However, the mechanisms

governing garnet growth are not yet fully understood. The major and trace element com-

positions of garnet are influenced by distinct growth mechanisms during the blueschist to

eclogite transition, highlighting the release of important trace elements and metals from

the subduction zone to the arc.

To investigate garnet porphyroblast growth during blueschist facies conditions, two

blueschist samples from Syros — SY21-07 (Achladi) and SY21-01/2-1 (Katergaki) — were

analyzed in 3D using micro-computed tomography (µCT) and in 2D for their chemical

composition using laser ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-

MS). The results reveal differences in porphyroblast shapes, sizes, and elemental zoning,

indicating varying degrees of fluid infiltration and trace element redistribution. The grain

size distribution and elemental zoning analysis support the theory of interface-controlled

growth for garnet porphyroblasts during prograde metamorphism. Variations in trace

elements suggest episodic fluid pressure changes and mineral breakdown during metamor-

phism, which are reflected in major element zoning patterns.

Garnets from sample SY21-07 display smooth compositional zoning in their cores, indi-

cating undisturbed growth, and fluctuations of trace elements in their mantles, suggesting

changes in element availability during growth, likely due to fluid pressure variations. These

variations are consistent with petrochemical modeling predictions of fluid pressures during

dehydration reactions of chlorite and lawsonite.

In contrast, garnet from sample SY21-01/2-1 shows prograde elemental zoning in the

core but reveals fluid-related disturbances in the mantle, including compositional oscilla-

tions and annuli formations in major and trace elements. Internal fluid pressure variations

alone cannot fully account for these features, suggesting open-system conditions and in-

filtration of externally derived fluids. The compositional variations were likely governed

by the breakdown of minerals such as titanite, chlorite, and lawsonite, which separately

influenced major and trace element zoning.
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5.1 Introduction

The transition from blueschist to eclogite facies has been studied because it is a primary

indicator for oceanic subduction in Earth’s evolution (Tsujimori & Ernst, 2014; Tsujimori

et al., 2006). The blueschist-eclogite transition is crucial in subduction zones because it

releases aqueous fluids and results in a density change of the subducting slab, an impor-

tant driver of plate tectonics and subduction (e.g., Hacker et al., 2003; Vitale Brovarone

et al., 2011). Hydrous fluids released from the dehydrating subducting crust are also re-

sponsible for melting in the mantle wedge and generation of arc magmas (e.g., Peacock,

1996; Schmidt & Poli, 1998). In terms of fluid release capacity, the metamorphic subfa-

cies lawsonite blueschist and lawsonite eclogite metamorphic rocks are of special interest

because of the large amount of water incorporated in the crystal lattice of lawsonite (11.5

wt.% H2O, CaAl2Si2O7(OH)2·H2O) (Hernández-Uribe & Tsujimori, 2023; Tsujimori &

Ernst, 2014; Vitale Brovarone et al., 2014; Whitney et al., 2020). The transition from

lawsonite-blueschist to epidote-eclogite and associated dehydration reactions redistribute

aqueous fluids and fluid mobile elements within the subducting crust and to the man-

tle wedge (Bebout et al., 2007; Hermann et al., 2006; Manning, 2004; Poli & Schmidt,

2002; Schmidt & Poli, 2014; Spandler et al., 2003). Important (trace-) element liberating

phases besides lawsonite (rare earth elements (REE), Pb, Sr, Th, U) are phengite (large-ion

lithophile elements (LILE), Ba, B, transition metals), glaucophane (LILE, Ba, REE), epi-

dote/zoisite/allanite (Light-REE (LREE), Sr, Th, U, Pb), titanite (REE, Nb, Ta) (Kunz

et al., 2022; Spandler et al., 2003; Tsujimori et al., 2006). Nevertheless, the release of

elements from the rock up to eclogite facies conditions appear to be minimal (Spandler

et al., 2003) thus mineral phases in blueschists can show strong compositional zoning in

trace elements (i.e. Y+REE in garnet). Interpreting the zoning patterns and determining

if internal process e.g., the breakdown of other mineral phases, is responsible for their cre-

ation or if externally-derived fluid are involved, often requires additional analytical tools

e.g., in-situ oxygen isotope analyses (e.g., Rubatto & Angiboust, 2015; Rubatto et al.,

2023, and Chapter 4) or modelling (e.g., Konrad-Schmolke et al., 2011; Konrad-Schmolke

et al., 2023).

Garnet is a major mineral in various metamorphic rocks and can record compositional

and/or isotopic changes as it grows under a wide range of temperature (T ) and pressure

(P) conditions (e.g., Caddick et al., 2010; Hermann & Rubatto, 2003; Konrad-Schmolke

et al., 2006; Konrad-Schmolke et al., 2008; Rubatto & Angiboust, 2015; Skora et al., 2006;

Yang & Rivers, 2001). Garnet is especially useful in monitoring REE variations as it

is a major REE-carrying mineral. The diffusivity of REEs in garnet and the host rock

is orders of magnitudes slower then major elements (Carlson, 2012; Chernoff & Carlson,

1999; George et al., 2018; Kohn, 2004; Konrad-Schmolke et al., 2023; Tirone et al., 2005).
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Recent improvements in the visualization of trace element distribution in two-dimensions

via mapping using LA-ICP-MS have provided a more comprehensive picture of mineral

growth (Bovay et al., 2022; Gaidies et al., 2021; George et al., 2018; Konrad-Schmolke

et al., 2023; Markmann et al., 2024; Rubatto et al., 2020). Compositional profiles of trace

elements can be extracted from such maps and used for diffusion chronometry allowing

the calculation of diffusion coefficients in garnet (e.g., Carlson, 2012; Rubatto et al., 2023;

Smit et al., 2024) or calculating the garnet growth duration (e.g., Gaidies et al., 2021, Liu

et al., under review).

Nucleation, growth, and dissolution of minerals, in particular of porphyroblasts such

as garnet, are fundamental processes that rely on reaction kinetics, fluid-interaction and

element transport in the rock system (Carlson, 2011; Cygan & Lasaga, 1982; Fisher, 1978;

Kile & Eberl, 2003; Kirkpatrick, 1981; Lasaga, 1986, 1998). The availability of elements

during garnet growth can be (i) limited by transport mechanisms (diffusion) in the inter-

granular medium (chemical potential gradients in the matrix) or by interface processes (the

growth rate of the interface is slower than supply by diffusion) (Gaidies et al., 2017; Lanari

et al., 2017). The associated growth mechanism are referred to as i) diffusion-controlled or

ii) interface-controlled growth (Carlson, 2011). Porphyroblast growth is probably limited

to the slower diffusion-controlled processes (Carlson & Denison, 1992; Carlson et al., 1995;

George & Gaidies, 2017) and may be catalysed by pulses of fluids (Cruz-Uribe et al., 2021;

Tual et al., 2022). The processes of porhpyroblast growth is also captured by the crystal

size distribution (CSD), which is directly governed by the rate of growth of the minerals

(Kretz, 1974).

A CSD can be determined quantitatively by three-dimensional (3D) analysis using

micro-computed tomography (µCT) (Carlson & Denison, 1992; Ketcham & Carlson, 2001)

and applied to automatically segmented prophyroblasts (Hartmeier et al., 2024). This 3D

analysis together with the information of major and trace element zoning in garnet can

unravel the nucleation and growth during metamorphic rock forming processes (George

et al., 2018). Two contrasting compositional zoning features in garnet appear to docu-

ment different growth conditions, smooth zoning and compositional fluctuation such as

oscillatory zoning or annuli. George et al., 2018 described a case where smooth zoning in

garnet was linked to equilibrium partitioning between garnet and the rock matrix, whereas

annuli were dependent on the spatial disposition and reflected varying growth rates and

the incorporation of heterogeneities due to slow matrix diffusion of trace elements. So far,

the number of studies combining micro-tomography and major, minor and trace element

zoning in porphyroblasts is limited in the literature.

This study examines two blueschist samples from Syros (Greece) to analyze the crystal

size distribution (CSD) of garnet porphyroblasts, their major, minor and trace element
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zoning patterns, and the distribution of trace elements across multiple minerals in these

samples. Each sample was investigated using a combination of micro-computed tomography

(uCT) and Laser-Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS).

The samples come from two outcrops, Achladi and Katergaki corresponding to different

parts of a subducted oceanic crust (see Chapter 4). Garnet porphyroblasts from a blueschist

in Achladi display varying degrees of resorption, gradual zoning of major elements, and

consistent oxygen isotope composition, suggesting relatively undisturbed growth with min-

imal external fluid infiltration. In contrast, the Katergaki garnets are larger with euhedral

grain shapes and show evidence of fluid-related disturbance during growth, as indicated by

changes in oxygen isotope composition and the formation of an annulus in the mantle. The

study begins by investigating porphyroblast shapes and crystal size distributions (CSD),

which are consistent with observations of interface-controlled growth mechanisms (Gaidies

et al., 2021; George & Gaidies, 2017). This 3D analysis forms the basis for interpreting ele-

ment zoning patterns and associated growth mechanisms, as it often translates into distinct

chemical zonation for both major and trace elements (e.g., George et al., 2018; Konrad-

Schmolke et al., 2023; Skora et al., 2006). Finally, the study concludes by presenting a

scenario for the distribution of trace elements within the garnet porphyroblasts of these

two blueschist samples.

5.2 Samples and Methods

5.2.1 µCT-scanning of drill cores

The three-dimensional imaging of the samples at high resolution (6-9 µm) was performed

using cylindrical sample cores and a BRUKER SKYSCAN 1273 3D X-ray microscope at

the Institute of Geological Sciences, University of Bern. Detailed measurement conditions

are available in the Supplementary Material S1. Garnet segmentation was carried out us-

ing Dragonfly 2024.1 software (Dragonfly, Dragonfly 2024.1 [Computer software]. Comet

Technologies Canada Inc., Montreal, Canada; available at https://dragonfly.comet.tech/).

The garnet grains were selected and isolated based on the X-ray absorption histogram,

morphological kernel operations, and connected component analysis (CCA). Each individ-

ual grain was examined to identify and eliminate possible artefacts, such as inclusions or

other minerals or mineral mixture with similar X-ray absorption values as garnet. Grain

measurements, including geometric center position, volume, and orientation angles (phi

and theta), were obtained using the built-in functions of CCA (Silversmith, 2021). The

spherical equivalent radius of each segmented garnet volume was calculated using a con-

vex hull fitted around each garnet, which minimizes the influence of resorption textures in

porphyroblasts (Hartmeier et al., 2024), but has a minor effect on broken garnet pieces,
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fragments, and deformed samples. This spherical equivalent radius was then applied for

crystal size distribution (CSD) analysis. Additionally, a thickness mesh (a type of density

mesh) was generated in Dragonfly, where the thickness represents the diameter of a hypo-

thetical sphere that can fit at each boundary point. This thickness mesh helps to identify

voxels from other mineral phases that may be included in the segmented garnet in the 3D

model.

5.2.2 Multi phase element mapping by LA-ICP-MS

Mapping of major, minor and trace elements with LA-ICP-MS followed the protocol de-

scribed in Markmann et al. (2024). In each sample an area of ∼2x2 mm was selected

covering a best-preserved garnet grain and its surrounding matrix. Each sample area

previously mapped with EPMA and selected among >25 mapped garnets. Garnet and

phengite have been analysed for δ18O composition by SIMS (see chapter 4). LA-ICPMS

mapping experiments were conducted at the Institute of Geological Sciences, University of

Bern, using an ASI Resonetics RESOlution-SE 193 nm excimer laser system with the S155

dual volume sample cell coupled to an Agilent 7900 quadrupole mass spectrometer. The

ablated material was transported in an atmosphere of He at a flux of 0.7 L/min mixed with

Ar (0.86–0.87 L/min) from the ablation cell to the plasma and N2 (0.003 L/min) at the exit

of the ablation cell. Before each session the instrument was optimized to reduce the oxide

production using the ThO/Th intensity ratio that was maintained at values below 0.3%,

and for robust plasma conditions monitored by a U/Th sensitivity ratio of >0.97 (Günther

and Hattendorf, 2005). The samples were loaded as thin section pieces (30 µm thick) into a

spring holder of the S155 sample cell. The map areas were defined by a rectangular shape

of evenly spaced line scans using the GeoStar© software (Norris Scientific). The used spot

size was 12 µm using a on-sample fluence of 5 J/cm2 and a repetition rate of 5 Hz. Detailed

conditions for the mapping experiment can be found in the Supplementary material S2.

Two maps have been measured. Map 1 on sample SY21-07 from Achladi and map 2 on

sample SY21-01/2-1 from Katergaki. Multi mineral phases have been calibrated in each

map including garnet, phengite, epidote, glaucophane, titanite, apatite, and rutile. For

the calibration with an internal standard element the composition were taken from the

beforehand acquired major element maps from EPMA.

In Map 1 garnet was calibrated using a constant composition for Ca as the internal

standard element (57,180 µg/g corresponding to 8 wt.% of CaO), phengite using a constant

composition of Al (141,300 µg/g corresponding to 26.7 wt.% of Al2O3), epidote using a

constant composition of Si (176,700 µg/g corresponding to 37.8 wt.% SiO2), glaucophane

using a constant composition of Al (254,800 µg/g corresponding to 48.1 wt.% of Al2O3),

titanite using a constant composition of Ca (214,400 µg/g corresponding to 30.0 wt.%
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CaO), apatite using a constant composition of Ca (400,200 µg/g corresponding to 56.0

wt.% CaO), and rutile using a constant composition of Ti (593,500 µg/g corresponding to

99 wt.% TiO2).

In Map 2 garnet was calibrated using a variable composition for Ca as the internal

standard element (50,744 µg/g corresponding to 7.1 wt.% of CaO in the core and 70,041

µg/g corresponding to 7.1 wt.% of CaO in the rim), phengite using a constant composition

of Si (238,374 µg/g corresponding to 51.0 wt.% SiO2), epidote using a constant composition

of Si (182,286 µg/g corresponding to 39.0 wt.% SiO2), glaucophane using a constant com-

position of Si (272,027 µg/g corresponding to 58.2 wt.% SiO2), titanite using a constant

composition of Ca (214,400 µg/g corresponding to 30.0 wt.% CaO), and apatite using a

constant composition of Ca (371,644 µg/g corresponding to 52.0 wt.% CaO).

5.3 Results

5.3.1 Garnet grain shape

Garnet porphyroblasts in the blueschist samples SY21-07 and SY21-01/2 exhibit distinct

differences in shape, size, and inclusion characteristics. Each sample contains two main

classes of garnets: whole garnets and fragmented garnets (Figure 5.0).

Sample SY21-07 is a strong foliated blueschist. Whole garnet porphyroblasts have a

rounded shapes referred to as shape 1.1, are mm-sized and contain inclusions of phengite,

quartz, epidote, and occasionally chlorite, ranging in size from 50 to 300 µm (Figure 5.0a,b).

These porphyroblasts are commonly wrapped by phengite, which is present in the pressure

shadows (Figure 5.0a). Glaucophane and epidote are oriented parallel to the foliation

around the garnet-phengite assemblage. In addition, chlorite is present at the garnet tips

located perpendicular to the foliation. Porphyroblast shape 1.1 show lower values in the

thickness mesh (darker color) indicating a lower voxel density compared to the fragmented

garnet porphyroblasts designated shapes 1.2, 1.3, and 1.4 (Figure 5.0b). Shapes 1.2 to 1.4

are usually smaller (sub-mm sized; 50 to 10 vol% of the porphyroblasts with a shape 1.1),

phengite is less abundant in the pressure shadows, and the abundance of chlorite around the

porphyroblast increases compared to the shape 1.1. The association with chlorite accounts

for up to approximately 50 vol% of the original garnet and the remnant porphyroblast

retains some of the inclusions described for shape 1.1.

In the blueschist section of sample SY21-01/2, whole garnet porphyroblasts have a eu-

hedral shape with prominent crosscutting cracks (shape 2.1 in Figure 5.0b,d). These shape

2.1 porphyroblasts contain fewer and smaller inclusions compared to shape 1.1 porphy-

roblasts from sample SY21-07, primarily epidote and quartz, with occasional titanite, and
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inclusion sizes ranging between 10 and 50 µm. Fragmented garnets in the blueschist sec-

tion appear either as halves of whole garnet, with chlorite filling the cracks, or as rounded

fragments that constitute 5 to 20 vol% of the original garnet (shape 2.2 in Figure 5.0b,d).

None of these garnets are surrounded by abundant chlorite.

In the eclogitic part of sample SY21-01/2, whole garnets (shape 2.3) are less euhedral

and show extensive cracking throughout the grain (Figure 5.0b,d). These garnets contain

inclusions of quartz and titanite, approximately 50 µm in size. Fragmented garnets (shape

2.4) in the eclogitic section are also rounded, but their fragments are closely aligned and

exhibit a stretched, ellipsoidal appearance. These garnets show a minor association with

chlorite at their edges.

The size and distribution of garnet grains in samples SY21-07 and SY21-01/2-1 differs

significantly, as shown in Figure 5.1.

Sample SY21-07 shows a strong foliation, the garnet grains are predominantly concen-

trated in three distinct bands (Figure 5.1a), and garnets are typically smaller than 0.8 mm3

(Figure 5.1b). The lowermost band shows the largest grain density in the drill-core and

decreases towards the top. Further, three distinct groups of grain sizes can be identified

by plotting the CSD using the spherical equivalent radius (SER). The CSD can be ap-

proximated by a log-normal distribution (Figure 5.2a). Group 1.1 comprises grains larger

than 0.1 mm3, are the least abundant and are accumulated in the lowest layer. Group 1.2

includes medium-sized grains ranging from 0.004 to 0.1 mm3, and Group 1.3 represents the

smallest grains with volumes less than 0.004 mm3 (see Figure 5.2a).

Group 1.1 grains are the least abundant and accumulate in the lowest layer showing

the largest grain density in the drill-core. Group 1.2, the medium-sized grains, decrease

in their abundance within the three layers from bottom to top. Group 1.3, the smallest

grains, are distributed relative equally in the three layers.

In sample SY21-01/2-1, garnets are most abundant in the upper part of the drill core,

which represents the blueschist section of the sample. This part shows a preferred distri-

bution of garnet grains in two distinct bands and can be approximated by a log-normal

distribution (Figure 5.1b). The CSD based on the SER reveals two main grain size groups

(Figure 5.2b): Group 2.1, which includes grains with a volume larger than 1.4 mm3, and

Group 2.2, which encompasses grains with a volume smaller than 1.4 mm3.

Group 2.1, the largest grains, are predominantly found in the uppermost band of the

blueschist section, where garnet grain density is highest. The relative proportion of Group

2.1 is the highest in the eclogite part. Group 2.2, the smaller grains are distributed more

evenly throughout the drill core, following the two bands in the blueschist section.
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Figure 5.0 (previous page): Overview of garnet porphyroblast shapes in blueschist samples from Achladi

(SY21-07) and Katergaki (SY21-01/2-1). (a) Photomicrograph of the blueschist sample SY21-07 from

Achladi, illustrating garnet shapes 1.1 to 1.4. These range from euhedral, millimeter-sized garnets (1.1)

to garnet fragments in the matrix measuring 50–100 µm (1.4). (b) Reconstructed gray-scale CT scan

images of SY21-07. The left side highlights classified garnets in color, while the right presents a selected

grain visualized in 3D using a thickness-mesh-based color scale. (c) Photomicrograph of the blueschist and

eclogite portions of sample SY21-01/2-1 from Katergaki. Garnet shapes 2.1 and 2.2 (top) show euhedral,

millimeter-sized garnets with cracks (2.1) and sub-millimeter garnet fragments with cracks (2.2). Garnet

shapes 2.3 and 2.4 (bottom) from the eclogite section display millimeter-sized garnets with cracks, often

associated with chlorite. (d) Reconstructed gray-scale CT scan images of SY21-01/2-1, focusing on garnet

shapes 2.1 and 2.2 in the blueschist section. Classified garnets are highlighted in color on the left, and the

selected grain is rendered in 3D on the right using a thickness-mesh-based color scale. (3) Reconstructed CT

scan images of garnet shapes 2.3 and 2.4 from the eclogite section. As in previous panels, classified garnets

are shown in color (left), and a selected grain is visualized in 3D (right) with the thickness-mesh-based color

scale. The color scale reflects the thickness mesh, a density-based representation of segmented voxels (3D

pixels) within each grain (see text for details).

5.3.2 Major element zoning

Major element maps were generated in Chapter 4, prior to LA-ICP-MS mapping, to iden-

tify garnet porphyroblasts with central cross-sections, characterized by high spessartine

content. Figure 5.4 presents the major element maps for two selected garnet grains from

samples SY21-07 and SY21-01/2-1, showing their respective end-member molar fractions:

spessartine (X sps as Mn/(Fe+Mg+Ca+Mn)), almandine (X alm, Fe/(Fe+Mg+Ca+Mn)),

pyrope (X prp, Mg/(Fe+Mg+Ca+Mn)), and grossular (X grs, Ca/(Fe+Mg+Ca+Mn)). The

oxygen isotope analysis spot measurements discussed in Chapter 4 are displayed along

with their values in Figures 5.4b and f. Figure 5.3 illustrates the spessartine molar fraction

maps of multiple garnet grains from sample SY21-07 and a mapped domain of the thin

section from sample SY21-01/2-1, highlighting the diversity of garnets in the sample. The

cross-cut through the center of each garnet is indicated by the spessartine content.

The two grains also analused for trace elements by LA-ICP-MS exhibit gradual zoning

from core to rim in major elements (Figure 5.4). In both samples, spessartine decreases from

the core to the rim, while almandine and pyrope increase. In sample SY21-07, grossular

exhibits patchy, non-concentric zoning. In contrast, sample SY21-01/2-1 shows patchy

fluctuations in grossular content within the core, indicated by a Ca-rich zone (outlined by

the purple dashed line), followed by an increase from the mantle to the rim. The map of

spessartine shows a slight increase at the rim in sample SY21-07 , while in sample SY21-

01/2-1, there is a noticeable increase in the mantle, forming an annulus (highlighted by

a brownish dashed line). This annulus is also evident in the depletion of almandine. For

further details see Chapter 4.
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Figure 5.1: Distribution of garnet grains in CT-scanned drill cores from blueschist samples collected at

Achladi (SY21-07) and Katergaki (SY21-01/2-1). (a) Histogram (yellow bars) and kernel density distri-

bution (KDE, blue curve) depicting the distribution of garnet grain volumes in the drill core of sample

SY21-07. Colored curves show grain volume filtered KDEs. (b) Visualization of classified garnet grains in

sample SY21-07, showing their spatial distribution in the x and y positions within the drill core. Grain

volumes are represented by a color scale*. (c) Histogram (yellow bars) and kernel density distribution (blue

curve) showing the garnet grain volume distribution in the drill core of sample SY21-01/2-1. Colored curves

show grain volume filtered KDEs. (d) Visualization of classified garnet grains in sample SY21-01/2-1, dis-

playing their x and y positions within the drill core, with grain volumes indicated by a color scale*.

*Note: Grain volumes are scaled by a factor of 100 to enhance visibility in the illustrations.
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Figure 5.2: Grain size distribution (CSD) of garnet grains in drill cores from samples SY21-07 and SY21-

01/2-1. (a) Density plot of the garnet population in sample SY21-07, where grain size is represented as the

spherical equivalent radius, calculated from the grain volume. (b) Density plot of the garnet population in

sample SY21-01/2-1, with grain size expressed as the spherical equivalent radius, derived from the grain

volume.
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Figure 5.3: Compositional map of spessartine molar fraction acquired by EPMA. (a) Four randomly se-

lected garnets with shape type 1.1 from sample SY21-07, displaying varying cross-sections of garnet cores,

highlighted by the higher spessartine content concentrated towards the core. (b) Spessartine map of a

region containing garnets from sample SY21-01/2-1, illustrating different cross-sections of garnets within

the thin section. Garnet cores are distinguished by their elevated spessartine content.

In sample SY21-07, all garnets exhibit core-to-rim zoning in spessartine content, pro-

vided a core can be identified (Figure 5.3a). Among the largest visually selected garnets

from SY21-07, only one mapped grain captures the highest spessartine concentration at its

core. Garnets of similar size, however, display comparable compositional gradients from

core to rim. Fragmented garnets do not consistently preserve high-spessartine regions but

demonstrate similar zoning patterns to the larger garnets, with spessartine levels akin to

those in the core and mantle of the larger grains. The spatial decrease in spessartine con-

tent is more abrupt in these fragments compared to the more gradual core-to-rim transition

seen in larger grains.

In sample SY21-01/2-1, the thin section map represents a random 2D slice through

various garnet grains of differing shapes and sizes. No clear correlation between garnet

size and spessartine content at the slice center is observed (Figure 5.3b). The highest

spessartine concentrations occur in some larger and resorbed garnets. Each garnet exhibits

a spessartine decrease from center to rim, with most showing a Mn-rich annulus in the

mantle of similar intensity. The cores of smaller garnets, which also exhibit high spessartine

content, are proportionally smaller compared to those of larger grains. Similarly, the

distance between the core and the annulus is narrower in smaller garnets compared to the

larger ones.
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Figure 5.4: Calculated end-member maps of almandine (X alm), spessartine (X sps), pyrope (X prp), and

grossular (X grs). (a-d) End-member maps for garnet from sample SY21-07. (b) Includes δ18O values in

garnet from Chapter 4, with the increase in spessartine content in the mantle highlighted. (e-h) End-

member maps for garnet from sample SY21-01/2-1. Dashed lines indicate the position of the Ca-rich zone

(purple) and the Mn-annulus (brownish). (f) Includes δ18O values in garnet from Chapter 4.

5.3.3 Trace element zoning and distribution

A total of 48 elements, including major, minor, and trace elements, were measured using

LA-ICP-MS mapping. Selected trace element maps highlight key compositional differences

and distribution patterns, as shown in Figure 5.5. These maps, covering the multi-mineral

phase assemblage, reveal significant variations in composition and zoning within garnet,

phengite, glaucophane, epidote, and accessory phases in the two blueschist samples from

Achladi (Figure 5.5a-d) and Katergaki (Figure 5.5e-h). The full set of trace element maps

is available in the supplementary material S3. Detailed trace element maps of Co, Y, Er,

and Lu in garnet are displayed in Figure 5.6 including the in-situ measurements for oxygen

isotope composition from Chapter4. Compositional data for garnet, epidote, glaucophane,

phengite, apatite, rutile, and titanite were extracted from these maps after phase-specific

calibration using XMapTools 4.3 (Lanari et al., 2023). This approach enabled precise tar-

geting of compositionally distinct mineral grains and zones within the maps. The extracted

data are presented in spider diagrams in Figures 5.7 and Figure 5.8.

Garnet from Achladi, representing shape 1.1, exhibits a notable increase in Co con-

centration from core to rim, ranging from 10 to 30 µg/g (Figure 5.6a). The mapped garnet

shows a gradual decrease in Y, Er, and Lu from core to mantle (Figure 5.6b-d). The garnet

shows a high Y content of ∼1000 µg/g in the core with a diameter of ∼300 µm, while the
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mantle is depleted, containing ∼75 µg/g. Within the mantle, there is a slight increase to

around 88 µg/g, followed by a drop to approximately 50 µg/g, and a subsequent rise to

about 67 µg/g at the rim. This corresponds to a change of ∼43% in Y within the mantle to

rim zone. A similar zoning pattern is observed in the heavy rare earth elements (HREEs)

(Figure 5.6c-d) and is also reflected in the REE spider diagram (Figure 5.7a).

Garnet from Katergaki, representing shape 2.1, shows an increase in Co concentration

from core to rim, ranging from 10 to 40 µg/g (Figure 5.6e). The mapped garnet exhibits

more complex zoning patterns in Y, Er, and Lu from core to rim (Figure 5.6f-h). For

Yttrium, the core contains ∼700 µg/g and has a diameter of ∼300 µm. Around the core, Y

content fluctuates between 200 and 500 µg/g, forming oscillatory zoning that only partially

follows the euhedral garnet shape and overlaps with similar zoning found in the grossular

content (Figure 5.4h). This initial mantle zone is followed by a sharp increase in Y content

to around 600 µg/g, forming an annulus feature that mirrors the garnet’s euhedral structure

and is closely related to the Mn annulus (highlighted as bronwish dashed line). Beyond

this annulus, Y concentrations drop sharply to approximately 100 µg/g at the rim, with

a slight rise to about 200 µg/g at the garnet grain boundary. A similar zoning pattern is

observed for heavy rare earth elements (HREEs) such as Er and Lu (Figure 5.6g-h), as well

as Yb (see Supplementary Material S3). This is also reflected in the REE spider diagram

(Figure 5.7d). The annulus feature is also marked by a sharp decrease in the V content

(see Supplementary Material S3).

Epidote also incorporates up to 300 µg/g Y alongside garnet (Figure 5.5b,f) and serves

as the primary phase incorporating Sr (up to ∼8000 µg/g) in both blueschist samples

(Figure 5.5c,g). In sample SY21-07, epidote within the matrix shows Sr zoning from

core to rim. The cores of matrix epidote, as well as epidote inclusions within garnet,

are relatively enriched in Sr (¿1000 µg/g) compared to the rims of matrix epidote (¡1000

µg/g). In sample SY21-01/2-1, three distinct types of epidote can be identified based on

trace element composition and textural association. Epidote 1, included within garnet has

the lowest Sr content ∼1000 µg/g. Epidote 2, characterized by diamond-shaped flakes,

is relatively enriched in Sr compared to Epidote 1. Epidote 3 in the pressure shadows

of garnet has slightly higher Sr content compared to epidote 1, but is lower than epidote

3. Besides Sr, epidote in both samples incorporates Pb and Eu, and also contains trace

amounts of Zr (¡12 µg/g) (Supplementary Material S3).

Epidote in sample SY21-07 and epidote 2 in sample SY21-01/2-1 exhibit enrichment

in LREEs, similar to their bulk rock composition patterns (Figure 5.7a,d, 5.8a,d). These

two epidote groups also show notable enrichment in Th and U, which is not observed in

Epidote 1 from SY21-01/2-1.

Phengite is the second most prominent mineral phase for incorporating Sr in the
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order of 10 to 100 µg/g (Figure 5.5c,g). The Sr content in phengite is nearly an order of

magnitude lower in SY21-07 compared to SY21-01/2-1 although phengite is more abundant

in SY21-07. The lithium content ranges from 20 to 40 µg/g in sample SY21-07 and from

0 to 20 µg/g in SY21-01/2-1 (Figure 5.5d,h). Additionally, phengite is the main mineral

incorporating B (Supplementary Material S3).

Phengite generally shows low concentrations of LREE with similar patterns in both

SY21-07 and SY21-01/2-1 (Figure 5.7b,e). It is also enriched in LILEs such as Rb and

Ba in both blueschist samples (Figure 5.8b,e). Notably, in SY21-07, phengite exhibits

an anomalously high Nb content, approximately an order of magnitude higher than in

SY21-01/2-1.

Glaucophane exhibits the highest lithium (Li) content of up to ∼80 µg/g, in both

SY21-07 and SY21-01/2-1 (Figure 5.5d,h). The 200 µm sized glaucophane flakes display

slight zoning with a decrease to ∼40 µg/g Li from core to rim in sample SY21-07, whereas

glaucophane in SY21-01/2-1 shows and increase from the center to the rim of the grains.

Glaucophane is the primary mineral phase incorporating Co, showing slight compositional

zoning decreasing from 70 to 50 µg/g from core to rim (Figure 5.6a,e). Additionally,

glaucophane incorporates Zn (see Supplementary Material S3). Glaucophane has generally

low concentration of REEs in the blueschist samples. Glaucophane from sample SY21-07

is slightly more enriched in REEs compared to SY21-01/2-1 (Figure 5.7b,e).

Apatite in sample SY21-07 exhibits a REE pattern similar to the bulk rock composition

but shows slightly higher enrichment in medium REEs (MREEs) (Figure 5.7c). This apatite

is also more enriched in LREEs compared to the apatite in sample SY21-01/2-1 (Figure

5.7c,f). Conversely, apatite in SY21-01/2-1 is relatively depleted in LREEs compared to

the bulk rock composition (Figure 5.7f). Apatite from SY21-07 is enriched in U and Th

(Figure 5.8c), a feature not observed in the apatite from SY21-01/2-1.

Titanite in both samples SY21-07 and SY21-01/2-1 exhibits a pattern of decreasing

REE from HREE to LREE (Figure 5.7c,f). In SY21-01/2-1, titanite is relatively enriched

in MREEs and HREEs compared to the bulk rock composition and compared to titanite in

sample SY21-07. Additionally, titanite in SY21-01/2-1 from the matrix shows a decrease

in Eu compared to the titanite included in the garnet grain. Titanite in SY21-01/2-1

also displays higher U content and a positive anomaly for Nb and Ta (Figure 5.7f). The

U content in titanite from SY21-07 is nearly one order of magnitude lower compared to

titanite in SY21-01/2-1 but also exhibits a positive Nb and Ta anomaly (Figure 5.7c).

Rutile in sample SY21-07 exhibits a REE composition similar to that of titanite in the

sample, with enrichment in HREEs relative to LREEs (Figure 5.7c). Additionally, rutile

displays a positive anomaly for Nb and Ta in the spider diagram.
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Figure 5.5: Compilation of (a,e) the mineral assemblage, (b,f) calibrated quantitative map of Y, (c,g)

calibrated quantitative map of Sr, (d,h) calibrated quantitative map of Li for the two blueschist samples

SY21-07 (a-d) and SY21-01/2-1 (e-h). Values of oxygen isotope composition in garnet from Chapter 4 are

presented as pink spots in panel b and f. Values of oxygen isotope composition in phengite from Chapter

4 are presented as pink spots in panel c and g. Mineral abbreviations are from Warr (2021).
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Figure 5.6: LA-ICP-MS element maps for selected trace elements for sample SY21-07 (a-d) and SY21-01/2-

1 (e-h). LA-ICP-MS element maps for selected trace elements in samples SY21-07 (a-d) and SY21-01/2-1

(e-h). (a, e) Co content in garnet, glaucophane, and other mineral phases. (b, f) Y content in garnet, with

higher concentrations in the core of sample SY21-07, along with associated δ18O values from Chapter 4. (b)

Increases and decreases in Y content, representing peaks and troughs, are highlighted with squares and the

average value. (c, g) Er content in garnet, showing higher concentrations in the core of sample SY21-07.

(d, h) Lu content in garnet, with higher concentrations in the core of sample SY21-01/2-1. (e-h) Dashed

lines indicate the position of the Ca-rich zone (purple) and the Mn-annulus (brownish) visible in the major

element maps (Figure 5.4e-h).
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Figure 5.7: REE patterns normalized to chondrite of different mineral phases extracted from circular ROIs

(see Figure 5.5a,d) from the calibrated maps (values from Taylor & McLennan, 1985). (a) Garnet pattern

from core to rim and epidote pattern in sample SY21-07. (b) Glaucophane and phengite pattern in sample

SY21-07. (c) Apatite, rutile, and titanite pattern in sample SY21-07. (d) Garnet pattern from core to rim

and epidote pattern in sample SY21-01/2-1. (e) Phengite and glaucophane pattern in sample SY21-01/2-1.

(f) Apatite and titanite pattern in sample SY21-01/2-1. Bulk rock REE pattern of the rock samples SY21-

07 and SY21-01/2-1 are represented by the dashed black line.
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Figure 5.8: Spider diagram showing trace element patterns normalized to primitive mantle of different

mineral phases extracted from circular ROIs (see Figure 5.5a,d) from the calibrated maps (values from Sun

& McDonough, 1989). (a) Garnet pattern from core to rim and epidote pattern in sample SY21-07. (b)

Glaucophane and phengite pattern in sample SY21-07. (c) Apatite, rutile, and titanite pattern in sample

SY21-07. (d) Garnet pattern from core to rim and epidote pattern in sample SY21-01/2-1. (e) Phengite

and glaucophane pattern in sample SY21-01/2-1. (f) Apatite and titanite pattern in sample SY21-01/2-1.

Bulk rock REE pattern of the rock samples SY21-07 and SY21-01/2-1 are represented by the dashed black

line.
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5.3.4 Phase assemblage modelling, garnet growth and fluid pressure

Petrochemical modelling for samples SY21-07 and SY21-01/2-1 was performed in Chapter

4 on the prograde path from Skelton et al. (2019) ranging between 355 °C, 1.10 GPa and

535 °C, 2.00 GPa using the modelling software ThorPT developed in Chapter 3. Modelling

results visible in Figure 5.9 show the predicted evolution of the i) stable mineral phase

assemblage, ii) fluid extraction, iii) garnet growth, and iv) fluid pressure changes, relative to

the fluid pressure before volume changes. All extractions are associated to pure extensional

failure (red diamonds in Figure 5.9a,c; see Chapter 3 for detailed explanation). The relative

fluid pressure change indicates a deviation of the fluid pressure from the calculated pressure

at the beginning caused by volume changes of the system (solids and fluid volumes).

For sample SY21-07, garnet growth and fluid production are predicted to occur between

375 °C and ∼1.20 GPa, continuing until the end of the model at 535 °C and 2.00 GPa (Fig-

ure 5.9a). During garnet growth, fluid pressure exhibits three notable deviations from the

initial conditions, ranging from 1.0 to 4.0 MPa (Figure 5.9b). Despite these fluctuations,

the fluid pressure remains relatively stable throughout the growth process. The first sig-

nificant phase of fluid production and extraction is linked to the consumption of chlorite,

which occurs until ∼430 °C and ∼1.50 GPa. This phase is associated with a predicted fluid

release of 1 vol% and a decrease in the volume of the mineral assemblage (Figure 5.9a).

This release correlates with a fluid pressure deviation of ∼4 MPa during garnet growth

(Figure 5.9b). A second major fluid release, amounting to 4 vol%, is predicted to occur

between ∼480 °C and ∼1.70 GPa, towards the end of the model. This event is associated

with the dehydration of both chlorite and lawsonite, as well as the increased formation of

glaucophane and garnet. The resulting fluid release is coupled with two fluid pressure de-

viations between 2.0 and 4.0 MPa, coinciding with an increased garnet growth representing

5-10 vol% of the mineral assemblage.

For sample SY21-01/2-1, fluid production is predicted to begin at ∼420 °C and ∼1.40

GPa, continuing until the end of the model (Figure 5.9c). Garnet nucleation occurs early,

starting at 375 °C and 1.10 GPa, with growth predicted along the entire prograde path

(Figure 5.9c-d). The first phase of fluid production and extraction is linked to chlorite

consumption between 420-430 °C and 1.40-1.50 GPa, corresponding to a release of ∼0.5

vol%. This is associated with a fluid pressure deviation of ∼1.7 MPa, and no new garnet

forms during this stage (Figure 5.9d). Subsequent fluid production, driven by lawsonite

dehydration, is minor, with fluid pressure remaining relatively constant, deviating by less

than 0.5 MPa. An increased fluid production of 0.8 vol% is predicted after ∼510 °C and

∼1.80 GPa, associated with the dehydration of lawsonite and glaucophane. This phase

coincides with increased garnet stabilization, and the fluid pressure deviates by less than

0.5 MPa from the starting conditions.
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Figure 5.9: Phase assemblage and mechanical modelling results. (a,c) Box mode diagrams showing the phase

assemblage of sample SY21-07 (a) and SY21-01/2-1 (c). The red diamonds indicate brittle failure and fluid

extraction evaluated by the mechanical model (see Chapter 3 for details). (b,d) Relative fluid pressure

change in blue and relative garnet growth in red for sample SY21-07 (b) and SY21-01/2-1 (d). Relative

fluid pressure change is due to volume changes in the system before failure (see text for details). Relative

garnet growth is expressed as the increase of garnet abundance compared to the first garnet formation.

Mineral abbreviations are after Warr, 2021.
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5.4 Discussion

5.4.1 Porphyroblast growth, distribution and shape

The distribution of porphyroblasts in both blueschist samples generally follows a log-normal

pattern (Figure 5.2), which is typically associated with progressive nucleation and crystal-

lization as the reactive bulk rock composition evolves over time (Carlson, 1989; Carlson

et al., 1995; Denison & Carlson, 1997; George & Gaidies, 2017; Kretz, 1974). However,

the distribution, visualized by the KDE curve, also reveals distinct humps — an unusual

feature for a crystal size distribution (CSD) that is solely growth-controlled.

The overall log-normal trend can be attributed to the production of a limited number of

nucleation sites during early stages of garnet stability, on which there is considerable growth

to form large garnet porphyroblasts. The number of nucleation sites increases over time,

with relatively lower growth rates on these grains forming smaller garnet porphyroblasts.

In both samples, SY21-07 and SY21-01/2-1, porphyroblast density is notably higher in

specific bands, suggesting preferential garnet nucleation in these areas (Figure 5.1). An

extreme example of this preferred growth is observed in the drill core of sample SY21-01/2-

1, where the eclogite volume shows a significantly lower porphyroblast density compared

to the blueschist section at the top (Figure 5.1c), indicating compositionally dependent

growth.

The humps in the CSD suggest a deviation from the typical log-normal distribution,

likely due to a combination of factors. These include resorbed and chloritized garnet grains

(e.g., shapes 1.2, and 2.3 in Figure 5.0), fragmented garnet pieces (shapes 1.3, 1.4, and 2.2),

and deformation features such as cracked and resorbed garnets (e.g., shapes 1.2, 2.3, and

2.4), which may artificially elongate the segmented garnet volumes.

The classified and segmented voxels of garnet provide a detailed visualization of garnet

grains in both 2D and 3D (see Figure 5.0b,d,e). When examining the thin section micropho-

tographs (Figure 5.0a,c) and corresponding segmented 2D images (Figure 5.0b,d,e), it is

evident that the garnet porphyroblasts in sample SY21-07 (Achladi sequence) and SY21-

01/2-1 (Katergaki sequence) contain mineral inclusions, particularly in the larger grains.

Notably, sample SY21-07 appears to have more inclusions than sample SY21-01/2-1. This

observation is further supported by the 3D thickness-mesh, which represents the density

of segmented voxels for each porphyroblast. Lower density mesh values, shown in blue,

indicate areas with fewer voxels to the grain boundaries (thinner regions), whereas higher

values, shown in yellow, correspond to regions with more voxels to the grain boundaries

(thicker regions).

A comparison of the 2D and 3D images confirms that garnet in sample SY21-07 contains
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more inclusions, which correlates with lower thickness-mesh values (e.g., porphyroblast

shape 1.1 in Figure 5.0b). Conversely, more intact garnets, such as shape 2.1, or smaller

fragments show fewer inclusions and correspond to higher thickness-mesh values (Figure

5.0d). Garnet with significant cracking, like shape 2.3, exhibits lower thickness-mesh values

overall, but maintain higher values in more coherent grain regions.

In both samples, porphyroblast growth seems to have favored surface growth over equi-

libration with the surrounding matrix phases, as indicated by the abundance of inclusions

in the garnets (Konrad-Schmolke et al., 2023). The modelled garnet abundance in the

phase assemblage shows a consistent increase in garnet volume with increasing pressure

(P) and temperature (T ) for both samples (Figure 5.9). However, garnet abundance rel-

ative to the start of nucleation increases much more steeply in sample SY21-07 (Figure

5.9b), representing an increased stability if garnet with rising temperatures. Increased gar-

net stability potentially indicates also a faster growth rate, as the increased stabilization

in the model imitates increases from simulations of porphyroblast crystallization e.g., by

Carlson (1989). An increased growth rate in turn would explain the higher number of

inclusions, in SY21-07 (apatite, epidote, galucophane, rutile), as faster-growing crystals

tend to trap more inclusions (Konrad-Schmolke et al., 2023). The rutile inclusion empha-

sizes the growth of garnet during prograde metamorphism and at higher P–T conditions

close to peak metamorphic conditions of 2 GPa. In contrast, sample SY21-01/2-1 shows a

more gradual increase in garnet abundance, about two orders of magnitude smaller than

in SY21-07, indicating slower growth. This slower growth is consistent with the observed

lower number of inclusions in the garnet (Figure 5.9d). Furthermore, inclusions of titanite

from core to mantle are probably linked to early garnet growth during prograde metamor-

phism at temperatures below 425 °C as indicated by the stability of garnet an titanite in

Figure 5.9c and would be in accordance with titanite growth in metabasites (Frost et al.,

2001).

The garnets in the two blueschist samples show clear evidence of excavation around

earlier inclusion sites, with dissolved and fractured garnets closely associated with chlorite

(Figure 5.0). Previous studies have demonstrated that dissolution reactions in retrogressed

mafic eclogites preferentially affect larger garnet grains, are associated with atoll garnet

textures and can be triggered by water release during lawsonite breakdown along the ret-

rograde path (Hartmeier et al., 2024). Given that lawsonite is a common mineral in the

blueschists of Syros, and lawsonite pseudomorphs, composed of white mica and epidote,

are frequently observed in the matrix but also as garnet inclusions (see Hamelin et al.,

2018, Figure 5.0 and Chapter 4), it is likely that the dissolution and fracturing of garnet

porphyroblasts in both SY21-07 and SY21-01/2-1 are linked to a similar process of law-

sonite breakdown-induced garnet resorption. This consequently influences the CSD and is

probably represented by the hump in the KDE e.g., for group 1.1 and 1.2 in Figure 5.2a.
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In sample SY21-07, most garnets appear as porphyroblasts with pressure shadows of

phengite (Figure 5.0a). The presence of phengite in these pressure shadows suggests syn-

tectonic growth, while matrix phases such as glaucophane and epidote, which align with the

foliation, indicate growth prior to deformation. The smallest garnet fraction (grain types

1.3 and 1.4) appears homogeneously distributed across the porphyroblast bands (Figure

5.1a,b). These smaller grains are less associated with phengite and more frequently accom-

panied by chlorite. One possible explanation for this distribution and mineral association is

that these smaller grains may represent a mixture of strongly resorbed garnets and broken-

off fragments of larger garnets. These fragments were likely mechanically redistributed

within the porphyroblast bands during deformation, as indicated by the foliation direction

and pressure shadows.

In summary, the log-normal distribution observed in the samples suggests progressive

nucleation and growth of porphyroblasts in the two blueschist samples. This pattern indi-

cates that diffusion was not the primary limiting factor for garnet nucleation and growth.

In a scenario of diffusion-controlled growth, garnet would be expected to deplete nutri-

ents from the surrounding rock volume, thereby suppressing further nucleation and growth

(Carlson et al., 1995; Denison & Carlson, 1997). However, this is not observed, as simi-

larly sized garnet grains are found in contact with one another (see Figure 5.0 and 5.4).

While this does not entirely rule out diffusion-controlled growth, it suggests that garnet

growth was slower than nutrient transport within the rock, especially for the relatively fast

diffusing major elements. This could be emphasized by the expected water-saturated con-

ditions during garnet growth, evidenced by typical prograde garnet zoning patterns (e.g.,

Konrad-Schmolke et al., 2006, see Figure 5.4). Therefore, compositional zoning of major

and trace elements in garnet could offer further insights into the growth processes (e.g.,

Daniel & Spear, 1999; Denison & Carlson, 1997; Gaidies et al., 2017; George & Gaidies,

2017; George et al., 2018). In the next section, we will analyze the major and trace element

zoning of garnets from the blueschist samples collected at Achladi and Katergaki.

5.4.2 Zoning patterns in porphyroblasts

The compositional zoning pattern of a prograde metamorphic garnet porphyroblast growing

during subduction is expected to be influenced by disequilibrium and/or fractionation

processes, driven by changes in the reactive bulk rock composition (Carlson, 1989; Chernoff

& Carlson, 1997; Chernoff & Carlson, 1999; Daniel & Spear, 1999; Gaidies et al., 2017;

George et al., 2018; Hickmott & Spear, 1992; Konrad-Schmolke et al., 2005; Konrad-

Schmolke et al., 2006; Lanari et al., 2017). In addition, intra-grain diffusion can modify

this compositional zoning for relatively high temperatures above 550 °C (e.g., Caddick

et al., 2010; Konrad-Schmolke et al., 2006; Page et al., 2014). For samples from Syros
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it has been shown that they experienced lower temperatures (Gorce et al., 2021; Laurent

et al., 2018; Skelton et al., 2019; Tual et al., 2022) and therefore significant modification

by diffusion can be disregarded in the two studied blueschist samples.

In the analyzed blueschist samples SY21-07 and SY21-01/2-1, the largest garnets —

representing shapes 1.1 and 2.1, respectively — exhibit a classic prograde growth zoning

pattern in major elements similar to other high-pressure rocks on Syros (e.g., Gorce et al.,

2021; Laurent et al., 2018; Skelton et al., 2019; Tual et al., 2022, see Figure 5.4). This

pattern suggests that garnet formed during dehydration, under water-saturated conditions,

as indicated by the increase in pyrope content from core to rim and the bell-shaped distri-

bution of spessartine (e.g., Konrad-Schmolke et al., 2006, 2023, see Chapter 4 for further

comparison). Such zoning is consistent with garnet that grew with an evolving reactive

bulk rock composition to the fractionation of elements in garnet during growth (e.g., Evans,

2004; George & Gaidies, 2017; Hollister, 1966; Konrad-Schmolke et al., 2023; Lanari et al.,

2017; Tracy, 1982; Trzcienski, 1977). Additionally, in both blueschist samples, similarly

sized garnets exhibit comparable compositional gradients, evident in the consistent distri-

bution of spessartine content from core to mantle to rim (Figure 5.3). In contrast, smaller

garnets display a similar spessartine content in the core and record the same garnet growth

history, including the Mn annulus in sample SY21-01/2-1. However, the distances between

the core and annulus, as well as between the core and mantle, are smaller in comparison

to larger grains (Figure 5.3b). In a diffusion-controlled growth model, it is typically ex-

pected that the compositional gradient decreases with increasing porphyroblast size - this

is not observed. In comparison, interface-controlled growth has been shown to lead to

size-dependent garnet growth, favoring larger crystals (e.g., Gaidies et al., 2017; George

& Gaidies, 2017). As a result, smaller porphyroblasts exhibit steeper compositional gradi-

ents, as they grow more slowly while the surrounding rock composition continues to evolve.

This theory corroborates the observed compositional zoning patterns in the two blueschist

samples.

In addition to Mn, the garnet cores in both blueschist samples show enrichment in Y

and REEs, although these elements form a smaller core with about 60% of the diameter

relative to the high-Mn zone, with a more pronounced and rapid decrease towards the

mantle and rim. This trend is particularly evident in the Achladi sample (Figure 5.4b

and 5.6b). The smaller core diameter and steeper decrease in Y and REEs are expected

in garnets growing under diffusion-controlled conditions, as REEs typically diffuse slowly

compared to major cations such as Fe, Mn, and Mg (Carlson, 2012; Chernoff & Carlson,

1999; George et al., 2018; Kohn, 2004; Konrad-Schmolke et al., 2023).

In porphyroblast populations, smaller garnets tend to show smaller enriched cores,

sharper gradients towards the rim, and lower overall trace element concentrations (e.g., Y
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and REEs). This may result from later nucleation and increased competition for nutri-

ents during growth (e.g., George et al., 2018). Such behavior can be observed in sample

SY21-01/2-1, where a smaller adjacent garnet grain, which cuts through or near the grain

geometric center, displays a smaller core diameter and slightly lower trace element contents

(Figure 5.3b, 5.4e-h, 5.6e-h). These observations align with a model where competition for

nutrients within a diffusion-limited rock volume influences the compositional zoning of

garnets.

Achladi

The zoning from mantle to rim in garnet sample SY21-07 shows significant fluctuations in

trace elements such as Y and REEs, with Y varying by up to 40% (Figure 5.6b). These

fluctuations may arise from changes in pressure and temperature during garnet growth

(Kohn, 2004; Skora et al., 2006; Viete et al., 2018), although significant variations in these

factors are unlikely along the prograde P–T path. According to Hickmott and Spear, 1992,

pressure drops of <100 MPa can reduce the amount of Mn, Y, and REEs incorporated in

garnet. In sample SY21-07, two troughs of low Mn and Y+REE content are observed,

that could indicate episodic fluctuations in fluid pressure during garnet growth (Figure

5.4b, 5.6b). One plausible explanation for these episodic changes in fluid pressure can

be found in the occurrence of devolatilization reactions during prograde metamorphism.

Previous studies have shown that devolatilization can cause fluctuations in fluid pressure

(e.g., Connolly, 1997; Oliver & Bons, 2001). As shown in Figure 5.9a, brittle failure is

predicted during chlorite and lawsonite dehydration. These dehydration reactions lead to

episodic changes in fluid pressure and three major deviation of up to 4 MPa are predicted

during garnet growth (Figure 5.9b). The first fluid pressure deviation occurs near 1.5 GPa,

shortly after garnet nucleation. Assuming that at this point the garnet core has formed as

predicted by the model, this coincides with the first trough observed in the Y content of

the garnet mantle (Figure 5.6b). Following this, garnet growth continues as fluid pressure

stabilizes, which may correspond to the observed increase in Y content in the newly formed

garnet. Two additional pulses of fluid pressure change are predicted after 1.8 GPa, aligning

with the second trough in Y content seen in the natural garnet. In the model, these two

pulses are also associated with an drastic increase in the predicted amount of garnet, which

could indicate an acceleration in the growth rate similar to descriptions by Kretz (1993).

After this trough, Y content increases once more, before the garnet ultimately undergoes

resorption.

Alternatively, variations in zoning could be driven by changes in growth rates (George

& Gaidies, 2017; Skora et al., 2006), potentially coupled with shifts in element availability.

In sample SY21-07, garnet growth seems to accelerate with increasing temperature (Figure
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5.9b), suggesting that more garnet forms under higher temperature conditions. This accel-

erated growth, combined with diffusion limitations, may account for the observed zoning

patterns of REEs in the garnet rims. However, a constantly increase in garnet growth does

not fully account for the episodic troughs and peaks observed in the garnet rims.

In conclusion, the petrological model of fluid pressure fluctuations, driven by fluid pro-

duction and extraction, may provide a plausible explanation for the observed variations

in REE content in garnet from sample SY21-07. The episodic pressure changes during

prograde metamorphism likely contributed to the troughs and peaks in trace element con-

centrations, particularly in Y and REEs. While this model aligns well with the current

observations, further investigation across additional samples is necessary to fully confirm

and refine this interpretation in future research.

Katergaki

In sample SY21-01/2-1, similar fluctuations in Y+REE contents but also Ca are observed

around the core. In addition an annulus with increased Y, REE, and Mn content is visible.

Profiles of Y, Ca, and Mn highlight their positional overlap and differences in the mantle

and annulus (Figure 5.10). Typically, Ca and Y+REE are expected to diffuse similarly

during garnet growth (e.g., Chernoff & Carlson, 1997; Chernoff & Carlson, 1999; Kohn,

2004), which would indicate a process linked to transport limitations of these elements.

Yttrium varies in the fluctuation zone by approximately 100 µg/g corresponding to

30% absolute variation (Figure 5.10b). However, this variation is not mirrored in the Mn

content. Similarly to SY21-07, modelling results for SY21-01/2-1 predict a fluid pressure

change during garnet growth associated with glaucophane breakdown (Figure 5.9c-d). Con-

sidering the system on its own, the fluid pressure deviation events show a magnitude of 0.4

to 1.8 MPa and are smaller compared to the sample from Achladi. Further, the pressure

deviation would indicate a limited transport of Y+REE, which should correspond to lower

contents. Nevertheless, this does not correlate with the increases observed for Y+REE

in the annulus or the fluctuations in the mantle (Figure 5.10 and 5.6f-h). Additionally,

the element fluctuations are also observed in the grossular content, which overlaps with Y

(see Figure 5.10b). This behaviour was not observed in sample SY21-07. This suggests

that factors other than fluid pressure drops in a closed system may have influenced the

chemical variations in sample SY21-01/2-1. Following, trace element variations cannot be

determined with this model without considering the breakdown of Y+REE bearing phases

and/or open system behaviour.

The annuli of Y and REEs (rare earth elements) exhibit no shift in position toward

the rim, which suggests that the transport of these elements is not limited by diffusion

in the matrix. In diffusion-limited uptake scenarios, one would expect the annulus to
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Figure 5.10: Compositional zoning of major and trace elements in garnet from blueschist sample SY21-

01/2-1. (a) Zoom-in of the Y element map in garnet, with the extracted transect marked in purple. The Ca

zoning is indicated by the purple dashed line, and the position of the Mn annulus is marked by the brown

dashed line. (b) Profiles of Mn, Ca, and Y along the extracted transect. The region of element fluctuations

in Y and Ca, along with the ∼25 µm offset between the Mn and Y annuli, is shaded in gray.

migrate toward the rim for elements with increasing ionic radii (e.g., the increase between

Lu to Sm) as demonstrated by Skora et al. (2006). The possibility of an influence on the

annulus position and zoning due to the spatial resolution used (12 µm) is ruled out, since

no positional shift is observed at any point along the annulus, even though the scanning

direction (from left to right in Figure 5.6) crosses the annulus at varying angles (Markmann

et al., 2024).

Conversely, there is a noticeable offset of approximately 25 µm between the positions

of Y (or REEs) and Mn (and similarly Fe) following the Y+REE annulus (Figure 5.6f-

h and 5.10b). If the Mn or Y+REE annuli were controlled by garnet dissolution and

reprecipitation, one would expect a steeper gradient on the inner side of the annulus.

However, the transects reveal an even gradient for Y and an inverted gradient for Mn,

contrary to expectations (Yang & Rivers, 2002).

Optionally, the change in Mn and Y+REE in the garnet could be associated with the

breakdown of minerals such as titanite, epidote, or lawsonite.

• The breakdown of titanite is expected to release Y and heavy rare earth elements

(HREE) (Garber et al., 2017; Kohn, 2017; Konrad-Schmolke et al., 2023). The

enrichment of these elements in titanite inclusions is visible in Figure 5.7f. Notably,

titanite inclusions are predominantly located within the inner mantle of the garnet,

and there is no spatial overlap between these inclusions and the Y (or REE) or

Mn (or Fe) annulus. Additionally, the breakdown of titanite is predicted to occur

simultaneously with garnet growth, as indicated in Figure 5.9c.

• Lawsonite breakdown is also predicted in the model (Figure 5.9c). Lawsonite can
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contain up to 17 wt% Ca, as well as significant quantities of REE, Sr, and Pb. The

matrix epidote shows enrichment in LREE and Sr (Figure 5.5g, Figure 5.7d), and

a similar enrichment is visible in Pb (see Supplementary Material S3), suggesting

a formation after lawsonite. This may have occurred similar to a reaction such as

52 Lws + 5 Gln = 26 Czo + 10 Pg + 3 Chl + 27 Qz + 74 H2O (Hamelin et al.,

2018). However, lawsonite breakdown typically results in an annulus forming at the

same position for Mn and Y+REE (Yang2002), which is not the case for sample

SY21-01/2-1. This discrepancy might suggest an external contribution to the element

budget of the blueschist at Katergaki during garnet growth.

Furthermore, the oxygen isotope composition in the garnet from sample SY21-01/2-1

shows an increase from core to rim of more than 2‰, which was interpreted as evidence

of modification of the bulk rock δ18O during garnet growth (Chapter 4). This increase

was attributed to the infiltration of an externally-derived mafic fluid, as it could not be

explained by a simple, semi-closed evolving mineral assemblage fractionating garnet and

fluid at increasing temperatures. The presence of this externally-derived fluid offers another

explanation for the distinct changes observed in the garnet composition in both major and

trace elements, as released elements are distributed by the fluid, which elevates pore fluid

pressures (e.g., Connolly, 1997; Oliver & Bons, 2001).

Figure 5.11 shows the modelled fluid fluxes into the mafic boudin at Katergaki (sample

SY21-01/2-1), after it had been expelled from a dehydrating mafic sequence and interacted

with a quartz-phengite schist sequence before infiltration into the mafic boudin. The model

predicts three pulses of fluid influx, driven by dehydration in the external mafic rock: the

first pulse corresponds to chlorite dehydration, the second to chlorite plus lawsonite break-

down, and the final pulse to lawsonite decomposition. These fluid infiltrations occurred

during garnet growth, after the formation of the garnet core. Similar pulse-like fluid fluxes

have been shown to affect the interconnectivity within the transport matrix (Cruz-Uribe

et al., 2021; Kohn, 2004; Konrad-Schmolke et al., 2023). Such a mechanism could explain

the infiltration of external fluids into the sampled outcrop at Katergaki.

By comparing garnet zoning with the modelling results, the first two fluid fluxes, as-

sociated with chlorite breakdown, could have influenced the availability of Ca and REEs

at Katergaki. Chlorite does not release significant amounts of Mn, which might explain

the absence of a Mn annulus alongside the Y+REE annulus. In addition, the breakdown

of chlorite can also liberate Co (2018) and a increase of Co is visible before the annulus

in Y+REE (Figure 5.6e). Nevertheless also glaucophane is a major Co-bearing phase and

shows a decrease in the rims, which could indicate a release of Co. However, the infiltrat-

ing fluid could have scavenged Mn by interacting with the surrounding lithologies, such as

the quartz-phengite schist at Katergaki. Moreover, the predicted breakdown of lawsonite,



5.4. DISCUSSION 215

Figure 5.11: Modelling results from Chapter 4 showing the calculated fluid volume influx into the mafic

boudin of Katergaki, which is represented by the sample SY21-01/-2-1. The infiltrating fluid was expelled

from a mafic sequence and interacted with a sequence of qz-phg schist before infiltrating the mafic boudin

at Katergaki.

which releases significant REE and some Mn, could account for the annuli visible in the

garnet mantle.

Based on the available data from sample SY21-01/2-1, it is not clear how the annu-

lus in the major elements and the trace elements evolved, but it is likely related to the

breakdown reactions of chlorite, titanite, and/or lawsonite which occurred during garnet

growth, altering the interconnectivity within the transport matrix. This process influ-

enced the availability of elements during garnet crystallization, with the breakdown of

titanite and/or lawsonite releasing REEs, which were subsequently incorporated into the

garnet. Additionally, these breakdown reactions may be responsible for fluid influx from

an external source, as suggested by the isotopic data and modelling in Chapter 4. This

externally-derived fluid could have interacted with the surrounding quartz-phengite schist

at Katergaki. This interaction could lead to an increase of fluid mobile elements scavenged

in the schist such as Li, Co, Zn, or LILE, which could be incorporated into phengite or

glaucophane of the fluid-infiltrated rock.

5.4.3 Trace element distribution in the blueschist mineral assemblages

The bulk rock compositions from Achladi and Katergaki show distinct differences in trace

element content. Achladi has higher contents of LREE, is enriched in fluid-mobile ele-
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ments (e.g., LILE), and exhibits elevated levels of Th, Nb and Ta compared to the sample

from Katergaki (Figure 5.7 and 5.8). These bulk compositional differences are reflected

in the trace element composition of e.g., garnet, epidote and titanite in the two samples.

For instance, garnet in sample SY21-01/2-1 shows higher contents of HREE in the core

compared to sample SY21-07. Epidote in sample SY21-07 from Achladi is enriched in

LREE and Th compared to epidotes in SY21-01/2-1 (Figure 5.8a,d). Similarly, titanite in

SY21-07 contains higher concentrations of Nb and Ta than in SY21-01/2-1 (Figure 5.8c,f).

The dominant matrix phases, glaucophane and phengite, exhibit similar trace element

contents (e.g., LILE). The similar content of such matrix phases supports the findings

from Spandler et al. (2003), arguing that no significant quantities of trace elements are

liberated during prograde metamorphism whereas the oxygen isotope composition points

to significant fluid-rock interaction (see Chapter 4).

Nevertheless, the opposing zoning of Li between glaucophane in the two samples may

challenge this missing transport. In SY21-07, Li decreases from core to rim, while in SY21-

01/2-1, Li increases towards the rim (Figure 5.5d,h). This Li enrichment in SY21-01/2-1

may be linked to the breakdown of lawsonite, which can release Li, or to Li-bearing fluids

that interacted with the surrounding quartz-phengite schists.

5.5 Conclusion

The nucleation and growth process of garnet porphyroblasts in the two blueschist samples

generally shows strong similarities. Both samples have log-normal CSDs, similar major

element zoning in the inner part of garnet, and typical prograde garnet compositions from

core to mantle i.e., spessartine cores found in different porphyroblast sizes. Furthermore,

the steeper compositional gradients for smaller garnet grains found in sample SY21-01/2-

1 strongly suggest that garnet porphyroblast growth was interface-controlled similar to

samples from Gaidies et al. (2017) and George and Gaidies (2017). In addition, the annulus

of REE at the same position within the garnet grain emphasizes that diffusion was not the

growth limiting factor.

However, despite the probably similar growth mechanism during nucleation, garnet

developed different compositional zoning during its metamorphic evolution. The distinct

evolution is summarized in the following and visualized in a conceptual sketch (see Figure

5.12).

In blueschist sample SY21-07 from Achladi, garnet growth proceeds through several

stages. Initially, nucleation begins, and the porphyroblast core contains the highest con-

centrations of Y and heavy rare earth elements (HREE), which are largely determined by

the starting bulk composition of the rock (Stage I in Fig. 5.12a). As garnet continues to
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Figure 5.12: Illustration of porphyroblast growth and trace element distribution in the two blueschists from

Achladi and Katergaki.

grow, HREE are fractionated from the rock volume, leading to a decrease in their con-

centration within the growing garnet mantle relative to the core (Stage II). With further

increases in temperature and pressure, chlorite and lawsonite dehydrate, causing changes

in volume and fluid pressure, which influence the availability of trace elements like Y and

REE, resulting in fluctuating zoning patterns (Stage III). During lawsonite breakdown

which likely occurred near peak pressure conditions (Schumacher et al., 2008), garnet re-

sorption can take place, with chlorite replacing garnet during early exhumation. The rock

then undergoes deformation, leading to the development of pressure shadows around the

porphyroblasts and the formation of garnet shape 1.1 (see Figure 5.0a-b). This stage is

also associated with phengite recrystallization, which commonly occurs during exhumation

(Putlitz et al., 2005; Trotet et al., 2001).

In blueschist sample SY21-01/2-1 from Katergaki, the initial nucleation and growth

follow a similar pattern to that observed at Achladi, with garnet initially incorporating the

highest amounts of Y and REE, which decrease due to fractionation from the rock volume

(Stage I in Figure 5.12b). Epidote and titanite inclusions are incorporated into the garnet,

further fractionating trace elements from the rock. In Stage II, trace elements availability

has decreased, resulting in lower HREE and Y content garnet but also in the matrix

epidote (Figure 5.7d). During Stages II and III, lawsonite and chlorite breakdown occurs
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within the system and external mafic sequences, as indicated by modelling in Chapter 4.

These breakdowns release fluids, elevating pore fluid pressures and leading to compositional

fluctuations and the formation of annuli in the garnet due to the liberated major and trace

elements. After this fluid transfer event, no new elements are available, leading to decreased

concentrations of Y and REE in the garnet rim, resulting in the final garnet grain shape

2.1 (see Figure 5.0c-d).
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This thesis investigated the processes of fluid-rock interaction in subduction zones dur-

ing prograde metamorphism. The research focused on mechanisms of fluid release and

transport, which are fundamental to understanding element redistribution within subduc-

tion environments and are preserved in the compositional zoning of minerals, particularly

in porphyroblasts such as garnet.

The research pursued two main objectives. First, significant methodological advance-

ments were developed, including refined techniques for compositional mapping (Chapter

2) and petrochemical modelling (Chapter 3). Second, these techniques were applied to

natural samples from preserved subduction zone relics, focusing on specimens from Syros

(Cyclades, Greece), where diverse metamorphic lithologies—including metagabbros, pil-

low basalts, and mafic-siliciclastic sediments—provide an exceptional record of subducted

oceanic crust. The integration of petrological and geochemical analyses in 2D and 3D, com-

bined with in-situ oxygen isotope measurements and petrochemical simulations, enabled a

comprehensive reconstruction of fluid-rock interaction processes in high-pressure terranes.

The integration of a mechanical model into the petrochemical modelling framework

within ThorPT revealed crucial insights into the coupling of metamorphic reactions with

brittle failure during dehydration. This demonstrated that episodic fluid release contributes

to permeability increases in the rock, consistent with natural observations of veins and

shear zones in serpentinites. Significantly, this episodic release correlates with seismic

phenomena, establishing a direct link between fluid movement and tremor and slip events

in subduction zones.

Compositional mapping at the microscale emerged as a powerful analytical method for

characterizing mineral phases and determining geochemical variations across multi-mineral

assemblages. The newly developed LA-ICP-MS mapping routine addresses a critical gap

in major-to-trace element mapping, enabling the calibration of chemically diverse minerals

and making extensive datasets accessible through integration with open-source software,

XMapTools. The broad applicability of this technique was demonstrated through successful

applications to diverse rock types, including glaucophane-bearing eclogite from Latto Hills

(Togo), migmatites from the El Oro Complex (Ecuador), and rutile in metapelite from Val

Malenco (Italian Alps).

The application of compositional mapping with EPMA and LA-ICP-MS proved partic-

ularly valuable for the Syros case study. The calibrated element maps for garnet, phengite,

and associated phases were essential for correlating SIMS-based in-situ oxygen isotope

analyses on garnet and phengite, enabling precise matrix correction of spot analyses and

establishing clear links between isotope compositions and growth zones. This coupled ap-

plication of in-situ oxygen isotope analysis on garnet and phengite, previously validated

through the Lago di Cignana case study, revealed multiple stages of external fluid infiltra-
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tion in the Unit (Chapter 7).

Oxygen isotope compositions in garnet and phengite determined by in-situ SIMS anal-

ysis, combined with carbonate isotopes from IRMS, revealed distinct stages of fluid-rock

interaction during both seafloor alteration, burial, and exhumation. Significant oxygen

isotope shifts (8 to 12‰) in the Katergaki samples provide evidence for pervasive fluid

infiltration, contrasting markedly with other Syros outcrops such as Achladi and Ormos

Lakkoi, where prograde metamorphism occurred without significant or isotopic indistin-

guishable fluid infiltration. The advanced petrochemical modelling software ThorPT suc-

cessfully simulated multi-rock fluid-rock interaction processes based on field observations

and modelled the expected evolution of oxygen isotope compositions in stable mineral

phases. These simulations demonstrate that a mafic-derived fluid with elevated oxygen

isotope signatures could account for the observed shifts at Katergaki.

Trace element mapping of garnet and associated minerals from two blueschist samples

from Syros enabled a reconstruction of metamorphic history and trace element distribu-

tion among mineral phases. This approach allowed for evaluation of trace element budgets

across coexisting minerals without requiring intensive single-spot analysis, representing a

significant advancement in analytical efficiency. The observations indicate that garnet in

these samples preserves a record of mineral phase changes, particularly involving the break-

down of titanite, epidote, and lawsonite. Furthermore, modelled fluid pressure variations

appear responsible for subtle zoning patterns in garnet. Notably, the garnet from Katergaki

exhibits distinctive zoning characterized by Mn and Y+REE annuli in the mantle, which

correlates with the documented changes in oxygen isotope composition. Additionally, the

integration of compositional zoning in garnet porphyroblasts with 2D and 3D petrographic

analysis reveals random crystallization and interface-controlled growth during prograde

metamorphism. The distribution of fractured and resorbed garnet grains is most likely

linked to post-peak metamorphism. While the trace element mapping focused primarily

on two blueschist samples, broader application to additional blueschist and eclogite samples

would further enhance our understanding of garnet growth mechanisms and trace element

distribution patterns during metamorphism.

The successful integration of in-situ oxygen isotope analysis, compositional mapping,

and petrochemical modelling has proven to be a powerful methodology for deciphering fluid-

rock interaction processes in subduction zones under complex outcrop conditions. This

comprehensive approach shows considerable promise for broader applications, particularly

because the petrochemical and brittle failure model can be adapted for specific case studies

and is not limited to subduction zone settings. Finally, the modelling results suggest that

infiltrating fluids play a crucial role in stabilizing hydrous phases within the subducting

slab, significantly influencing fluid redistribution and recycling. This mechanism potentially
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delays mantle wedge melting, thereby affecting both element cycling and the timing of

magmatic activity in subduction zones. These findings warrant further investigation and

can be enhanced by incorporating trace element partitioning into the model, which would

enable quantitative assessment of trace element fluxes.
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7.1 Contribution to published articles

The following Appendix is summarizing the published articles in which I scientifically

contributed.

1. In the study ”Tracing fluid infiltration into oceanic crust up to ultra-high-pressure

conditions” by Rubatto et al., 2023, I contributed the d18O analyses on phengite and the

associated major element maps.

2. In the study ”Tracking garnet dissolution kinetics in 3D using deep learning grain

shape classification” by Hartmeier et al., 2024, which is the result of a Bachelors thesis

I co-supervised, I was involved in the 3D data acquisition and processing from micro-CT

and helped in the segmentation protocol of this study.

3. In the study ”Olivine formation processes and fluid pathways in subducted serpen-

tinites revealed by in-situ oxygen isotope analysis (Zermatt-Saas, Switzerland)” by Ulrich

et al., 2024, I contributed with my developed petrochemical modeling software represented

in Chapter 2. The modeling was applied to understand the evolution of the mineral phase

assemblage and to quantify the oxygen isotope composition of the stable mineral phase

assemblages to decipher their fluid-rock interaction.

Bibliography
Hartmeier, P., Lanari, P., Forshaw, J. B., & Markmann, T. A. (2024). Tracking Garnet

Dissolution Kinetics in 3D Using Deep Learning Grain Shape Classification. Journal

of Petrology, 65 (3), 1–9. https://doi.org/10.1093/petrology/egae005

Rubatto, D., Williams, M., Markmann, T. A., Hermann, J., & Lanari, P. (2023). Tracing

fluid infiltration into oceanic crust up to ultra-high-pressure conditions. Contribu-

tions to Mineralogy and Petrology, 178 (11), 79. https://doi.org/10.1007/s00410-

023-02060-6

Ulrich, M., Rubatto, D., Hermann, J., Markmann, T. A., Bouvier, A.-s., & Deloule, E.

(2024). Olivine formation processes and fluid pathways in subducted serpentinites

revealed by in-situ oxygen isotope analysis (Zermatt-Saas, Switzerland). Chemical

Geology, 649 (November 2023), 121978. https://doi.org/10.1016/j.chemgeo.2024.

121978

https://doi.org/10.1093/petrology/egae005
https://doi.org/10.1007/s00410-023-02060-6
https://doi.org/10.1007/s00410-023-02060-6
https://doi.org/10.1016/j.chemgeo.2024.121978
https://doi.org/10.1016/j.chemgeo.2024.121978


7.1. CONTRIBUTION TO PUBLISHED ARTICLES 235

Tracing fluid infiltration into oceanic crust up to
ultra-high-pressure conditions

Rubatto, D.1, 2, 3, Williams, M.3, 4, Markmann, T. A.1, Hermann, J.1, Lanari, P.1
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Abstract

Fluid–rock interaction within the altered oceanic crust and across the slab-mantle

boundary during subduction facilitates element transfer, but the dynamics of fluid trans-

port and fluid–rock exchange during upward fluid migration are still unclear. A study of

metamorphic fluid–rock interaction within a section of subducted oceanic crust was carried

out on eclogites and metasediments of the ultra-high-pressure Lago di Cignana Unit (NW

Italian Alps). The P–T modeling of a quartzschist shows that garnet grew during the

prograde and sporadically during the retrograde path and that phengite mainly records

the peak to retrograde conditions. Microscale geochemical analysis of garnets has revealed

a systematic evolution of oxygen isotopic composition with garnet major element zonation,

with extreme within-sample core–rim variations in δ18O between 18 and 4‰ providing evi-

dence for external fluid influx. Garnet in eclogites and calcschists, as well as garnet cores in

quartz-rich lithologies, shows normal compositional zoning, as expected for prograde garnet

growth, and a relatively constant oxygen isotopic composition. The outer garnet growth

zones within a few metasediments show reverse or discontinuous zoning and progressively

lower δ18O. Despite major element zoning, the isotopic composition of mica is homogeneous

across chemical zoning in one eclogite and one quartzschist, but shows 6‰ variability in

another quartzschist. In the underlying Zermatt–Saas serpentinites, antigorite from nine

serpentinite samples shows some variation in δ18O, with average δ18O values for individ-

ual samples ranging from 1 to 6‰. These results provide evidence for two main stages of

external fluid infiltration: (i) fluids from the dehydration of mafic lithologies entered the

sequence at peak conditions around 3 GPa, as indicated by the oxygen composition of in-

termediate zones of mica and garnet, and (ii) low δ18O fluids from serpentinites infiltrated

parts of the sedimentary package during exhumation prior to 1.5 GPa, as recorded by the

4‰ garnet outer rims. Samples recording external fluid infiltration are concentrated in

the lower part of the sequence, indicating channelized fluid flow, suggesting focused fluid

infiltration due to permeability contrasts between metasedimentary and eclogitic litholo-

gies. Channelized fluid flow in the ultra-high-pressure metasediments of Lago di Cignana

has not resulted in systematic decarbonation of the metasediments.
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Tracking Garnet Dissolution Kinetics in 3D Using Deep
Learning Grain Shape Classification
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Abstract

The kinetics of fluid-driven metamorphic reactions are challenging to study in nature

because of the tendency of metamorphic systems to converge towards chemical equilibrium.

However, in cases where mineral textures that reflect incomplete reactions are preserved,

kinetic processes may be investigated. Atoll garnet, a texture formed by the dissolution of a

garnet’s core, has been described in 2D from thin sections of rocks worldwide. Quantifying

the extent of this dissolution reaction requires a sample-wide examination of hundreds of

individual grains in 3D. In this study, we quantified the distribution of atoll garnet using

micro-computed tomography and grain shape analysis. A convolutional neural network was

trained on human-labeled garnet grains for automated garnet classification. This approach

was applied to a retrogressed mafic eclogite from the Zermatt–Saas Zone (Western Alps).

Pervasive atoll-like resorption preferentially affected the larger porphyroblasts,suggesting

that compositional zoning patterns exert a first-order control on dissolution rates. A ki-

netic model shows that the reactivity of metastable garnet to form atolls is favored at

pressure–temperature conditions of 560±30◦C and 1.6±0.2 GPa. These conditions coin-

cide with the release of water when lawsonite breaks down during the exhumation of mafic

eclogites. The model predicts dissolution rates that are three to five times faster for the

garnet core than for the rim. This study shows that deep learning algorithms can perform

automated textural analysis of crystal shapes in 3D and that these datasets have the po-

tential to elucidate petrological processes, such as the kinetics of fluid-driven metamorphic

reactions.
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Abstract

Dehydration of serpentinites plays a crucial role in mass transfer into the Earth’s in-

terior by releasing aqueous fluids and forming new minerals. These minerals, such as

metamorphic olivine, can serve as tracers of fluid- related processes. High-pressure (HP)

antigorite, metamorphic olivine, and coexisting magnetite in serpentinites from a continu-

ous, km-scale outcrop within the Zermatt-Saas HP ophiolite were analyzed in situ for trace

elements and oxygen isotopes to identify differences in the initial serpentinization con-

ditions and to investigate fluid pathways during subduction-related metamorphism. The

oxygen isotopic composition, and As and Sb concentrations in antigorite reveal two distinct

serpentinization conditions within the studied region: i) high As and Sb (1–25 µg/g and

0.5–5 µg/g, respectively), coupled with δ18O of +6 to +7 ‰, suggesting serpentinization

at relatively low temperatures near the seafloor, and ii) low As and Sb (0.03–5 µg/g and

leq 0.1 µg/g, respectively), coupled with mostly lower δ18O of +4 to +6 ‰, suggesting ser-

pentinization at higher temperatures by interaction with fluids deeper below the seafloor.

Olivine produced in situ by the brucite + antigorite dehydration reaction during subduc-

tion shows isotopic equilibrium with antigorite, and coexisting magnetite with Δ18OAtg-Ol

of +1.5–2.5 ‰ and Δ18OOl-Mt of ∼+3 ‰ at reaction temperature conditions of 550–600

◦C. The obtained isotopic signatures of metamorphic olivine with δ18O values of +1 to +2

‰ and + 4 to +5 ‰ correspond to two different isotopic compositions of the released fluid

of +5 to +6 ‰ and + 8 to +9 ‰ at these temperature conditions. This suggests that

fluids released from subducted serpentinites may have variable δ18O under forearc condi-

tions. The presence of fluids with variable δ18O can cause olivine in structures associated

with fluid flow (e.g., shear bands, shear zones and veins) to be in isotopic equilibrium with

magnetite, but in either isotopic equilibrium or disequilibrium with antigorite. Isotopic

equilibrium with antigorite is achieved when the fluid responsible for olivine crystallization

is internally derived. Isotopic disequilibrium is due to an externally derived fluid released

by dehydration of serpentinite with a different isotopic composition than the serpentinite

with which the fluid interacts. The restricted occurrence of non-equilibrated olivine only

in shear bands and nearly pure Ol-veins indicates channelized fluid flow in sub- duction

zone settings and demonstrates that isotopic disequilibrium can be used as a tracer for

fluid infiltration.
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