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Abstract

Interpreting the P—T evolution of a region recorded in garnet requires understand-
ing of how the major elements in garnet (Fe, Mg, Mn and Ca) are modified by dif-
fusion. We present an integrated approach that combines thermodynamic modelling
with MAGEMin and multicomponent diffusion modelling using UWDiffusion, built on
underworld3, to constrain the P-T—t evolution of a garnet pyroxenite from the West-
ern Gneiss Region, Norway. We use the differential evolution minimisation technique
to first estimate prograde P—T' conditions from intersecting garnet end-member iso-
pleths, which indicate garnet growth occurred between 9.5 and 14 kbar at isothermal
conditions (~475 °C) and then records burial and heating up to 19 kbar and 580°C.
Peak conditions of above 20 kbar and ~650°C were attained based on the lack of am-
phibole present in the sample and amphibole stability from thermodynamic modelling.
Although thermodynamic modelling predicts garnet stability up to peak conditions,
local depletion of garnet-forming elements stops growth. The modelling reveals that
the preservation of compositional zoning indicates that temperatures remained below
~700°C during exhumation, preventing substantial diffusional re-equilibration. Ther-
modynamic modelling reveals that the measured bulk stabilises epidote rather than
the observed zoisite and a systematic investigation of the epidote—zoisite transition as
a function of FeoO3 content demonstrates that zoisite is stable only when the effective
matrix FeoO3 drops below ~1.0 wt%, highlighting a prograde redox transition as the
rock subducted, which coincides with garnet growth ceasing. This integrated approach
demonstrates how coupling thermodynamic and diffusion modelling can be utilised to
resolve the P-T—t record of a region through the observed mineral assemblage and

garnet zoning.
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1 Introduction

Garnet is one of the most important mineral in metamorphic petrology (Baxter et al.,2017).

Its importance is due to the fact that compositional changes in its major cations can be

directly linked to the variation in pressure and temperature (P-T1") conditions during meta-

morphism (Faryad and Jezek| [2019; [Florence and Spear], [1991; Tinkham and Ghent| 2005;

Tracy et al., |1976; |Caddick et al., [2010; |Spear and Selverstone, [1983; Spear et al., [1984).

The conditions are recorded in the compositional zoning of the four garnet end-members

almandine (Fe), pyrope (Mg), spessartine (Mn) and grossular (Ca) (Tracy et al.,[1976; |Speat|

land Selverstone, [1983; Spear et al.| [1984; Perchuk and Philippot, |1997) with the proportions

of each determined by the pressure, temperature and effective bulk rock composition at the

time of formation (Evans, [2004; Spear et al., [2014; |Spear and Wolfe, 2018; Lanari and Engi,

2017; Konrad-Schmolke et al., |2005). However, the compositional changes (i.e. composi-

tional zoning) in end-member proportions recorded in the garnet from core to rim can be

modified by diffusion at temperatures above ~700 °C for a ~500 pum in diameter garnet

(Caddick et al., 2010; Smit et al., 2013; Faryad et al., 2022; |Gaidies et al., 2022).

. Diffusion of the major cations in garnet is coupled (Anderson and Buckley, |1973; Loomis|

land Nimick, [1982; Loomis et al., [1985; [Elphick et all [1985; |(Chakraborty and Ganguly,

1991, {1992), where the movement of each cation is not independent but influenced by the
concentration and diffusivity of the others. This phenomenon, known as multicomponent

diffusion, is the simultaneous and interdependent migration of multiple chemical species

within a crystal lattice (Lasaga,|1979; Borinski et al.,[2012), making the system more complex

than unary and binary species diffusion.
In garnet, multicomponent diffusion is particularly complex due to the four component

system, with the interaction of Fe, Mg, Mn and Ca cations that diffuse at different rates

under varying metamorphic conditions (Tracy et al., 1976; [Spear et al., [1984; [Spear], [1989;

\Chakraborty and Ganguly|, 1992, 1991). During high-temperature events, diffusion can com-

pletely erase zoning patterns, removing the record of earlier metamorphic stages and can
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imprint retrograde conditions instead (Pattison and Bégin, [1994; Weyer et al., [1999; Fer-
nando et al., |2003). At lower temperatures, where diffusion is limited, growth zoning is
preserved and offers valuable insights into the prograde metamorphic history (Faryad and
Jezek, 2019; Faryad et al., 2022; (Gaidies et al., [2008; |George and Gaidies|, |2017; (Gaidies
et al., 2022; |Caddick et al., [2010; Chakraborty and Ganguly, [1991; Borinski et al., 2012;
Spear et al., [1984). Understanding the rates and mechanisms of multicomponent diffusion
in garnet is therefore essential for interpreting zoning and reconstructing accurate pressure—
temperature-time (P-T-t) paths.

Thermodynamic models can be used to understand the partitioning of chemical com-
ponents between mineral phases over P-T' space and identify the conditions at which gar-
net grows. The growth of garnet can be incorporated into numerical models that include
multicomponent diffusion to understand how the P-T-t evolution alters the end-member
fractions. These models incorporate experimentally determined diffusion coefficients and
enable the simulation of compositional changes during garnet growth and exhumation. By
modelling the coupled diffusion of Fe, Mg, Mn, and Ca, it becomes possible to quantify how
thermal evolution, garnet size, and composition influence the redistribution of major cations
along a pressure-temperature-time (P-T-t) path (Faryad and Jezek, 2019; Gaidies et al.,
2022;|George and Gaidies, 2017). This approach allows for the exploration of varying geolog-
ical histories in which compositional zoning is established, preserved, partially modified or
completely overprinted, offering insights into the thermal evolution of metamorphic terranes
(Caddick et al., |2010; Chakraborty and Ganguly, 1991; Borinski et al., 2012).

In this study, we have developed a new numerical approach to model multicomponent dif-
fusion that uses underworld3 and garnet growth modelling using MAGEMin. Underworld3
utilises SymPy that allows the multicomponent equation to be represented symbolically,
where the diffusion coefficients for different cations and different minerals can be quickly
substituted without changing code. Underworld3 also supports multimaterials, where ad-

jacent phases can be modelled. We have developed a python package, phasetools, that
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utilises MAGEMin for thermodynamic modelling, allowing the garnet growth and diffusion
modelling to be performed in the same script. The development of these tools opens up
the possibility to perform inter granular diffusion between grains while using MAGEMin to
determine thermodynamic properties.

In this paper we focus on multicomponent diffusion within a single grain, presenting and
validating the numerical implementation. We first benchmark the multicomponent diffusion
implementation against previously published results to validate the numerical approach. We
then apply the garnet growth and diffusion modelling to constrain the P-T-t evolution of
a garnet pyroxenite from the Western Gneiss Region (WGR), Norway. This paper outlines
two tools that can be used to investigate metamorphic histories recorded in garnet. (1)
Estimating growth P-T conditions from intersecting isopleths using a minimisation technique
between measured and modelled garnet end-member fractions and (2) garnet growth and
multicomponent diffusion modelling to constrain the P-T—t path. Subsequent work will
extend this framework to multimaterial domains (enabling intergranular diffusion and Fe-Mg

exchange between garnet and adjacent minerals) and to three-dimensional grain geometries.

2 Methods

2.1 Thermodynamic modelling with MAGEMin

We utilise MAGEMin (Riel et al., 2022), a parallel C library accessible through Julia, to
extract garnet abundances and corresponding chemistry along a P-T" path for a given bulk
rock composition. Gibbs free energy minimisations are performed in Julia and accessed via
a python package called PhaseTools that uses the JuliaCall package (Rowley,|2022). This
workflow takes advantage of MAGEMin’s parallel capabilities while allowing outputs to be
processed in python and incorporated into underworld3. MAGEMin is used both to estimate
pressure-temperature (P-1") conditions recorded in garnet end-members and to extract the

garnet information used to model garnet growth along a pressure-temperature—time (P—T—t)
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path.

2.1.1 Estimating P-T conditions from isopleths

We use MAGEMin to estimate the prograde P-T path for garnet growth by locating the isopleth
intersections for almandine (Fe), pyrope, (Mg) spessartine (Mn) and grossular (Ca) values
measured along an electron-probe microanalysis (EPMA) traverse. Similar approaches have
previously been used for garnet (Moynihan and Pattison, |2013; Lanari et al., 2017) as well
as for multi-phase minimisations (Mackay-Champion and Cawood, 2026). The differential
evolution method (Qiang, [2014) is used to explore the P-T space and obtain estimates
of pressure-temperature (P-T') conditions through intersecting isopleths, although other
minimisation techniques can also be used. The differential evolution method searches for
the global minimum of a multivariate objective function, i.e. it searches for the P-T point
which produces the lowest difference between the observed and modelled proportions of the
four garnet end-members (Fe, Mg, Mn, and Ca) at each point along the garnet profile, where

we use the weighted root-mean square error:

F(P,T) = %XN: <X$“°del(P£> — XEbS)Q (1)

i=1

where o; is the uncertainty assigned to component i. We assigned an uncertainty of o; =
0.02 (mole fraction) to garnet end-member compositions measured by EPMA, a conserva-
tive value given that total uncertainty includes accuracy-related terms beyond the counting-
statistics precision routinely achievable for major elements (Llovet, 2018; Ritchie and New-
bury, 2012). This value accounts for measurement precision, accuracy-related systematic
errors (e.g., matrix corrections), instrumental drift, and the weight percent-to-mole fraction
conversion.

However, this approach is only valid if garnet growth occurred in, or close to, equilibrium

with the bulk composition used for the modelling and zoning has not been sufficiently mod-
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ified by later processes (Faryad et al., 2022; |Caddick et al., 2010). Fractionation of garnet
can also be included to best match observations to better constrain the P-T" path, as the rim
equilibrated with an effective bulk composition different from that of the entire rock sample.
However, fractionation for determining P-T' conditions is not explored here as we find the
non-fractionating inversion provides good P-T estimates and find our growth model, that
includes fractionation, is able to replicate the observed core-to-rim profiles based on these

P-T estimates.

2.1.2 Garnet growth modelling

Using the P-T information gathered from intersecting isopleths, we then use MAGEMin to grow
a population of garnets and select one for diffusion modelling. Several existing tools, such
as Compositional Zoning Garnet Modelling (CZGM) (Faryad and Jezek|, 2019) and THERIA G
(Gaidies et al., [2008), are capable of simulating garnet growth and diffusion along P-T—t
paths. CZGM employs PERPLE X (Connolly, |1990) for thermodynamic modelling and MAT-
LAB for garnet growth calculations, while THERIA_G uses Theriak (de Capitani and Brown,
1987) to perform thermodynamic equilibrium calculations in Fortran and is run in the com-
mand line. PhaseTools with MAGEMin offers a streamlined, all-Python workflow that avoids
switching between MATLAB, Fortran, and command-line tools. PhaseTools can be used to
systematically map phase stability across various redox states and garnet growth modelling
can be directly incorporated with multicomponent diffusion modelling in UWDiffusion, en-
abling various growth histories to be explored as well as multicomponent diffusion to be
modelled within a single framework. The symbolic representation of the diffusion matrix
also enables diffusion coefficient databases to be swapped without modifying the underlying
code, facilitating systematic comparisons across published diffusion coefficients.

Our garnet growth model simulates a population of garnet crystals along a user-defined
P-T—t path using equilibrium data from MAGEMin. The garnet growth model can simulate

fractionation by incrementally removing newly formed garnet from the reactive bulk com-
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position at each step, with the growth model approaching Raleigh fractionation if changes
in P-T are infinitesimally small. This allows different scenarios to be tested, i.e. continuous
vs discontinuous garnet growth (Konrad-Schmolke et al., 2005). If the path starts within
the garnet stability field, either the initial volume can be set to zero to simulate a clean
initial growth event or the initial volume can be used, allowing the model to incorporate an
“instantaneous” core that reflects the overstepped volume at the start of the path (Spear and
Wolfe, 2019; [Nagurney et al., 2021} [Spear et al., 2014; |Waters and Lovegrove, |2002; |Castro
and Spear, |2017).

The garnet population is generated by applying a user-defined size distribution (e.g.,
normal or uniform) to the total thermodynamic volume, representing the final crystal size
distribution once garnet has stopped growing. This creates distinct size classes, that nucleate
at different times and finish growth at the same time to achieve the final distribution. Each
garnet is modelled as a sphere with concentric zoning (Faryad et al.| [2022; |Gaidies et al.,
2008), that grows as a series of shells of equal thickness. As these shells are added, they record
the P-T conditions at that point along the P-T path through the chemical composition (Mg,
Mn, Fe, and Ca). This process results in a population of garnets with realistic core-to-rim
zoning profiles that reflect the garnets growth history, without alteration due to diffusion,

with a single garnet used in the diffusion modelling.

2.2 Determining the diffusion flux

The Maxwell-Stefan (M—-S) diffusion equation (Maxwell, 1867; |Stefan, 1871) describes mass
transport in multicomponent systems. For species ¢ from a total of n species, the M-S

equation is:

§idj — &, .
Z cDMSj , fori=1,2,...,n, (2)
J#l

where §; is the mole fraction of species ¢, J; is its diffusive flux, ¢, = >, ¢; is the total



186 concentration of the diffusing sublattice, and D%S is the Maxwell-Stefan pair diffusivity
17 between species ¢ and j. The pair diffusivities are taken to satisfy D}fs = D%S.

188 For diffusion-only problems, the fluxes and mole fractions satisfy:

i J; =0, (3a)
=1

dG=1 (3b)
i=1

190 Eq. defines the molar-average reference frame used in the diffusion formulation, while
191 €q. ensures that the mole fractions remain normalised during diffusion. Summing the

12 M—S equations demonstrates that only n — 1 equations are independent:

n n n J,L . ,LJ
DIACEED B Pt CtDMi =0, (4)
=1

i=1 j=1 ij
J#
193 Using the final species as the dependent component, the independent equations can be
14 written in matrix form as:
V& i
V& Jo
Ct = —B R (5)
anq Jnfl
105 where B is an (n — 1) X (n — 1) matrix with elements:
1 1 .
& (W - m) ) i # 7,
in ij
B;; = n-1 (6)
1 1 1 .
s 26\ s~ s ) =
in k#i ik mn
19 Although the Maxwell-Stefan pair diffusivities are taken to be symmetric, the reduced

17 matrix B is generally non-symmetric because its elements depend asymmetrically on the



s mole fractions. Rearranging Eq. 5| gives

Jl Vfl
J. V¢
e : R (7)
Jnfl vé‘nfl
199 where:
B! =D" 8)
200 is the reduced effective diffusion matrix. The flux of species i can therefore be expressed
201 aS:
n—1 ~
Ji=—c Y DiSVE, 1<i<n—1 (9)
j=1
202 The model uses two coefficient pathways. Where Maxwell-Stefan pair diffusivities are

. . ~ MS .
203 available, the coefficients D%S are used to construct D . Where only independent tracer
20 or self-diffusion coefficients are available, an effective diffusion matrix is calculated directly

205 using the mean-field approximation for ideal ionic solutions (Lasaga, 1979):

. Dr&;
DMF — Drg, — [ — (D; — Dy). (10)
: ’ (fo:l D;’;fk) :
206 Here, D} is the independent tracer or self-diffusion coefficient for species i, and 9;; is

207 the Kronecker delta. Equation generates an effective generalized-Fick diffusion matrix

25 directly; it does not calculate the Maxwell-Stefan pair diffusivities D}°.

0, i ]j.

200 UWDiffusion (Knight and Clark, 2026), built on underwor1d3 (Moresi et al., 2025), is

10
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a finite-element code for modelling multicomponent diffusion of major cations in garnet.
underworld3 leverages SymPy (Meurer et al., 2017) to symbolically construct the diffusion
matrix D and associated flux terms, with composition- and P-T-dependent diffusion coeffi-
cients substituted into the symbolic expressions at each time step. This enables composition-
dependent cross-term diffusivities and model-agnostic swapping between diffusion coefficient
databases without manual derivation or solver modification. Users may also define custom
flux expressions, which underwor1d3 solves directly. All meshes are constructed using Gmsh
(Geuzaine and Remacle, |2009), supporting a range of geometries including the multi-layered

garnet domains used here.

3 Benchmarking multicomponent diffusion

We first verify multicomponent diffusion has been implemented correctly in UWDiffusion.
Multicomponent diffusion couples the flux of each component to gradients of all others, so
small errors can result in incorrect solutions. Our benchmarking compares our implemen-
tation to previously published work. Only after matching the benchmarks do we apply the
model to infer timescales and the P-T' evolution from garnet zoning in the Western Gneiss

Region.

3.1 Benchmark 1: Binary mixture

For the initial benchmark a simple two-component system is utilised (Chai et al., 2019;
Crank, [1979):
Ji=-Jy, &+&=1, Dip=Dn=D (12)

Due to Eq. [9 the flux term J; can be expressed as:

Ji = —ctDV&, 1= 1, 2 (13)

11
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which is the classic diffusion (Fick’s) law with a constant diffusivity, and the concentration
of & is equal to 1 - &;.

The benchmark initial concentration is as follows:

Cy ifz <0,
&i(r) = (14)

Where Cy = 0.9, C; = 0.1 and D = 0.05. The model is run in a domain from -6 to 6 in length
() and -1 to 1 in height (y), with an element resolution of 96 x 96 and Neumann condition
(J; = 0) on all boundaries. This benchmark tests the planar diffusion implementation as
there is no change in composition in the y direction.

The analytical solution for the concentration of xi; can be calculated by the following
equation:

&1 (15)

_Co+01+01—00erf< X )
2 2 2Dt)’

The results in Fig. [Ij show the numerical results obtained from UWDiffusion match the

expected analytical solution from Eq. for xiy at t=1 and t=5.

3.2 Benchmark 2: Ternary mixture

A three-component coupled diffusion model is also tested, which has previously been used to
benchmark other numerical implementations of multi-component diffusion (Chai et al., 2019;
Boudin et al., 2012; Geiser, 2015), and is an approximation to the experiment conducted by
Duncan and Toor (1962).

The domain is a box, with a length (z) from 0 to 1 and height (y) from 0 to 1 which is
discretised on a 50 x 50 quadrilateral grid and Neumann condition (J; = 0) on all bound-
aries. This benchmark also tests the planar diffusion implementation as the concentration
is constant in the y direction.

The initial concentrations in the z direction are as follows:

12
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.

0.8, 0 <z <0.25,

§i(x) = 1.6(0.75 — ), 0.25 <z < 0.75, (16a)
0, 0.7 <x <1.
\
£=02, 0<z<lI, (16b)
E=1-& —&. (16¢)

The benchmark uses prescribed Maxwell-Stefan pair diffusivities, with DM° = DM5 =
0.833 and DS = 0.168. These coefficients are substituted into the reduced Maxwell-Stefan

formulation to obtain the effective matrix:

Dll\gs 0
\MS
D = D%ng(D%s _ D%S) D%SD%S . (17)
DyS& — D6+ Dy D36 — D& + DY

The resulting effective matrix is equivalent to the formulation outlined in (Chai et al.
(2019) and |Geiser (2015).

The results in Fig. [2| show the UWDiffusion numerical solution matches the previously
published numerical solutions outlined by |Geiser (2015); Chai et al. (2019); [Boudin et al.
(2012). &; follows Fick’s law due to D13 = Dy3, where the cross-diffusion term is zero, which
removes any dependency on the gradients of & and &3, with its flux is governed solely by
its own concentration gradient. However, & does show uphill diffusion over time which is
not consistent with Fick’s law, driven by the cross-diffusion term. The concentration of &;
changes from an initial equilibrium state of 0.2 at £ = 0 to a minimum value of 0.1581 at
1 ~ 0.2 before increasing again towards 0.2, similar to the results observed by |Duncan and

Toor (1962).
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3.3 Benchmark 3: three-component garnet diffusion

This benchmark examines a ternary Fe-Mg—Ca diffusion system in garnet, with Ca as the
dependent component and Mn neglected. It uses the published effective generalized-Fick
diffusion matrix D from [Vielzeuf and Sal (2011), in which both Fe and Mg contain cross-
diffusion terms. The effective matrix is prescribed directly; consequently, this benchmark
tests the coupled flux implementation but does not test conversion from Maxwell-Stefan pair
diffusivities or independent tracer coefficients.

Vielzeuf and Satl (2011) used the initial concentrations (¢;) and D matrix:

0.461185, =z < 6um, 0.5190967, = < 6um,
leMg: 752:F€: 753:1_51_§27
0.4569965, else 0.50997849, else
(18a)
- D Dargre 0.66x10719  —4.74x107"
D — MgMg MgF _ (18b)
DFeMg Dperpe —0.4x10~% 4.5%x10719

The model presented by |Vielzeuf and Saul (2011) is planar diffusion (along a line in
1D) and is replicated in UWDiffusion by repeating initial concentrations in the y direction.
The domain is 12 pm in length (x) and 1 pm in height (y) and has an element resolution
of 300x25. No boundary conditions are prescribed, which results in Neumann boundaries
(J; = 0) on all sides. The model is run for a total of 518,400 seconds (6 days) to replicate
the profiles of |Vielzeuf and Saul| (2011).

The results in Fig. [3| show agreement between the UWDiffusion implementation and the
diffusion profiles of [Vielzeuf and Sail (2011). The model reproduces the profiles for both
Mg and Fe, including uphill diffusion of Mg. This behaviour results from the combined flux
Ji=—a). ; bijvgj: the negative DMgFe term is sufficiently large relative to f)MgMg to drive
Mg against its own concentration gradient, whereas the smaller DFeMg term means that Fe

diffusion is more strongly controlled by its own concentration gradient.
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3.4 Benchmark 4: Garnet diffusion along a P-T—t path

In this benchmark, we compare results from CZGM (Faryad and Jezek, [2019) with our own
implementation of multi-component diffusion. The CZGM software contains an example
to extract a garnet population from a pseudosection grid along a P-T—t path without the
effects of fractionation. This benchmark is presented to test the garnet growth and diffusion
implementation in UWDiffusion, not the growth model itself. In this benchmark garnet is
diffusing after each growth step along the prograde path then transitions to diffusion only as
there is no increase in volume along the retrograde path. During the garnet growth stage,
the garnet grows outwards and has a total of 30 shells. As the garnet grows, the most recent
growth shell has a fixed boundary condition. As the entire garnet is meshed initially, during
the growth stage the outer shells also contain the same concentration as the most recent
growth shell. Once garnet growth has finished, the concentration of the final shell is fixed
for the remainder of the model.

We test diffusion in both a box and within an annulus, both in Cartesian coordinates, to
compare results with diffusion in CZG M, which includes the functionality to represent dif-
fusion in planar (along a line) or spherical (in a sphere) geometries as a one-dimensional line.
Spherical coordinates are the best approximation for a concentric garnet with radial sym-
metry (composition varies only with distance from the core). Planar diffusion handles cases
where spherical symmetry may not be a suitable approximation, e.g. from off-centre thin-
section cuts, rim-only segments, or non-concentric zoning from resorption/embayment. The
planar diffusion implementation in CZGM is compared to a two-dimensional domain where
the concentrations only vary horizontally, while the spherical diffusion model in CZGM is
compared with an annulus in 2D in UWDiffusion. The annulus represents cylindrical diffu-
sion, that is between planar and spherical diffusion, and can be used to resolve non-radial
effects while remaining computationally tractable but under-resolve diffusion due to neglect-
ing the third dimension Ganguly and Tirone (1999) when compared to spherical models,

highlighting a key limitation of diffusion models when utilising 2D approximations. For this

15
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benchmark, independent diffusion coefficients are used for Fe, Mg and Mn. The Ca coefficient
is approximated as D¢, = Djp,/20 (Faryad and Jezek, 2019). These coefficients are used
as inputs to the mean-field approximation in Eq. [10|to calculate the composition-dependent

effective diffusion matrix. The diffusion coeflicients for each element are calculated as:

D = Dy - exp (—%) (19)

e D : Diffusion coefficient

e [, : Pre-exponential factor.

@ : Activation energy for diffusion

R : Universal gas constant (1.9872 cal K~! mol™!)

e T : Absolute temperature (K)

using the values outlined in Table

Table 1: Parameters for the independent Fe, Mg and Mn diffusion coefficients from
Chakraborty and Ganguly| (1992). The Ca coeflicient is approximated as D¢, = Dyy,/20
(Faryad and Jezek, 2019).

Element Dy [em? s7!] @ [cal mol™!]

Fe 6.36 x 107 65,824 (£8, 721)
Mg 111 x 103 67,997 (+8,973)
Mn 5.15 x 107 60, 569 (&8, 889)

The results show that UWDiffusion is able to replicate the diffusion profiles from CZGM
when both are modelled in a planar geometry . However, when comparing the spher-
ical diffusion profiles from CZGM with the 2D cylindrical annulus domain results from
UWDiffusion, a discrepancy emerges, primarily in the Fe and Mn fractions, near the centre
of the garnet. This arises because the 2D annulus represents a cylindrical geometry, where
the geometric source term scales as 1/r rather than the 2/r of a sphere. The reduced flux

convergence in the cylindrical case is most significant at small radii, and produces slower
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effective diffusion at the garnet core, most noticeably for the fastest-diffusing elements (Fe
and Mn).

These four benchmarks demonstrate that our implementation correctly handles: (1) Fick-
ian diffusion in binary systems, (2) cross-term coupling in ternary systems, (3) uphill diffusion
in quaternary garnet, and (4) produces results consistent with established garnet diffusion
codes but neglects the effects of the third dimension that leads to underestimations in the
amount of diffusion, primarily at the garnet core, therefore timescales and peak temperatures
are inferred as minimums, as diffusion in spherical domains is faster |Ganguly and Tirone

(1999).

4 Estimating the P—1—t evolution of the southern West-
ern Gneiss Region

The Western Gneiss Region (WGR) in Norway has a complex geological and metamorphic
history. The region exhibits structural, petrographic, and thermobarometric zonation from
southeast to northwest, reflecting varying burial and exhumation depths of both oceanic and
continental crust during the collision between Baltica and Laurentia during the Scandian
phase of the Caledonian Orogeny around 430 to 400 million years ago (Engvik et al., [2000;
Labrousse et al., 2004; [Hacker et al., |2010). The region has ;30,000 km? of HP (;12 kbar)
and ;5,000 km? of UHP (;27 kbar) rocks exposed at the surface, with ~2 vol% mafic rocks
(Peterman et al., 2009).

In the northern part of the WGR, pressures reached up to 32 kbar and temperatures
over 800°C as material was buried to depths of more than 120 km (Hacker et al., [2010),
leading to the formation of eclogites (Cuthbert et al., 2000; Root et al., 2005; Hacker et al.,
2010). The southern region has received less attention than the UHP regions of the central
and northern domains but peak conditions have previously been estimated to be between 15

- 25 kbar and 590 - 720°C (Engvik et al., [2000; [Martin and Duchéne, 2015). The pressure
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and temperature decrease from north to south is thought to represent the subducting slab
Labrousse et al. (2004). The exhumation of high-pressure rocks in the region is thought to
have occurred rapidly, with units being exhumed by the Nordfjord-Sogn detachment zone
within <10 Myr of peak metamorphism (Hacker et al., 2003, 2010).

We study a garnet-pyroxinite from Vardehia, with sample WGC18-016 from a mafic
boudin enclosed within a foliated felsic gneiss, typical of those that dominate the bulk of
the WGR, near Tyssedalsvatnet (61 18 49 N, 5 15 04 E) (Fig. ph). The sample appears to
be well-equilibrated at peak conditions, preserving the peak mineral assemblage of garnet,
zoisite, quartz and clinopyroxene with accessory rutile. The sample has a well-developed
foliation defined by oriented zoisite and clinopyroxene crystals that wrap sub-idioblastic

garnet porphyroblasts (up to ~5 mm) (Fig. [5p).

4.1 Insights from thermodynamic modelling of sample WGC18-

016

We use MAGEMin with the 6.36 thermodynamic dataset (Holland and Powell, 2011) and
metapelite extended (mpe) database to perform phase equilibria modelling for the WGC18-
016 sample in the MnNCKFMASHTO (MnO-Na20-Ca0O-K20-FeO
~MgO-A1203-Si02-H20-Ti02-0) system using the measured and reduced bulk chemical
compositions listed in Table 2l The metapelite extended database, which is a combination
of the metapelite (White et al. [2014) and metabasite (Green et al., 2016) databases, was
used due to the inclusion of MnO and a clinopyroxene solution model, which is required to
model garnets that contain all the cations (Fe, Mg, Mn and Ca) required for multicomponent
diffusion modelling. We use all available pure and solution phase models when modelling
sample WGC18-016. The method for determining the bulk rock chemistry is outlined in
supplementary material [S1) while the methods for determining the clinopyroxene and garnet
chemistry are outlined in supplementary material All FeO from the garnet EPMA is

assumed to be Fe?t. The peak mineral assemblage for sample WGC18-016 is characterised
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by zoisite, garnet and clinopyroxene, with accessory quartz and rutile (Fig. |5)).

We test both the metapelite extended and metabasite databases with the reduced bulk
rock composition and find neither perfectly reproduces the observed mineral assemblage
from the thin section. Both databases stabilise amphibole across all HoO and Fe,O3 values
tested at higher P-T' conditions compared to zoisite (Fig. and is consistent across
tested datasets (6.2 and 6.36). This may be due to the complex amphibole a—z relations for
metabasite compositions, uncertainties in the measured bulk composition, or open-system
behaviour during metamorphism that is not captured by the equilibrium thermodynamic
model. We do observe a decrease in the pressure and temperature of the amphibole-out
location between datasets 6.2 and 6.36, which suggests the amphibole solution model may
not be well calibrated close to eclogite facies conditions (Fig. . The stability of garnet,
clinopyroxene and amphibole (Fig. @ is fairly consistent across the measured and reduced
bulk rock compositions tested (Table , with only zoisite stability varying between tested
compositions. No zoisite is stable in the measured bulk rock composition, with epidote stable
instead, and a lower bulk-O or higher-reduced model required to reproduce zoisite stability,
which is consistent across databases (mpe and mb) and datasets (6.2, 6.36). A systematic
investigation of the epidote—zoisite transition as a function of Fe;O3 content highlights that
zoisite is stable only when the effective matrix Fe,O3 drops below ~1.0 wt% (Fig. [S3).
Under the tested reduced conditions (FeaO3 = 0.5 wt%), zoisite becomes stable between 7
and 22.5 kbar at 550-650 °C (Fig. [6b).

The reduced bulk composition to stabilise zoisite results in diverging isopleths from the
garnet core. The change in oxide state results in the grossular (Ca) and pyrope (Mg) isopleths
diverging, resulting in no coherent intersection (Fig. . The divergence of the core garnet
isopleths under reduced conditions suggest the garnet formed in a oxidised environment
represented by the measured bulk rock that subsequently transitioned to a more reduced
state required to stabilise zoisite, although no constraints on the temporal evolution of the

redox transition are available.
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Oxide SIOQ A1203 CaO MgO FeO KQO NELQO T102 O MnO HQO

Measured 44.76 8.88 1231 16.43 833 0.05 1.36 0.03 0.87 0.11 6.86
Reduced  45.08 8.94 1239 16.55 839 0.06 137 0.03 0.18 0.11 6.91

Table 2: Oxide list of measured and reduced bulk rock compositions used in thermodynamic
modelling in mol%. The measured O values may represent the maximum oxidised state due
to oxidisation of the sample at the surface. The method for determining the measured bulk
rock composition is outlined in

4.2 Determining the P-T prograde path from WGC18-016

The analysed garnet grain is one of the largest in the thin section and therefore most likely
to have nucleated early and record the P-T evolution. The garnet in sample WGC18-016
exhibits distinct compositional zoning, with Mn-enriched and Mg-depleted cores transition-
ing to Mn-depleted and Mg-enriched rims (Fig. , with a detailed transverse taken across
the grain at ~50 micron step sizes Fig. |8)) used to estimate the P-T" path from intersecting
isopleths. The zoning observed is characteristic of growth zoning during prograde meta-
morphism (Hollister, [1966; Loomis and Nimick, [1982). The garnet maps (Fig. show
Fe concentrations increasing slightly from the core toward the mantle before declining at
the rim, while Ca displays only a minor decrease from core to rim. The preservation of
these compositional profiles suggests limited modification due to diffusion and that primary
growth zoning may have been retained. Although fractures are present, no alteration of
end-members is observed in garnet adjacent to fractures, consistent with crack formation
after diffusion ceased during exhumation.

We use the measured bulk rock composition to estimate the prograde P-T' path using
the technique outlined in section E The results (Fig. ) show that garnet growth
initiated during a phase of near-isothermal burial at approximately 475 °C, with pressure
increasing from 9.5 to 14 kbar (Fig. [8b), with the core plotting at an initial garnet volume
of ~1.5% . Some P-T' estimates plot between 14 and 20 kbar and 475 to 575 °C, but
these estimates come from poorly constrained rims (Fig. ) The P-T estimates at

20 kbar and 575 °C are close to the modelled peak zoisite stability from the reduced bulk
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composition of 19 kbar 580 °C (Fig. [6b).

The misfit (Eq. between the thermodynamic predictions and the measured EPMA
data increases progressively toward the rim. These results show that while the original bulk
rock composition (Table [2) provides a good representation of the rock composition for the
initial nucleation P—T' condition but becomes increasingly less representative of the reactive
environment as growth continues. This is most likely due to two factors: (1) the fractionation
of garnet-forming elements (Fe, Mg, Mn and Ca) from the bulk rock, altering the effective
bulk rock composition, and (2) the bulk rock becoming more reduced during subduction,
which is required to stabilise zoisite (Fig. @ Additional constraints on temperature are
provided by rutile grains from the sample. Zr-in-rutile thermometry records temperatures of
565 to 580 °C at 20 kbar using the [Kohn| (2020) thermometer (Fig. [S4), providing minimum

temperature estimates as no zircon is present in the rock.

4.3 Timing constraints on the P-T path

No geochronological constraints are available from this sample but constraints of burial and
exhumation are extensively presented in the literature from the WGR. Garnet growth timing
is constrained by Lu-Hf geochronology from the Vollstein eclogite yields an age of 410 £3.1
Ma (Kylander-Clark et al., 2009) (sample K5622A) while whole-rock isochrons from the
Vardalsneset eclogite return ages of 409 £12 (sample NOG12) and 403 +13 Ma (sample
NOG13) (Martin et al., 2010). Peak and retrograde timings are recorded from various
geochronometers, with a U-Pb monazite age of 410 to 390 Ma (Holder et al., 2015; Hacker
et al., 2015) recording the timing of peak temperature. U-Pb titanite preserves ages between
405 and 390 Ma (Holder et al., |2015; Hacker et al., 2015), while U-Pb rutile records ages of
400-375 Ma, recording the timing of retrograde cooling. Based on these geochronometers, we
interpret the garnet Lu—Hf age to represent garnet growth initiation at 410 Ma as Lu strongly
partitions into garnet as it nucleates (Anczkiewicz et al., 2007), peak conditions were reached

at 400 Ma based on U-Pb monazite and titanite followed by 10 Myr of isothermal until 390
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Ma. Finally the sample experienced a period of close to isobaric cooling to 580 °C at 385
Ma, based on the U-Pb rutile ages, following a typical subduction burial and exhumation

path Duretz and Gerya (2013); Duretz et al.| (2012)).

4.4 Garnet growth and diffusion modelling

Four parameters control the zoning recorded in the garnet, (1) the mineral reactions and
resulting garnet growth and fractionation from the bulk rock, which determine the compo-
sition of each garnet growth stage from core to rim along the metamorphic P-T' path; (2)
the crystal size, with larger grains assumed to have commenced growth earlier and therefore
preserve earlier stages of the P—T evolution; (3) the temperature over the entire path and
peak temperature reached, with higher temperatures promoting diffusional modification of
growth zonation, and (4) the duration of the entire path, with longer durations promoting
diffusional modification (Caddick et al.,|[2010). While the timing of burial and exhumation is
fairly well constrained from geochronometers, uncertainties remain regarding the P-T path
of burial and exhumation of sample WGC18-016.

We use the approach described in Section[2.1]to predict garnet end-member fractions from
MAGEMin from the measured bulk rock composition, with garnet fractionated at each P-T
point. This information is then used to generate a normal distribution of 100 garnets along
the prograde P—T path. The volumetric growth of each successive garnet shell is determined
by the garnet volume assuming a spherical geometry, with each shell fractionated from the
bulk rock as the garnet grows. During prograde garnet growth and diffusion, concentrations
at the outer shell are fixed, assuming equilibrium between the bulk rock matrix and the
external shell. Independent Fe, Mg and Mn diffusion coefficients are obtained from Table
[] The Ca coefficient is approximated as D¢, = Djy,/20. These coefficients are substituted
into Eq. [19/and used in the mean-field approximation of Eq.[10|to calculate the composition-
dependent effective diffusion matrix. We test three garnet crystal size distributions: (1) a

narrow normal distribution (u = 1800 um, o = 50 wm) representing a population dominated
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by early and large porphyroblast nucleation; (2) a normal distribution (x = 1000 pm, o=
200 pum) representing an intermediate population; and (3) a log-normal distribution (s = 0.5,
median = 800 um), consistent with the positively skewed crystal size distributions measured
in metapelitic garnet (Gaidies et al.; 2021; |George and Gaidies, [2017). We find that the
narrow normal distribution (1) best fits the observed EPMA data and use this crystal size

distribution for all models (Fig. [S6).

4.4.1 Testing P-T—t paths

We test two P-T" paths to determine the peak conditions of WGC18-016. We assume once
garnet growth has ceased it has depleted the local bulk composition of garnet-forming el-
ements and zero flux of element fractions occurs across the outer shell after growth has
finished and diffuses internally only. The first path peaks at peak zoisite composition, 19
kbar and 580 °C (Fig. while the second peaks at amphibole-out, 22 kbar and 650 °C
(Fig. . Both follow the isothermal path predicted from the isopleths at 475 °C between
9.5 and 14 kbar, then undergo increasing pressure and temperature to peak conditions. We
model a 1800 um garnet for the first path, to match the modelled garnet rim compositions
with the analytical measurements, while we model a 2100 um garnet for the second path to
match the analytical measurements up to r = ~1800 pm.

We find that the growth profile from the first P-T path matches closely with the measured
garnet isopleths from core to rim (Fig. and is not modified due to diffusion (Fig. .
The growth model from the second P-T path is also similar to the measured garnet isopleths
up to 580 °C, however, the garnet volume increases rapidly between 580 °C and 650 °C (Fig.
[9d), which results in much lower Fe (0.35) and higher Mg (0.4) compared to the measured

values (0.54 and 0.21, respectively) at the rim (Fig. [e), which are also unmodified by

diffusion (Fig. [9).
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4.4.2 Testing overstepped growth

Isothermal paths have previously been interpreted as kinetic artifacts, or an ”isothermal
illusion” (Spear and Wolfe, [2018; Spear et al., |2014; Spear and Wolfe, [2019), arising from
rapid, overstepped growth that outpaces thermal equilibration (Spear and Wolfe, 2019). In
an overstepped scenario, the instantaneous growth of a finite garnet volume rapidly de-
pletes the matrix in garnet-forming elements (particularly Mn), producing compositional
profiles that replicate those of pressure-driven growth at constant temperature. We com-
pare overstepped and continuous growth models to evaluate if the P-T-t path from garnet
end-members (Fig. [8)) could represent over-stepped growth.

The overstepped model incorporates an initial garnet volume that forms instantaneously
at the overstepping point, accounting for the rapid removal of garnet-forming elements from
the bulk rock. In this scenario, subsequent growth proceeds only once the equilibrium
garnet volume exceeds the initial overstepped threshold. The thermodynamic modelling of
the measured bulk rock expects an initial 1.5 vol% of garnet at estimated P-T point for
the garnet core, which is used to model the overstepped growth. The second model assumes
the initial garnet volume is set to zero at the start of the P-T path. Comparing these two
end-members allows us to determine whether the apparent isothermal burial is a result of the
prograde evolution or an ”isothermal illusion” caused by overstepped nucleation (Spear and
Wolfe, 2019). In both cases, the garnet is assumed to be isolated from the reactive bulk rock
following the cessation of growth, with subsequent evolution governed by internal diffusion
only.

Our model results show the overstepping model (Fig. produces a distinct compo-
sitional discontinuity in the garnet mantle. In contrast, the continuous growth model (Fig.
results in a smooth compositional profile from the core through the mantle. Toward
the rim, the profiles converge as late growth occurs under identical P—T" conditions in both
scenarios (Figs. & . The main difference between the overstepped (Fig. and

continuous (Fig. growth model is the perseverance of these flat profiles at the core
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in the overstepped model due to a lack of diffusion to equilibrate the garnet cores at the
temperature-time paths tested. These results demonstrate that even if the cores are a result
of overstepping, additional growth at the same temperature but higher pressure is required
to match the garnet end-members observed in the EPMA profiles towards the mantle and
the rim. The results show that garnet growth was primarily pressure-driven, supported by
volume isopleths increasing near-perpendicular to pressure. This style of growth is charac-
teristic of cold subduction environments, where tectonic burial is sufficiently rapid to prevent
thermal equilibration as it buries (Simon et al., 2023; March et al., 2022), and aligns with
P-T paths predicted by numerical models of slab subduction and eduction (Duretz and
Geryal, 2013). The stability of garnet at trace volumes below ~9.5 kbar at 475 °C in the
metapelite extended database is due to the combination of the metapelite and metabasite
databases, with the metabasite, which is more representative of the mafic protolith, showing

garnet is unstable below ~9.5 kbar at 475 °C (Fig. [S5).

4.4.3 Constraints on peak temperature

We evaluate the peak T conditions of WGC18-016 based on the preservation of garnet
compositional zoning. The close temporal overlap between U-Pb monazite ages (410-390 Ma;
Holder et al.|(2015); Hacker et al.| (2015)) and U-Pb titanite ages (405-390 Ma) suggests peak
temperatures were likely <700°C. Given that the U-Pb closure temperature (7,) for titanite
is typically between 550 and 650°C, higher peak temperatures would be expected to produce
a larger discrepancy between monazite and titanite ages, while the lack of amphibole suggests
temperatures above 650 °C (Fig. @ To test the peak temperature and the sensitivity of
garnet zoning to peak thermal conditions, we repeated the growth model along the entire
path to amphibole-out at 22.5 kbar and vary the peak temperature up to 720°C. Our results
show that peak temperature of 720°C lead to excessive smoothing of compositional zoning
(Fig. . This is most pronounced in Fe and Mn profiles, which possess the highest diffusion

coefficients in garnet at temperatures >550°C. Preservation of the measured core-to-rim
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zoning therefore requires peak conditions <700°C. The use of a 2D annulus domain to
model diffusion in garnet also underestimates the true extent of relaxation, as 3D (spherical)
diffusion is faster, as outlined in section Consequently, our 700°C limit represents a

maximum estimate.

4.5 The evolution of the southern WGR

From the thermodynamic modelling, the WGC18-016 garnet records the prograde conditions
during slab subduction, with initial isothermal burial between 9.5 and 14 kbar at 475 °C and
then heating and burial to 19 kbar and 580 °C while clinopyroxene records up to 20 kbar and
630 °C and amphibole becomes unstable at ~22 kbar and ~650 °C. We test if this isothermal
path is due to overstepping but find the overstepping model still requires garnet growth at
higher pressure under isothermal conditions and is due to slab subduction rather than an
artifact of overstepping (Fig. . Peak temperature modelling suggests temperature < 700
°C is required to preserve the compositional zoning observed at the garnet core (Fig. .

The inability to reconcile (1) the lack of garnet growth and (2) the stability of zoisite and
(3) the lack of amphibole at the expected peak conditions (22 kbar and 650 °C) suggests that
either (1) the stability of amphibole is over-estimated and clinopyroxene is under-estimated
in our thermodynamic model for our bulk rock composition that results in higher P-T
conditions than recorded in the garnet and zoisite or (2) local changes in effective bulk rock
composition that controls the observed zoning in garnet and stability of zoisite compared to
those predicted by whole-rock phase equilibrium modelling.

The garnet growth model has lower Fe and higher Mg fractions at the rim than observed
when modelling up to 22 kbar and 650 °C and suggests an extra ~200 ym rim growth above
19 kbar and 580 °C, which is the last P-T point recorded by the garnet rims. However,
it is possible that the local matrix was being depleted in garnet-forming elements, so this
extra garnet was unable to grow compared to what whole-rock equilibrium predicts. This

is consistent with transport-limited growth Konrad-Schmolke et al. (2005) or dissolution-
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limited growth [Spear and Wolfe (2018). Both mechanisms predict that the effective bulk
composition at the garnet scale differs from the whole-rock. Under transport-limited growth,
the surrounding matrix was depleted in garnet-forming elements faster than intergranular
transport could replenish them; under dissolution-limited growth, the sluggish kinetics of
reactant mineral dissolution prevented garnet from accessing the full element budget of the
whole-rock. The sharp compositional boundaries and lack of diffusional modification at the
garnet rims (Fig. and ) further support the cessation of garnet growth close to the
peak zoisite stability rather than the extra ~200 pm garnet growth up to amphibole-out
conditions and subsequent dissolution of the rim.

At the garnet rim conditions (~19 kbar, 580°C), thermodynamic modelling predicts
both zoisite and amphibole should be stable under reduced conditions. However, as the
P-T increases to 22 kbar and 650 °C both amphibole and zoisite are expected to become
unstable. We find that decreasing HoO in the bulk oxide composition alone cannot explain
the preservation of zoisite in our sample, which reduces the stability of both amphibole
and zoisite. The amphibole—zoisite paradox may reflect differences in reaction kinetics,
local effective bulk composition, or the under- or over-estimations in the thermodynamic
modelling. We find that the stability of zoisite suggests more reducing conditions during
prograde metamorphism as it is not present from the measured bulk rock composition, which
is more oxidised. Fe?™ depletion has been documented using micro-XANES Borfecchia et al.
(2012) and flank-method EPMA |Li et al. (2018) in eclogites, where dehydration may be
coupled to redox reactions that modify the oxygen budget of the rock. Modelling by Groppo
and Castelli| (2010) linked the breakdown of lawsonite and chlorite to the release of H,O and
O, producing a transition from a more oxidised to a more reduced assemblage. Studies from
the Western Gneiss Region further demonstrate that prograde dehydration can produce fluid-
absent conditions and inhibit complete re-equilibration (Martin and Ducheéne, 2015; Young
and Kylander-Clark, 2015; |[Peterman et al., [2009). These conditions may help preserve

disequilibrium assemblages and limit the extent to which the prograde mineral record is
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overprinted as transport of elements through free fluid is limited due to dehydration, resulting
in dissolution-limited growth. Because the available data does not uniquely reconcile the
persistence of matrix zoisite with the absence of amphibole, we use the garnet-rim isopleths
and the peak zoisite stability field to define a lower-bound estimate of approximately 19 kbar
and 580 °C while clinopyroxene stability and lack of amphibole provide an upper-bound
estimate of approximately 22 kbar and 650 °C.

Our peak P-T range is in agreement with previously published studies from the region.
Simon et al. (2023) constrained pre-eclogite facies metamorphism in the Vagsgy eclogite,
located roughly 70 km north of where WGC18-016 was collected, at 510-600 °C and 11-16
kbar. Peak conditions in Vagsgy were estimated at 660-680 °C but at higher pressures of
27-28 kbar, based on garnet isopleth QuiG barometry, Si-in-phengite barometry, and Zr-in-
rutile thermometry. In the Outer Sunnfjord area, which is closest to where WGC18-016 was
collected, |Labrousse et al. (2004) reported peak burial conditions of the B8 eclogite of 525
°C and 22.7 kbar, while in the more southerly Hyllestad region, eclogite EC1 reached peak
conditions of 707 °C and 24.8 kbar, both based on thermobarometery. Additional constraints
provided by Martin and Duchéne (2015) from the nearby Vardalsneset eclogite indicate
metamorphic conditions of 590-720 °C and 15-25 kbar, determined through thermodynamic
modelling and Fe-Mg exchange between garnet and omphacite thermometry, all of which
are consistent with our results.

The P-T suggested for the southern WGR is consistent with results from numerical mod-
els of slab break-off and the exhumation of (ultra-)high pressure rocks (Duretz et al., 2012;
Duretz and Gerya, 2013), where subduction of the oceanic slab below the continental margin
occurs under near-isothermal conditions, followed by a brief interval of heating and minor
burial during necking that lasts ~10 Myr. After necking and subsequent slab break-off, rapid
exhumation from depths greater than 100 km to the surface occurs over a similar timescale,
again under near-isothermal conditions (Duretz et al., 2012; Duretz and Gerya, 2013). Our

results and inferred geodynamic evolution also align with the previous interpretations for the
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s37 region, where the observed decrease in peak pressure and temperature conditions from north

s  to south reflects the progressive decrease of exhumation depths (Labrousse et al.| 2004).

a0 4.6 Model limitations

a0 The multicomponent diffusion modelling conducted in this study is restricted to two-dimensions
s within the garnet, and does not account for element diffusion across the grain boundary or
s2 local exchange with adjacent minerals after (e.g. Fe-Mg exchange between garnet and other
s Ferromagnesian minerals). Two-dimensional annulus geometry also underestimates diffusion
ss at the model core relative to full three-dimensional spherical models (Fig. [id). However,
s the finite element approach through underworld3 and UWDiffusion provides a framework
sas 10 address these limitations, as it supports spatially variable diffusion coefficients within the
sz model domain. We plan to extend the modelling to multimaterial domains, where adjacent
s mineral phases are modelled explicitly, enabling intergranular element exchange (e.g. Fe-
s0 Mg exchange used in garnet-biotite or garnet-omphacite geothermometry). We also plan to
0 extend the garnet modelling to three-dimensional grain geometries, which will resolve the
es1  cylindrical-versus-spherical discrepancy identified in our benchmarks. In subsequent work,
2 we intend to explore both to more accurately represent element transport in garnet and other
53 minerals. The mesh geometry can also be varied to explore more plausible mineral shapes,
s« which has previously been explored in garnet by |Gaidies et al. (2022), Wu et al. (2025) and

ess [Dominguez et al.| (2026).

s (Conclusions

s7 ' The coupled MAGEMin—UWDiffusion workflow reproduces selected analytical and published
s multicomponent-diffusion benchmarks and has been used to understand the evolution of the

o southern Western Gneiss Region. We find that:
660 1. Numerical benchmarking: The diffusion implementation reproduces analytical bi-
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nary diffusion, published ternary cross-diffusion results, uphill diffusion in garnet, and
planar results from CZGM. The comparisons also demonstrate that an annulus geom-

etry underestimates diffusion relative to a fully spherical representation.

. Preservation of garnet zoning: The pronounced Mn-rich/Mg-poor core to Mn-

poor/Mg-rich rim zoning in sample WGC18-016 is consistent with primary growth
zoning that underwent limited modification due to diffusion to preserve the observed

compositions at the garnet core.

. Prograde metamorphic evolution: Garnet growth initiated during near-isothermal

burial at approximately 475°C between 9.5 and 14 kbar, followed by heating and fur-
ther burial. The garnet rim records conditions of around 19 kbar and 580°C, while

clinopyroxene records 20 kbar and 630°C and amphibole-out occurs at ~22 kbar and

650°C.

. Cessation of garnet growth: Growth modelling to approximately 22 kbar and 650°C

predicts an additional ~ 200 pm of garnet and Fe-Mg compositions inconsistent with
the observed rim. The garnet data therefore suggests that garnet growth ceased near
the lower-bound peak conditions (19 kbar and 580°C), potentially because of local
depletion of garnet-forming elements due to transport or dissolution-limited growth or

local bulk-composition effects.

. Peak conditions: The thermodynamic modelling of our bulk rock combined with

garnet, clinopyroxene, zoisite, amphibole and rutile constraints indicate a peak range
of between 19-22 kbar and 580-650°C, rather than a uniquely resolved single peak

P-T estimate that satisfies all constraints.

. Geological interpretation: The inferred path is consistent with near-isothermal sub-

duction of the southern Baltica margin, followed by heating and burial and relatively

rapid exhumation. This evolution is compatible with regional slab-breakoff models.
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Figure 6: Comparison of phases volumes using the a) measured and b) reduced bulk rock
compositions. Clinopyroxene and garnet compositions were determined from electron micro-
probe analyses by converting oxide wt% to mol% and computing cation fractions: jadeite
fraction (Xjq) as 2NayO/(2NayO + CaO) and Mg# as MgO/(MgO + FeOy) for clinopyrox-
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Supplementary material for: Reconstructing the P-1T-t
evolution recorded in garnet through growth and

multicomponent diffusion modelling

Ben S. Knight* Chris Clark* [an C.W. Fitzsimons*

August 18, 2026

S1 Whole rock geochemistry

The sample for the whole rock geochemistry was cut from the sample adjacent to thin
section blocks to provide the best representation of thin section composition. The bulk
major element compositions of the samples were measured by x-ray fluorescence (XRF) at
Franklin and Marshall College, Pennsylvania using a PANalytical 2404 X-ray fluorescence
vacuum spectrometer by fusing 0.4000g of sample with 3.6000g of lithium tetraborate. Major
oxides; Si02, A1203, CaO, K20, P205, TiO2, total iron (Fe203T), MnO, Na20 and MgO
along with selected trace elements were measured by XRF. FeO/Fe203 was measured by
titration, while H20 was measured through loss on ignition (LOI) by heating the sample to
900-950 °C for 60 minutes.

*School of Earth and Planetary Sciences, Curtin University, Australia. = Corresponding author:

ben.knight@curtin.edu.au
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Table 1: Measured major oxide geochemical composition (wt%)

Oxide SiO, TiO; AlLO3 Fe,OF MnO MgO CaO NagO KO Py05 Total LOI FeO  FeyOs

wt% 46.99 0.04 1582 11.62 0.14 11.57 12.06 147 0.09 0.04 99.83 216 827 2.43

S2 EPMA analysis

Electron microprobe analysis was conducted to determine quantitative mineral compositions
and obtain elemental maps for Fe, Al, Ca, Mg and Mn of garnet at Adelaide Microscopy,
University of Adelaide using a Cameca SXFive Electron Microprobe equipped with 5 tune-
able wavelength-dispersive spectrometers running Probe for EPMA software. A 15 KeV
acceleration voltage, 20 nA beam current with 2 um defocused beam size was used for each
mineral composition analysis, at an average of 90 seconds per analysis. The following suite
of elements was acquired: Cl, Ca, K, Ba, F, Ti, P, Na, Si, Mg, Al, Fe, Mn, Cr, Zn, and Ni,
oxygen was calculated by stoichiometry, assuming that all Fe was Fe2+. Calibration was
to a wide range of synthetic and natural standards within Probe for EPMA software, with
the software used to convert CPS to wt%. Elemental maps were acquired with a 15 KeV
acceleration voltage, 200 nA beam current with a defocused beam size varying (2-5 um)

between samples. The data is available in the supplementary material.

S3 Additional figures
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Figure S1: A comparison of amphibole (amp) and zoisite (zo) stability in P-T space for a
range of redox and hydration states using the metapelite extended database and 6.36 dataset.



ds6.2 ds6.36

40
28 35
30
= 26 25 X
< 20 3
o o
24 15 £
©
. 10
5
20 T T T T 1 T T T T T 0
600 620 640 660 680 700 600 620 640 660 680 700

T[°C] T[°C]
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Figure S7: Pseudosections for a) the measured and b) reduced bulk rock compositions from
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conditions extend diopside stability to higher pressures.
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