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ABSTRACT

Constraining the timescales of metamorphic processes is critical to understanding geodynamics on Earth. It is
generally accepted that the rates of metamorphic reactions in regional metamorphism, where fluids are limited
or transient, are several orders of magnitude slower than in laboratory experiments. This discrepancy is
attributed to several rate-limiting mechanisms affecting metamorphic reactions in natural settings, such as dif-
ferences in the reactive surface area of the reactants, the magnitude of the driving force for reaction, rates of
inter-granular transport and possible fluid content. Here we report an ultra-fast metamorphic reaction within a
year, constrained by diffusion modeling on frozen-in chemical gradients of trace elements preserved in meta-
morphic garnet across a partially melted corona texture. The growth of peritectic garnet occurred in the presence
of a melt phase, which distributed along the grain boundaries. The observed chemical gradient of HREE+Y in
garnets is interpreted to have formed due to trace element diffusion in the inter-granular melt, recorded by the
simultaneous growth of multiple garnet grains across the corona texture. A diffusion model using a fixed
boundary condition suggests a timescale of 8.4 (+5.4/-3.3) days for the formation of this corona texture, whereas
a moving boundary model provides a slightly longer timescale of less than a year. These timescales are much
shorter than those previously obtained from regional metamorphism in nature, but are similar to contact
metamorphism in nature and laboratory-based results. Based on these findings, we propose that ultra-fast pulses
of metamorphic reactions occur in nature under fluid/melt-present conditions, as elemental diffusion and mass
transport in an aqueous fluid or melt are significantly faster than those in mineral lattices and anhydrous grain
boundaries. However, rapid metamorphic reactions are difficult to identify due to the insufficient temporal
resolution of radioisotope dating and the poor preservation of chemical gradients during subsequent meta-
morphic reactions.

1. Introduction

pressure-temperature-composition (P-T-X) conditions driving these
changes are well known, the rates or timescales of metamorphic re-

The dissolution and growth of minerals during metamorphism, along
with the associated changes in their physical properties, control key
processes in the solid Earth, such as mineralization and seismic events
(Incel et al., 2017; Obara, 2002; Pitcairn et al., 2021; Wang et al., 2004;
Malvoisin et al., 2020). These processes also underpin our understand-
ing of reaction kinetics, fluid-rock interaction processes, elemental
transport and partitioning in geodynamic systems, such as collisional
orogens and subduction zones. While the

actions remain a topic of ongoing debate (Baxter, 2003; Baxter and
DePaolo, 2000; Chakraborty et al., 2016; Cruz-Uribe et al., 2014; Neogi
et al., 2014; Rubie and Thompson, 1985; Rubie, 1986, 1998). Based on
case studies on metamorphic reaction rates from measurements on
natural samples and a review of previous works, Baxter (2003) and
Baxter and DePaolo (2000) proposed the paradigm that metamorphic
reaction rates of lab-based experiments are four to seven orders of
magnitude faster than those measured in natural systems. The rates of
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metamorphic reactions were calculated or defined by reacted quantity
(mineral dissolution or growth, material exchange; in moles, grams, or
gram-atoms oxygen) per surface area of the rate-limiting mineral per
time. They attributed the discrepancy to rate-limiting mechanisms be-
tween natural and experimental systems, such as differences in the
reactive surface area of the reactants, the magnitude of the driving force
for reaction, rates of inter-granular transport and possible transient
spurts of fluid content. Rubie and Thompson (1985) and King et al.
(2010) highlighted that rates observed in experimental systems cannot
easily be extrapolated to natural systems, due to differences in mineral
powder properties, stress, and compaction lengths. Contrary to these
findings, studies based on rate-calculation methods have suggested that
fluid infiltration can trigger rapid metamorphic reactions over days to
ten thousand years (Rubie, 1986, 1998; Walther and Wood, 1984).

These points of view are not irreconcilable. Many reaction rates are
estimated by calculating the durations of metamorphic reactions and
converting them into reaction rates, thus representing average reaction
rates (Baxter, 2003; Baxter and DePaolo, 2000; Cruz-Uribe et al., 2014).
Natural mineral reactions during regional metamorphism are complex
and may occur as reaction pulses in response to fluid influx or other
external effects (Cruz-Uribe et al., 2014; Dragovic et al., 2015; Tual
et al., 2022). For example, it has been suggested that rapid metamorphic
reactions induced by seismicity or overpressure can occur within a
thousand years (Camacho et al., 2005; Chu et al., 2017). However, a key
open question remains: do fast metamorphic pulses, comparable to those
observed in the laboratory experiments, also occur during common
regional metamorphism?

Garnet provides valuable insights into the timescales and conditions
of metamorphic events due to its growth across a broad P-T range. It
frequently preserves major and trace element zoning, which records
growth conditions and/or diffusional processes and can be dated by
various geochronometers. The fastest growth duration of metamorphic
garnet during regional metamorphism obtained by Sm-Nd situ-dating is
0.04-0.7 Myr (Pollington & Baxter, 2010) and by Lu-Hf situ-dating is
0.1-0.2 Myr (Tual et al., 2022). However, this temporal resolution of
tens to hundreds of thousands of years cannot resolve shorter-lived
pulses of mineral growth. Diffusion chronometry is a high-temporal
resolution technique used to infer timescales from the inversion of
chemical diffusion profiles in phases, which offers great potential to
probe short durations on the order of days to hundreds of years (e.g.,
Antonelli et al., 2019; Caracciolo et al., 2021; Costa et al., 2003; Viete
and Lister, 2017). Currently, diffusion chronometry in metamorphic
studies is primarily applied to intra-crystal diffusion modeling to
constrain the near-peak/cooling timescale after mineral growth (e.g.,
Ague and Baxter, 2007; Jollands et al., 2018; Rubatto et al., 2020; Viete
and Lister, 2017; Walther and Wood, 1984). More rarely, it is used to
constrain the timescale of metamorphic reactions involving both the
dissolution and growth of metamorphic minerals (e.g., Chu et al., 2018).
The metamorphic reactions are considered to include two rate-limiting
end-member processes: (a) interface-controlled, i.e., dissolution and
growth of minerals, and the release and incorporation of element/ma-
terial during this process; (b) diffusion-controlled, i.e., transport and
diffusion of element/material through inter-crystal medium between
reaction sites (Carlson, 1989, 1991, 2011; Daniel and Spear, 1998;
Fisher, 1978; Kretz, 1973; Spear and Daniel, 1998; Spear and Daniel,
2001). Metamorphic reactions can occur no faster than is permitted by
the slowest mechanism, the rate-limiting process (Fisher, 1978). A
diffusion-controlled metamorphic reaction may record the diffusion of
elements in the inter-crystalline medium and allow the timescale of
mineral reactions to be constrained.

Coronal reaction textures in metamorphic rocks are generally
considered as disequilibrium textures and may record information about
disequilibrium growth of a mineral, especially if their chemical
composition is controlled by diffusion driven by chemical potential
gradients (Ashworth and Sheplev, 1997; Du et al., 2023; Gaidies et al.,
2017; Ghosh et al., 2021; Grant, 1988; Johnson and Carlson, 1990;
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Larikova and Zaraisky, 2009; White et al., 2008). Therefore, these tex-
tures have the potential to preserve information about inter-granular
diffusion, and could serve to study metamorphic reaction rates using
diffusion chronometry.

In this contribution, we investigated two nearby metagabbros
(metagabbro A & B) from the Trans-North China Orogen (TNCO), which
exhibit granoblastic and coronal reaction textures, respectively, at the
peak stage of the granulite-facies metamorphism (see section 4.1).
Petrography, geothermobarometry, geochronology, and water budget
calculation studies were carried out to unravel both the magmatic and
metamorphic history of these two metagabbro samples. On this basis, we
applied a novel multi-phase trace element mapping technique
(Markmann et al., 2024) to image the trace element gradient across
several garnet grains of the corona, and determine whether it records the
elemental diffusion in the inter-granular medium. Finally, additional
mass balance calculations, and diffusion modeling were performed to
examine the reaction mechanism and to constrain the metamorphic
reaction/mineral growth timescales.

2. Geological setting

Metagabbro samples A and B were collected from the Fuping
Terrane, TNCO, North China Craton (NCC) (Fig. 1 & Fig. S1). The NCCis
composed of Early Archean to Paleoproterozoic basement covered by
Mesoproterozoic to Cenozoic sediment (Zhao et al., 2005). The base-
ment of the NCC was formed via collision and amalgamation of the
Eastern and Western Blocks along the TNCO during the Late Paleo-
proterozoic. The Fuping Terrane lies in the middle TNCO, and comprises
tonalite-trondhjemite-granodiorite (TTG) gneiss containing mafic
granulite enclaves recording regional metamorphism with peak condi-
tions of 800-900 °C / 0.7-1.4 GPa at 1.92-1.80 Ga (Liu et al., 2021;
Zhao et al., 2000). The studied gabbro protoliths were emplaced within
the TTG gneiss thirty meters apart from each other (Fig. 1). The GPS
locations are 114°11'36" E, 38°48'41" N for metagabbro A, and
114°11'36" E, 38°48'39" N for metagabbro B.

3. Methods
3.1. Data collection

Details of the methods used for mineral major and minor element
chemical compositional analyses, trace element single-spot analyses of
clinopyroxene, bulk-rock chemical compositional analyses, zircon U-Pb
geochronological analyses, and mineral water content analyses are
provided in the supplementary methods.

Trace element single-spot analyses of minerals other than clinopyr-
oxene and maps of minerals were conducted on a Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) using a
Resonetics RESOlutionSE 193 nm excimer laser system equipped with
an S-155 large-volume constant-geometry chamber at the Institute of
Geological Sciences, University of Bern, Switzerland. The laser system
was coupled to an Agilent 7900 quadrupole ICP-MS instrument.
NIST612 (Pearce et al., 1997) and GSD-1G (Jochum et al., 2005) were
used as reference materials. The single-spot analytical conditions were a
repetition rate of 5 Hz, laser fluence of 4~6 J/em?, and circular ablation
spot size of 16~64 pm in diameter. The spot-analysis data were reduced
with the software Iolite (Hellstrom et al., 2008; Paton et al., 2011). The
maps were performed with a repetition rate of 10 Hz, laser fluence of 7
J/cm?, circular ablation spot size of 20 pm in diameter, and a scan rate of
120 pm/s. The laser maps were classified and calibrated using XMap-
Tools 4.1 (Lanari et al., 2019; Lanari et al., 2014; Lanari and Piccoli,
2020; Lanari et al., 2023; Markmann et al., 2024).
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Metagabbro A - Close-u photo

Fig. 1. Sketch and close-up photos of metagabbro A and B. (A) Geological map of a transect across metagabbro A and metagabbro B. (B-C) Close-up photos of

metagabbro A and B.

3.2. Quantitative calculations

3.2.1. Phase equilibrium modeling

Phase equilibrium modeling was used to estimate metamorphic P-T
conditions for metagabbro A and B. Metagabbro samples were modeled
in the system MnO-Nay;O-CaO-K;0-FeO-MgO-Al;03-SiO2-Ho0
-TiO2-O (Fez0s3) using Perple X (ver. 6.9.0; Connolly, 2005) with the
thermodynamic dataset of Holland and Powell (2011). Quartz, titanite
and rutile are considered as pure phases, the fluid phase is assumed to be
pure Hy0. The phases considered in the modeling and the corresponding
activity-composition solution models are: garnet, orthopyroxene,
muscovite, biotite (White et al., 2014a; White et al., 2014b); clinopyr-
oxene, amphibole and melt (Green et al., 2016); plagioclase and K-
feldspar (Holland and Powell, 2003); epidote (Holland and Powell,
2011); ilmenite (White et al., 2000); spinel (White et al., 2002). Water
content in the model was estimated using temperature-water content
(T-My20) diagrams with HyO contents ranging from near-anhydrous to a
more hydrous composition. Suitable water contents were selected at the
conditions where the peak mineral assemblage was predicted to be
stable, and then were fixed in the P-T diagrams. The estimated un-
certainties of phase equilibrium modeling are + 50 °C and at least +
0.10 GPa (20, Powell and Holland, 2008).

3.2.2. Water budget calculation

The water budget for metagabbro B was estimated to assess the
amount of water that was added to the rock during metamorphism, and
to further understand its effect on the formation of the different textures
observed (see section 4.2.2). Metagabbro B contains mineral relics from
both igneous and metamorphic stages and shows no retrogression. The
difference in water content between igneous and metamorphic stages is

taken to represent the water budget that was added to the rock during
metamorphism. The calculation was not applied to metagabbro A, which
has undergone more complex processes, including post-peak retrogres-
sion at multiple stages. Instead, the water content estimated from
T-Mpu2o phase diagrams that stabilizes the peak mineral assemblage was
used to constrain the water budget for metagabbro A.

The aqueous fluid phase is considered to be pure HO and the system
is open to fluid infiltration during metamorphism, i.e. the system can be
hydrated between the igneous and metamorphic stages. For the igneous
stage, the volume of each original igneous mineral is represented by the
sum of its igneous relics and the metamorphic minerals that formed from
it based on the reaction texture. The metamorphic stage includes
metastable igneous relics and metamorphic minerals, and the volume of
each mineral phase can be directly observed. The mineral volumes are
approximately estimated by the mineral surface area (automatically
calculating the pixel numbers in each phase) obtained using XMapTools
(Lanari and Engi, 2017). Volume fractions were converted to weight
fractions using:

Wi = L\’i @

Paverage

where p; is the density of the phase i, paverage is the average density of the
area, v; is the volume fraction of the phase i, and wj; is the weight fraction
of the phase i (Lanari and Engi, 2017). The water budget for both
igneous and metamorphic stages was obtained using:

WiR _ S o @

total —

where WH29 s the water weight fraction in each stage (water budget);

WH20 js the water weight fraction in phase i, which was estimated by
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stoichiometry from EPMA analyses for hydrous phases, and by FTIR
analyses for nominally anhydrous phases (see supplementary method).

3.2.3. Mass balance calculation for HREE+Y

Mass balance of HREE+Y contents were calculated for the igneous
and metamorphic stages in metagabbro B. The approach to reconstruct
the volume of igneous and metamorphic minerals is given in section
3.2.2. Assuming a closed system behavior for HREE+Y, the total
HREE+Y content measured in the bulk rock was used as the total budget
for both the igneous and the metamorphic stages. For the igneous stage,
the HREE+Y in igneous minerals (unknown compositions) was esti-
mated from the mass balance equation:
WHREE+Y _ Z?:lwiW?REE+Y

total

3
where WHREEHY js HREE+Y weight fraction in the bulk rock, WHREEHY jg
the HREE+Y weight fraction in phase i. The amount of HREE+Y in
igneous minerals (known compositions) was obtained from LA-ICP-MS
analyses of unmodified crystals and assumed to satisfy Eq. (3).

During the metamorphic stage, the total HREE+Y content in igneous
relics was obtained using Eq. (3); the total HREE+Y content in meta-
morphic minerals was obtained from the difference between bulk rock
composition and the total amount of HREE+Y preserved in the igneous
relics:

WI];IAIR/?E+Y — Wg‘}l’iEEJrY _ W}‘[I{REEJrY (4)
where WAREEHY jg HREE+Y weight fraction in metamorphic minerals,
WIREEHY js HREE+Y weight fraction in bulk rocks, W5 is HREE+Y
weight fraction in igneous relics. HREE+Y partitioning in each meta-
morphic mineral and a possible melt phase was computed based on the
partitioning coefficient (Kq) of HREE+Y between mineral and melt in
granulite facies (e.g, Nehring et al., 2009) using:

REE+Y KdHREE+Y REE+Y

Y 4

wi = iy Vam 5
daverage

where K4REETY js the HREE+Y K4 between each phase i and remaining

HREE+Y 3
average is the

melt (which is equilibrated with metamorphic minerals), K4
average Kq for the whole metamorphic minerals of metamorphic stage.
Finally, the HREE+Y weight fraction in the initial melt (before crystal-
lization of all metamorphic minerals and their absorption of HREE+Y

from it) was calculated using Eq. (3).

3.3. Diffusion modeling

3.3.1. HREE+Y diffusion modeling in melt using a fixed boundary model

The diffusion of HREE+Y was treated as single-component diffusion
of elements present in trace amounts in a homogeneous melt medium
along a one-dimensional semi-infinite profile. The diffusion was
assumed to be dictated by the Fick’s second law of diffusion (Crank,
1975):

7
0x2

oc

i (6)
Here, the composition C is expressed in pg/g; the density of the melt is
assumed to be constant throughout the profile. The diffusion coefficient
D (in m?%/s) is temperature T dependent and defined as the following
Arrhenius equation and finally transformed as pm?2/day for convenience:

D = Dyexp(——)

RT @)

where Dy is the pre-exponential factor in m?/s, E, is the activation en-
ergy for diffusion in J/mol, R is the gas constant in J/(K-mol) and T is
temperature in Kelvin.
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Diffusion of HREE+Y in melt was modeled to reproduce HREE+Y
gradients preserved between several garnet grains in metagabbro B. This
is based on the assumption that HREE+Y gradients were formed by
diffusion in the inter-granular melt and captured/inherited by nearby
garnet growth. Mass balance calculation demonstrates that HREE+Y
gradients in garnets can be used as proxy of HREE+Y in the melt (see
section 4.4). Representative HREE+Y compositional profiles in garnet
were extracted using the tool “Sampling-Strip” implemented in XMap-
Tools. The compositional profiles were located perpendicular to the
corona texture and across several garnet grains from proximal to igneous
clinopyroxene relics (P2Cpx;) to proximal to igneous plagioclase relics
(P2P])). Six compositional profiles were extracted along six transects
(Tr), including four unilateral diffusion profiles (Tr1-Tr4, diffusion from
igneous clinopyroxene on one side and to igneous plagioclase on the
other side) and two bilateral diffusion profiles (Tr5-Tr6, diffusion from
igneous clinopyroxene at both ends and to the igneous plagioclase in the
middle). A few pixel analyses located at mineral boundaries do not
conform with the overall trend of compositional profiles; these are
interpreted to result from the mixing of compositions from two minerals
and were removed.

The initial profile for diffusion was generated for each element in
each profile using a step function (t = 0), assuming that the compositions
in the melt were flat on the side of igneous plagioclase. The center po-
sition was fixed on the second analysis for unilateral profiles, and was
fixed on the second and second to last analyses for the bilateral profiles.
The maximum value of the step function was selected from the
maximum value in the measured profiles, while the flat values were
selected from the average of several minimum values in the measured
profiles.

A diffusion program was developed in MATLABO for multi-element
and multi-profile diffusion modeling with uncertainty propagation.
Experimental diffusion coefficients (Dexp) and related uncertainties were
obtained for all elements, by employing the Monte Carlo method using
5000 repetitions simulating the uncertainty variations of all model pa-
rameters [+ 25 °C of T (at 16) and Dy and E, uncertainties from Holy-
cross and Watson (2018)]. Dy and E, uncertainties were propagated
using a correlation coefficient of 0.95 as they follow the compensation
law (e.g., Holycross and Watson, 2016). The observed compositional
profiles represent diffusion at time t, whereas the step function profiles
represent diffusion at time 0.

The diffusion modeling was carried out to estimate a diffusion time
for multi-elements and multi-profiles together. Assuming a starting
value of t, a global diffusion of all elements from all profiles was modeled
by solving Eq. (6). This was done by discretizing in space using centred
finite differences and by integrating in time with the implicit Euler
method. The value of t was obtained by Nelder-Mead non-linear opti-
mization as the value minimizing the sum of residuals (Residualiota))
between the modeled and observed profiles for all elements of all pro-
files. The inversion allows a value of t (5000 results) to be determined for
all elements and all profiles considered together.

3.3.2. HREE+Y diffusion modeling in melt using a moving boundary model

One of the assumptions of the numerical approach in section 3.3.1 is
to consider a constant infinite reservoir on the side of igneous clino-
pyroxene of the model providing the supply of trace elements. This is
formulated by applying a Dirichlet boundary condition. To be able to
assess how the availability of trace elements at the clinopyroxene-melt
interface impact the prediction of the melt composition, a different
approach involving a Neumann boundary condition is required. Using
the clinopyroxene-melt interface as a moving reference frame, a moving
boundary model using a 1D advection—diffusion formulation can be
expressed with the following equation:

#Cc ocC

oC_ 9C Y
0x? 0x

o ®
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with r, the growth rate of crystal (um/s), here negative representing
dissolution rate of igneous clinopyroxene. Lu was selected as an example
of HREE+Y. Compared to Eq. (6), an advection term is added to move
the reference frame following the clinopyroxene-melt interface through
the model. The boundary conditions become:

oC 71)C

ol _ T
0x

= (92)
x=0 D

( 1
Kmelt/ Cpx

Clw=0 (9b)
with Kpelt/cpx the constant coefficient between the Lu in melt and in
igneous clinopyroxene (see section 4.4). Eq. (9a) is a Neumann bound-
ary condition derived from the mass balance between the chemical flux
produced by the clinopyroxene consumption and the chemical flux
transported away from the interface by diffusion. This is based on the
assumption that the reaction kinetics of clinopyroxene consumption is
fast with respect to the diffusion timescale (e.g., Glicksman, 2011;
Phelps et al., 2020). The boundary condition of Eq. (9b) assumes that the
melt composition remains constant at distances greater than the diffu-
sive length scale.

Egs. (8), (9a) and (9b) were solved numerically. For the initial con-
ditions, the mass fraction of Lu in the melt is defined as 0 pg/g on all the
model. The total size of the domain is 10,000 pm to simulate a semi-
infinite profile and prevent boundary effects, but only the first 3,000
pm are presented on the numerical results. The equations were dis-
cretized in space using finite differences on a regular grid composed of
3,000 grid points and integrated in time implicitly using the trapezoidal
rule with the second order backward difference formula (Bank et al.,
1985). This was done with the Julia programming language using the
package DifferentialEquations.jl (Bezanson et al., 2017; Rackauckas and
Nie, 2017). The solver uses adaptive time-stepping and the Newton
method as a non-linear solver, using forward automatic differentiation
to compute the Jacobian matrix (Revels et al., 2016).

It is assumed that the product of clinopyroxene consumption is
amphibole and melt, and the HREE+Y in the melt is absorbed by
amphibole as it passes through the domain with the crystallizing
amphibole. Then the Lu diffusion profile in the remaining melt can
almost represent the diffusion profile just before absorption by garnet
grains. The mass balance and partitioning calculation in this part follow
the method in section 3.2.3. The average values of Lu mass fraction in
igneous clinopyroxene and metamorphic amphibole, and the volume
fraction of metamorphic amphibole and melt were used for calculation.
Kmelt/cpx is calculated to be a constant coefficient between the initial
value in melt and the average value in igneous clinopyroxene and was
used in the model according to Eq. (9a).

4. Results
4.1. Petrography and geochemistry

The bulk-rock compositions of metagabbro A and B are almost
identical in major and trace elements (Fig. S2; Table S1), indicating
these two metagabbros may share the same igneous protolith. The
sampled metagabbros A and B display different textures. Metagabbro A
exhibits an equilibrated granoblastic texture at granulite facies condi-
tions that is overprinted by a corona texture developed during retro-
grade metamorphism. Metagabbro B shows a disequilibrium corona
texture of granulite facies minerals overgrowing igneous relics. This
sample was investigated in detail by petrography and geochemical an-
alyses, mass balance calculation and diffusion modeling. Metagabbro A
is only used for comparison and was studied in less detail.

4.1.1. Metagabbro A
Metagabbro A shows a granoblastic texture consisting of amphibole
(~28 vol%), plagioclase (~25%, mainly andesine and minor albite),
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garnet (~15%), clinopyroxene (~13%), quartz (~10%), orthopyroxene
(~7%), and accessory minerals (~2%) including ilmenite, apatite, and
zircon (Fig. 1B and Fig. 2A). The mineral proportions were estimated
through micropetrography observations. Two main stages of mineral
equilibration [p-peak, r-retrograde; mineral abbreviations follow Warr
(2021)] are recognized based on the mineral chemical compositions
(Fig. S3A-D; Table S2) and reaction textures. Garnet shows an initial
decrease in Xgps [= Mn/(Fe2++Mg+Ca+Mn)] and increase in Xy [=
Mg/(Mg+Fe2+)] from core to inner rim, as typical of garnet growth
during prograde metamorphism (Hollister, 1966; Spear et al., 1990); the
subsequent increase in Xsps and decrease in Xy in the outermost rim
imply consumption of garnet during retrogression (Kohn and Spear,
2000). Therefore, the compositions of the garnet inner rim most likely
represent the peak stage. In general, the peak minerals mainly include
the granoblastic minerals: garnet inner rim (Grt,), clinopyroxene (Cpxy),
+ orthopyroxene (Opxp), amphibole (Amp,), plagioclase (Pl,), and
quartz (Qzp). The retrograde stage is represented by a fine-grained
corona mineral assemblage of clinopyroxene (Cpx,;) + orthopyroxene
(Opx,) + amphibole (Amp,) + plagioclase (P1,) + quartz (Qz,) developed
at the rim of granoblastic garnet, clinopyroxene, orthopyroxene, and
amphibole. These retrograde minerals also show differences in compo-
sition from the peak minerals (Fig. S3A-D; Table S2). Quartz and albite
show low apparent dihedral angles when in contact with granoblastic
minerals (Fig. 2B), interpreted as a melt pseudomorph from partial
melting (e.g., Meek et al., 2019).

4.1.2. Metagabbro B

Metagabbro B is partially-transformed into granulite preserving
coarse-grained igneous plagioclase (~23 vol%), clinopyroxene (~9%),
and accessory minerals (~1%) such as magnetite, ilmenite, zircon, and
apatite (Fig. 2C-D and Fig. 3A). The igneous clinopyroxene shows evi-
dence of recrystallization at the grain boundaries, and contains exten-
sive and fine-grained amphibole lamellae (Fig. 2E). The igneous
clinopyroxene is augite-diopside with Ca of 0.78-0.89 apfu and Xy of
0.54-0.59 (Fig. 3B and Fig. S3E). The igneous plagioclase shows
recrystallization as well, preserving a labradorite composition with Xap
[= Ca/(Ca+Na+K)] of 0.53-0.65 in the former plagioclase core (Fig. 3D
and Fig. S3F). These igneous relics are partially resorbed and locally
replaced by metamorphic minerals, including plagioclase (~28 vol%),
amphibole (~22%), quartz (~5%), biotite (~5%), garnet (~5%),
orthopyroxene (~1%), and clinopyroxene (~1%). Most of the meta-
morphic minerals occur as a fine-grained multi-layered corona at the
boundary between igneous clinopyroxene and plagioclase relics. From
igneous clinopyroxene (or pseudomorph) outward, the corona contains
(a) intergrown metamorphic amphibole + quartz + orthopyroxene +
clinopyroxene =+ biotite, (b) metamorphic plagioclase, (c) metamorphic
garnet, and finally igneous plagioclase with individual metamorphic
garnet grains (Fig. 2C and Fig. 4A).

Two groups of metamorphic garnet have been identified on the basis
of composition and texture. Most of the garnet grains (Grtyrg, i.e., garnet
with high trace element) in the corona and individual garnet grains are
compositionally homogeneous in major elements (Fig. 3E-H and
Fig. S3G) with relatively low Ca and high Fe (AlmgsPrp;3Grs19Spsz), and
are enriched in trace elements (Fig. 4A). The second garnet type (Grtyrg,
i.e., garnet with low trace element) is distributed outside the corona, and
is compositionally zoned (Fig. 3E-H and Fig. S3G) with higher Ca, lower
Fe (Almsy_62Prp11-13Grsas3_3oSps2), and contains very low HREE+Y
(Fig. 4A).

The intergrowth of plagioclase and quartz and the interstitial mon-
omineralic K-feldspar films present along grain boundaries (Grtyrg,
plagioclase and quartz) with low dihedral angles are interpreted as
textures related to the crystallization of a former melt (Fig. 2F; Meek
et al., 2019). More commonly, albite, quartz, and K-feldspar are present
at the grain boundaries and interstices between garnet and other min-
erals (Fig. 2G-H), suggesting that an interconnected melt channel may
have existed in the inter-granular boundaries.
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Fig. 2. Microphotograph of metagabbro A and B. (A) Metagabbro A is a mafic granulite, consisting of granoblastic minerals garnet, clinopyroxene, t+orthopyroxene,
amphibole, plagioclase, and quartz. They were equilibrated at the peak stage, but were partially resorbed during retrogression and surrounded by a corona of
clinopyroxene + orthopyroxene + amphibole + plagioclase + quartz. (B) BSE image of metagabbro A, quartz and albite show low apparent dihedral angles at the
contact with granoblastic minerals, interpreted as melt pseudomorph. (C) Metagabbro B is a gabbro partially transformed into granulite, and preserves coarse-grained
igneous clinopyroxene and plagioclase. These igneous relics were partially resorbed and are surrounded by multi-layered metamorphic corona. The corona—starting
from igneous clinopyroxene relics — contains (a) intergrown amphibole + quartz + orthopyroxene =+ clinopyroxene + biotite, (b) plagioclase layer, (c) garnet layer
and finally to igneous plagioclase relics with individual garnet grains. Abbreviations: Ampy;, Qzy;, Ply;, Grty—amphibole, quartz, plagioclase, garnet in metamorphic
stage; Pli—plagioclase in igneous stage. (D) A sketch of the interpreted mineralogy of the protolith gabbro of metagabbro B. (E) Igneous clinopyroxene relics in
metagabbro B show recrystallization at the edge, and extensive and fine-grained amphibole lamellae inside. (F) BSE image of metagabbro B, interstitial mono-
mineralic K-feldspar films present along grain boundaries (Grtyrg, plagioclase and quartz) with low dihedral angles, typically represent the former melt. The
intergrowth of plagioclase and quartz blebs with K-feldspar fringes at the quartz-plagioclase boundary indicate a former rhyolitic melt composition. (G-H) K-feldspar,
quartz, and albite occur as widespread melt pseudomorphs, which are present in the interstices between garnet and other minerals, suggesting an interconnected melt
Ehannel may have existed in the inter-granular boundary region. The melt pseudomorphs are highlighted in red color in Fig. 2H.

Three main stages of mineral equilibration are recognized based on
mineral compositions and reaction textures: (i) the igneous stage,
characterized by igneous relics, and two metamorphic (ii) prograde and
(iii) peak stages. Multi-layered corona textures are often interpreted as
being controlled by chemical potential gradients at constant P-T con-
ditions (e.g., Ashworth and Sheplev, 1997; Joesten, 1977; Johnson and
Carlson, 1990; Ogilvie and Gibson, 2017). The multi-layered corona
textures (including Grtyrg which is in contact with the melt pseudo-
morphs) are interpreted to have formed in the peak stage associated
with partial melting. The corona-forming reaction in metagabbro B is
inferred as (I = igneous, M = metamorphic):

Cpxg + PI; + H20 — Ampy + Ply + Qzy + Grtyrg + Opxy & Cpxy + Bty
-+ melt. 10)

This reaction occurred after the igneous stage; therefore, Grtyrg is
interpreted to have grown as a peritectic mineral in the presence of melt
at peak conditions during regional metamorphism. Grtyrg forms a low
proportion of the overall garnet present and has extremely low trace
element contents, indicating that it could have formed (possibly asso-
ciated with some amphibole formation) during a prograde stage when
only a small amount of igneous clinopyroxene was dissolved, and low
amounts of trace elements were released. Moreover, Grtyrg is often
surrounded by the Grtyrg (Fig. 4A), indicating that Grtyrg grew earlier
than Grtyrg. Only the peak peritectic garnet (Grtyrg) is considered for
diffusion modeling.

4.2. Metamorphic evolution

4.2.1. Metamorphic P-T conditions

Metagabbro A displays a relatively homogeneous mineral assem-
blage on hand specimen scale at which the bulk composition is
measured. The peak mineral assemblage (except garnet) also shows
relatively homogeneous compositions (Fig. S3A-D; Table S2), indicating
an absence of overprinting of peak mineral compositions. Therefore, the
XRF bulk-rock composition and the average peak mineral compositions
are appropriate to evaluate metamorphic P-T conditions using phase
equilibrium modeling (Table S1). Because metagabbro B is partially
transformed into granulite, only relatively homogeneous domains with
metamorphic minerals were considered to generate reactive bulk com-
positions (Lanari and Engi, 2017; see EPMA_map2.mat in Zenodo re-
pository), which was used to evaluate the metamorphic P-T conditions.
Average peak mineral compositions were used for P-T estimation as no
later overprinting of the peak metamorphic assemblage was observed in
metagabbro B.

Phase equilibrium modeling was applied for metagabbro A and B,
with both T-Myso and P-T diagrams. For metagabbro A, a T-Myso di-
agram was generated with HyO ranging from O to 1.5 wt% (Mpy20o
ranging from O to 1) (Fig. S4A). The measured peak mineral composi-
tions of Xgrs and Xpyp, in the garnet inner rim (0.26; 0.14) and Xa, in the
granoblastic plagioclase (0.45-0.49) are predicted in the peak assem-
blage (Grt-Cpx-Amp-Ilm-Pl-Qz-Melt) field, constraining a suitable
Moo range of 0.75-0.98. A middle My value of ~ 0.9 (1.35 wt% H0)
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was selected for the subsequent P-T equilibrium phase diagram. In the
P-T diagram (Fig. S4B), the above peak metamorphic mineral assem-
blage is predicted to be stable in a large P-T range of 0.3-1.0 GPa and
720-870 °C. The measured Xgrs and Xpyp, in the garnet inner rim (0.26;
0.14), and average X, in plagioclase (0.47) constrain peak conditions of
0.8 GPa and 800 °C. The observed garnet proportion (15 vol%) isopleth
is close to these P-T conditions. Orthopyroxene is predicted to be stable
at slightly lower pressure than the peak stage, however, the measured
Xmg in orthopyroxene (0.41-0.43) is consistent with the temperature
conditions of the modeled peak stage. This suggests that the orthopyr-
oxene may have formed during the initial isothermal decompression
stage. The interpreted  retrograde  corona  assemblage
(Cpx—-Opx-Amp-Pl-Qz-Tlm-Melt) lies in the P-T range of 0.2-0.6 GPa
and 725-820 °C, implying a further decompression-dominant P-T path.

For metagabbro B, a T-Myyo diagram was generated with Hy0O
ranging from O to 1.5 wt% (Mpy2o ranging from 0 to 1) (Fig. S4C). The
observed peak metamorphic assemblage is stable in the
Grt-Cpx-Opx—Amp-Bt-Ilm-P1-Qz-Melt field, constraining a suitable
Mpo range of 0.20-0.85. A middle Mo value of ~0.52 (0.79 wt%
H,0) was selected for the subsequent P-T equilibrium phase diagram for
peak metamorphic stage. In the P-T diagram (Fig. S4D), the above peak
metamorphic mineral assemblage is predicted to be stable in a P-T range
of 0.4-0.85 GPa and 725-810 °C. The measured Xp,, in homogeneous
garnet (Grtyrg, Prp13), Xa, in metamorphic plagioclase (0.40-0.46), Xyig
in orthopyroxene (0.40-0.41) and Xy in amphibole (0.37) are plotted
in the peak assemblage field, further constraining the peak P-T condi-
tions to 0.6-0.8 GPa / 775-810 °C. The modeled Xgs compositions in
garnet at peak conditions is 0.21, which is close to Grtyrg (Grsyg). The
observed garnet proportion (7 vol%) isopleth is close to these P-T con-
ditions. Under these conditions, ~10 vol% of rhyolitic melt is predicted
to be stable (Table S1, No. 11), which is consistent with the observation
of melt pseudomorphs (Fig. 2F-H). The absence of leucosomes
(Fig. S1D) also indicates that this melt was not segregated in metagabbro
B. A second equilibrium phase diagram was calculated for the prograde
stage (Fig. S4E) using a near anhydrous bulk composition (My20 = 0.07
wt%, see section 4.2.2, water budget content in igneous stage). The
measured range of compositions of Xam and Xgs in the Grtprg
(Almsg_g2Grsa3_27) plot in the Cpx—Grt-Opx-Bt-Kfs-Ilm-P1-Qz field and
fall within a P-T range of 0.3-0.5 GPa and < 800 °C, indicating possible
conditions under which the Grty g could have formed. This supports the
interpretation that the Grtyrg may have formed during the prograde
stage (see section 4.1.2).

4.2.2. Water budget during metamorphism

The metagabbros A and B are identical in bulk-rock composition,
peak metamorphic P-T conditions, and metamorphic age (Supplemen-
tary Results 2.1; Fig. S5; Table S3), suggesting they share the same
igneous origin and record the same regional metamorphic event. Despite
a comparable tectonic evolution, metagabbro A and B show different
textures, the latter characterized by the preservation of magmatic rel-
icts. The corona texture in metagabbro B is interpreted to form from
relatively sluggish inter-crystalline diffusion under fluid-undersaturated
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Fig. 3. Optical imaging and microprobe compositional maps of metagabbro B. (A) Optical micrograph of metagabbro B, the mapping area of Fig. 3B-C. (B) Map of
X'mg [= Mg/(Mg + Fe'Y] in clinopyroxene. (C) Map of X’y in amphibole. (D) Map of anorthite content (X,) in plagioclase. The plagioclase interiors (enclosed by
the pink dashed lines) show higher X,,, suggesting they may be compositions preserved in igneous relics. (E-H) Maps of Mg, Ca, Fe, and Mn content in garnet, in
atoms per formula unit (apfu). The optical microphotograph for this mapping area is shown in Fig. 2C. Some garnet grains (Grt.g) show zoned chemical compo-
sitions of higher Ca, lower Fe, and lower trace element (Fig. 4A), interpreted as growth during prograde metamorphism; the other garnet grains (Grtyrg) show
homogeneous composition with lower Ca higher Fe, and higher trace element, interpreted as growth during peak conditions. See Fig. 4A and Fig. S4E for evidence

from texture and phase equilibrium modeling.

conditions (e.g., Carlson, 2010; Gaidies et al., 2017), preserving meta-
stable igneous phases. Therefore, different fluid conditions are inferred
to control the textures developed in these samples.

The water budget was calculated for metagabbro A and B to deter-
mine the water content changes during the transition from the igneous
to the peak metamorphic stage (see section 3.2.2). In addition, the water
content estimated from T-My»o phase diagrams that stabilizes the peak
mineral assemblage (Fig. S4A and C) was considered as an alternative
water budget result (see below).

The protolith of metagabbro B is considered near-anhydrous based
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on the assumption that it only contains nominally anhydrous minerals,
such as clinopyroxene and plagioclase. Hydrous minerals such as
hornblende and biotite in metagabbro B usually occur as metamorphic
corona around igneous relics. Additionally, the color of hornblende in
metagabbro B is more consistent with green metamorphic hornblende
rather than brown igneous hornblende (e.g., Miyashiro & Shido, 1980;
Ross & Elthon, 1997). Measurement of OH in magmatic clinopyroxene
relics by Fourier-transform infrared spectroscopy (FTIR) (Supplemen-
tary Results 2.2; Fig. S6A; Table S4) constrain a minimum water content
of ~ 73 pg/g in metagabbro B during the igneous stage (Table S5). The



J.-H. Liu et al. Geochimica et Cosmochimica Acta 394 (2025) 106-125

0.10

Fig. 4. Optical imaging and HREE+Y compositional mapping for minerals in metagabbro B. (A) Optical image, quantitative Er (as example of HREE+Y) compo-
sitional maps of garnet, and sketch figure of domain 1 to 4 (D1-4 in Fig. 2C) in metagabbro B. Purple Grty g is often surrounded by the red Grtyrg, indicates the Grtyrg
formed during an earlier prograde stage (see Fig. S4E for results of phase equilibrium modeling). A systematic decrease of HREE+Y content across garnet corona from
Cpx; to individual garnet grains in Pl;, with a direction perpendicular to the annuli. Relatively higher Er filling can be seen in the interstices of the crystals (marked by
the red curves with arrows), which may represent the flow channel of the melt and indicate the HREE+Y was still being supplied as the reaction was continuous. The
white arrows highlight HREE+Y gradient across a single garnet grain. Six elemental profiles were extracted in XMapTools along six transects Trl to Tr6, these
HREE-+Y data are given in Zenodo repository. (B) Quantitative Lu (as example of HREE+Y) compositional maps of amphibole in D1 and D3 domains. (C) Optical
image, quantitative Lu (as example of HREE+Y) compositional maps of clinopyroxene. HREE+Y content is higher in igneous clinopyroxene than that in metamorphic
recrystallized clinopyroxene.
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Fig. 5. HREE+Y compositional mapping and extracted HREE compositional profiles for garnet in metagabbro B. (A) Quantitative HREE+Y compositional maps of
garnet in domain 1 (Lu, Yb, Tm, Er, Ho, Dy, Tb, Y expressed in ug/g). (B) Interpolated profiles of HREE data in Tr2 normalized as O to 1. Interpolated profiles were
based on these measured data (colorful solid dots) and the mass fraction of each element was normalized to 0-1 to compare the relative diffusivities among HREE.
These interpolated profiles show an increasing curvature with the atomic mass of HREE, suggesting a decreasing diffusion rate.
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magmatic protoliths were essentially anhydrous, and hydration by an
external aqueous fluid during metamorphism is required to crystallize
the hydrous minerals amphibole and biotite. Considering the minimum
amount of water stored in the samples, i.e., sum of HoO in hydrous
minerals and nominally anhydrous minerals (e.g., garnet, Fig. S6B;
Table S4), an addition of ~ 0.78 wt% HyO prior to or during meta-
morphism is estimated for metagabbro B to stabilize the above hydrous
minerals in the observed peak mineral assemblage (Table S5). This
water content is consistent with what estimated from T-Myy0 phase
diagram (Fig. S4C, 0.79 wt% H,0). Therefore, the incomplete equili-
bration observed in metagabbro B is interpreted as due to a limited
supply of water.

For metagabbro A, the igneous stage was also considered as essen-
tially anhydrous. Peak metamorphic minerals were partially consumed
during retrograde metamorphism (Fig. 2A and Fig. S4B), preventing the
water budget for the peak metamorphic assemblage from being directly
constrained by the preserved minerals. The T-My»o phase diagram for
metagabbro A suggests a water content of 1.35 wt% H»0O at peak con-
ditions (Fig. S4A). Therefore, the peak mineral assemblage of meta-
gabbro A is interpreted as having formed under water conditions
sufficient to completely transform the igneous minerals into a fully
metamorphic assemblage (1.35 wt%).

In summary, the infiltration of H,O in metagabbro A and B at ~ 800
°C / 0.8 GPa catalyzed metamorphism and partial melting reactions.
Metagabbro A was completely re-equilibrated at peak stage with 1.35 wt
% H20, whereas metagabbro B was only partially re-equilibrated (con-
taining 0.78 wt% H,0) with the formation of metamorphic corona in the
presence of ~ 10 vol% rhyolitic melt. Both metagabbro samples formed
under HyO-undersaturated conditions, the corona texture in metagabbro
B is interpreted to form from relatively sluggish inter-crystalline diffu-
sion under even more fluid-undersaturated conditions.

4.3. Gradients in mineral compositions

Major and minor elements show chemical gradients at different
scales. At the centimeter scale (Fig. 3A-C), the coarse-grained igneous
clinopyroxene and the fine-grained metamorphic amphibole corona in
metagabbro B retain consistent X’vy [= Mg/(Mg+Fe'®)] gradients
decreasing from core to the rim with constant partition coefficient for
Fe2+/Mg (InK4q = 0.43) between clinopyroxene and amphibole (Fig. S7).
This pattern suggests local equilibrium conditions during amphibole
growth with limited mass transport from the reaction site (see InK4 value
in Molina and Poli, 1998). This unique example shows frozen-in
chemical potential gradients of FeO and MgO not perpendicular to the
corona layering. At the millimeter scale, garnet (Grtyrg) in metagabbro
B shows a MnO content decreasing from igneous ilmenite to igneous
plagioclase (Fig. 3H), suggesting a chemical potential gradient of MnO
perpendicular to the corona layer.

Trace element distribution varies between different minerals.
HREE~+Y compositional maps of four distinct areas within the same thin
section of metagabbro B show that garnet hosts the vast majority of
HREE+Y (Fig. 4 and Fig. S8), and show a systematic decrease of
HREE+Y content in garnet (Grtyrg) at the transition from igneous cli-
nopyroxene to igneous plagioclase, perpendicular to the coronal layer-
ing. As HREE+Y are relatively enriched in igneous clinopyroxene and
significantly depleted in igneous plagioclase (Fig. 4C and Fig. SSE-F;
Table S6), this trend possibly reflects a diffusion gradient driven by
chemical potential (u) gradients. In addition, igneous clinopyroxene
relics show higher HREE+Y than metamorphic recrystallized diopside
(Fig. 4C), requiring diffusion-out of these elements from the reaction site
during metamorphism. The igneous clinopyroxene is considered as the
main source of HREE+Y that were mainly incorporated by garnet, and to
a lesser amount in amphibole, clinopyroxene, and orthopyroxene during
metamorphism. Metamorphic plagioclase and biotite are virtually
HREE-+Y free (Table S6).

Trace element gradients across several garnet grains indicate a
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diffusion gradient driven by Aupgrgg,y from igneous clinopyroxene to
igneous plagioclase. Diffusion is inferred to take place in the inter-
granular medium in the presence of ~ 10 vol% rhyolitic melt in meta-
gabbro B (Fig. 2F-H; Table S1, No. 11), and peritectic garnet (Grtyg) is
interpreted to grow at peak conditions with the melt according to the
observed texture (Fig. 2F). This assumption is discussed in detail in
section 5.1. The conditions at which the HREE+Y diffusion gradient
formed can be assessed using the six compositional profiles of normal-
ized mass fraction extracted from the compositional maps. They show an
increasing curvature with increasing atomic mass of HREE (Fig. 5 and
Fig. 59), suggesting a decreasing diffusion rate with atomic mass. This
trend is inconsistent with intra-granular diffusion in garnet, but is
instead consistent with those observed in the melt, strongly supporting
the above hypothesis that the HREE+Y gradients were formed by
diffusion in the inter-granular melt and captured/inherited by garnet
growth nearby (see section 5.1 for detailed discussion). Therefore, we
propose that the observed HREE+Y compositional gradient across
several garnet grains reflects different reactive bulk compositions in the
vicinity of each garnet grain during its growth. These local reactive bulk
compositions, including major and trace elements, were controlled by
dissolution of igneous clinopyroxene and plagioclase involved in the
partial melting reaction and by element transport in the inter-granular
melt.

4.4. Mass balance calculation for HREE+Y

The mass balance of HREE+Y and their partitioning during meta-
morphism were calculated (Table S7). In the following, Lu was selected
as an example to explain the calculation method. For the igneous stage,
the previous volume proportion of each igneous mineral was estimated
from the current textures in the rock (e.g., Fig. 2D). HREE+Y in igneous
clinopyroxene was considered unknown and recovered by mass balance
calculation because the HREE+Y were released and diffused from
igneous clinopyroxene during dissolution, exsolution, and recrystalli-
zation (Fig. 2E and Fig. 4C). The amounts of HREE+Y in other igneous
minerals (P1, Mag, Ilm, Zrn, Ap) were considered unmodified and taken
from the average measured values. The measured Lu mass fraction in
bulk rock is 0.33 ug/g (Table S1), and the average Lu mass fraction in
igneous clinopyroxene was calculated to be 0.30 ug/g according to Eq.
(3) (Table S7). As a verification, seventy-three laser single-spot analyses
were measured on igneous clinopyroxene. These analyses yielded
mainly a range of Lu mass fractions from 0.06 to 0.20 pg/g, with eight
analyses outside of that range (0.21 to 0.33 ug/g; Table S6). Widespread
low-Lu compositions and rarely preserved high-Lu components of
igneous clinopyroxene agree with the mass balance calculations and our
assumption above.

For the metamorphic stage, the average Lu mass fraction in the sum
of the metamorphic minerals was calculated to be 0.14 ug/g according
to Eq. (4) based on the difference between Lu mass fraction in the bulk
rock and in the igneous relics. The partitioning of the average Lu mass
fraction in the metamorphic garnet, amphibole, clinopyroxene, ortho-
pyroxene, and remaining melt (equilibrated with the metamorphic
minerals, Fig. 6A) was calculated to be 1.60, 0.18, 0.06, 0.02, and 0.08
ug/g (Table S7), respectively, according to Eq. (5) and their partition
coefficients at granulite facies conditions (Nehring et al., 2009). The
measured average values of Lu mass fraction in garnet, amphibole, cli-
nopyroxene, and orthopyroxene are 1.33, 0.19, 0.07, and 0.03 ng/g,
respectively (Table S6). These measurements are compatible with the
calculation results, which further support the validity of the mass bal-
ance and (local) equilibrium partitioning of elements between meta-
morphic phases. In order to recover the HREE+Y diffusion profile in the
initial melt (before HREE+Y incorporation in newly grown meta-
morphic minerals, Fig. 6A), the average Lu mass fraction in the initial
melt and its ratio to the average Lu mass fraction in garnet were also
calculated. The average Lu mass fraction in the initial melt was calcu-
lated to be 2.10 pg/g according to Eq. (3). A constant coefficient of Lu
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Fig. 6. Schematic diagram showing the relationship of HREE+Y (Lu as example) between the initial melt, the residual melt, and across several garnets. HREE+Y
gradients in the initial melt and in the remaining melt were recovered from those across several garnets by mass balance calculation. HREE+Y across several garnets
can be used as a proxy for recovering HREE+Y in the initial/remaining melt and for further diffusion modeling. (A) Cartoon depicting the relationship of HREE+Y
gradients in garnet, initial melt, and remaining melt. At the beginning of the metamorphic reaction, HREE+Y are released from igneous clinopyroxene and diffuse in
the initial melt; afterwards, garnets (and other minerals) grow and absorb HREE+Y from the neighboring melt. Most of the HREE+Y gradient is hosted by the garnet,
and only a small amount of HREE+Y gradient is in the remaining melt. (B) Recovered HREE+Y diffusion profile in initial melt. (C) HREE+Y diffusion profile in initial
melt, remaining melt, and the measured garnet data profile. The measured garnet data profile is selected from transect 1, the diffusion profiles in initial and
remaining melt were estimated based on those in garnet following mass balance calculation.

average mass fraction between initial melt and garnet that follows mass
balance is calculated to be 1.3, which is controlled by partition co-
efficients and volume proportions of metamorphic minerals and melt.
Therefore, the HREE + Y profile composition (in mass fraction) in the
initial melt can be recovered by the HREE+Y profile composition in
garnet multiplied by their constant coefficients (e.g., 1.3 for Lu;
Fig. 6B-C). The HREE+Y profile composition in the remaining melt can
be calculated by HREE+Y profile composition in garnet divided by its

partition coefficient K & v*" (e.g., 20 for Lu, Nehring et al., 2009;
Fig. 6C). Therefore, the HREE+Y compositions recorded by several in-
dividual garnet grains across the diffusion profile are used (i) to test the
hypothesis that the current zoning in garnet reflects the diffusion within
the initial inter-granular melt and (ii) as a proxy to estimate the time-
frame of diffusion within the initial inter-granular melt, because
multiplying by the above fixed constant coefficient (e.g., 1.3 for Lu) will
result in the same timescale obtained by diffusion modeling.

4.5. Diffusion modeling

HREE+Y diffusion in the melt was modeled using two different
boundary conditions, i.e., a fixed boundary model and a moving
boundary model (Fig. 7). The fixed boundary model uses the HREE+Y
diffusion profile compositions in garnet, and treats the two ends of the

Pl

Fixed diffusion boundary

Diffusion model with fixed boundary

Melt

Current interface of Cpx-melt

profile as fixed boundaries. It enables quantitative diffusion modeling
based on measured compositions; however, it neglects the effect of Cpx;
consumption during metamorphic reaction progress. The moving
boundary model simulates the process of the Cpx—-Melt interface grad-
ually moving as the Cpx; reacts. Whilst it more closely reflects the nat-
ural process, it cannot be inverted to obtain a duration due to the lack of
constraints on the additional parameters (see below).

4.5.1. HREE+Y diffusion modeling in melt using a fixed boundary model
Quantitative modeling of HREE+Y diffusion in the inter-granular
melt was used to calculate the diffusion-controlled process in meta-
morphic reactions. The temperature T is fixed at 800 °C according to the
metamorphic peak conditions (Fig. S4D). Six chemical profiles for Lu,
Yb, Er, Ho, Dy, and Y were extracted from compositional maps in met-
agabbro B for diffusion modeling (Fig. 8). Maximum contents are vari-
able from profile to profile, indicating variations in the distance from the
reaction site, or in the amount of metamorphic amphibole, and/or in the
initial content of HREE+Y in igneous clinopyroxene. However, after
shifting profiles along the x-axis, the shapes of the profiles are identical,
suggesting a similar diffusion-controlled process (Fig. 8). A global
inversion was performed to retrieve the diffusion time ¢, considering
each profile for each of the six elements. The diffusivities Dy and E, of
HREE+Y in melt with a water content of ~6.2 wt% H50 (Table S8) are

Current interface of Cpx-melt

Boundary moves
with reaction continues

=y Initial interface of

\ f> Cpx-melt

Diffusion model with moving boundary

Fig. 7. Cartoon depicting diffusion model with different boundary conditions. (A) HREE+Y gradients inherited by several garnet grains were used as a proxy for
diffusion modeling, the two ends of the profile were treated as fixed boundaries. (B) Diffusion modeling with moving boundary model. The Cpx;-Melt interface is
gradually moving with consumption of Cpx;. Note that the color of the initial melt and the remaining melt are consistent with those in Fig. 6.
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Fig. 8. Measured data across garnet grains and interpreted profiles from all transects in each element. Circles indicate measurements and dotted lines show the
interpreted profiles which represent the diffusion profiles in the melt. The six profiles were shifted along their x-axis, showing that they share a similar trend. P2Cpx;
indicates “proximal to igneous clinopyroxene relics”, P2P]; represents “proximal to igneous plagioclase relics”. “Tr” means “transect”. Tr1-Tr4 show unilateral
diffusion from igneous clinopyroxene on one side and to igneous plagioclase on the other side; Tr5-Tr6 show bilateral diffusion from igneous clinopyroxene at both

ends and to the igneous plagioclase in the middle (see Fig. 4A for textures).

selected from Holycross and Watson (2018), according to the calculated
water content in the melt from the phase equilibrium modeling (6.3 wt%
H20, Table S1, No. 11) of metagabbro B at peak metamorphic condi-
tions. This melt composition is very similar to the melt composition in
Holycross and Watson (2018) (Fig. S10), indicating that the experi-
mental diffusivities are applicable for the diffusion modeling of partial
melts in metagabbro B. Diffusivities from Holycross and Watson (2018)
with ~4.1 wt% HO were also used for comparison. The algorithm
matches the observed and modeled diffusion profiles assuming a step
function as the initial profile, which represents the initial grain bound-
ary between magmatic clinopyroxene and plagioclase (Fig. 9). An
optimal t value of 8.4 (+5.4/-3.3) days was obtained (Fig. 9). The second
set of experimental diffusivities results in an optimal t value of 34.6
(+22.3/-13.6) days, indicating that the uncertainties in estimating the
water content in melt will not significantly affect the final timescale.

4.5.2. HREE+Y diffusion modeling in melt using a moving boundary model

The clinopyroxene-melt interface will move towards the dissolving
igneous clinopyroxene (Fig. 7). Therefore, a moving boundary should be
considered for diffusion modeling according to Eq. (8). However,
additional parameters are required when considering a moving bound-
ary, e.g., the HREE+Y mass fraction in igneous clinopyroxene, and the
volume fraction of clinopyroxene, amphibole, clinopyroxene, plagio-
clase, orthopyroxene, garnet, and melt, which make it impossible to
obtain an optimal time from these models. Therefore, an exploratory
diffusion model with a moving boundary was implemented instead to
show the HREE+Y diffusion response in the melt for different
timescales.

The results of the diffusion modelling are shown using Lu as an
example. Amphibole, which forms the first layer of the metamorphic
corona, has relatively higher HREE+Y contents; therefore, amphibole
incorporates moderate HREE+Y alongside garnet during the dissolution
of igneous clinopyroxene. Therefore, a fixed Lu content from amphibole
was subtracted from the dissolution of clinopyroxene and the remaining
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Lu content represents the total value available for diffusion in the melt.
All parameters in the modeling were taken from the average values in
Table S7. Fig. 10A shows an initial condition, with a Lu mass fraction in
igneous clinopyroxene of 0.30 ng/g, and Lu mass fraction in melt of 0
pg/g (at the beginning of melt production and before element parti-
tioning). Fig. 10B shows the diffusion profile of Lu in the melt after
different durations from 1 day to 100 years during which 400 ym of
igneous clinopyroxene was consumed, resulting in various dissolution
rates. At the end of the model, the 400 um igneous clinopyroxene has
completely dissolved and its place has been taken by the melt. The cli-
nopyroxene-melt interface moved towards the left (dotted and solid red
lines in Fig. 10B) following the dissolution of igneous clinopyroxene.
The results show that the diffusion profiles flatten out with decreasing
diffusion rate, i.e. increasing diffusion timescales. The diffusion profiles
fit timescales of 1 day to 1 year, constraining the timescales of less than a
year for the metamorphic reactions in metagabbro B.

5. Discussion
5.1. Diffusion of HREE+Y in inter-granular melt

All six compositional profiles across multiple garnet grains show a
decreasing gradient from the margin close to igneous clinopyroxene to
the area close to plagioclase (Figs. 5 and 8). A key assumption for the
application of diffusion chronometry in this study is that HREE+Y
diffusion took place in the inter-granular medium filled with melt and
then were inherited by garnet during their growth. There are three
pieces of evidence to support this assumption.

(i) The melt pseudomorphs widely retained at the boundaries and
interstices between mineral grains, suggesting that the existence of an
interconnected melt channel within the inter-granular medium
(Fig. 2F-H).

(i) The HREE+Y gradients are not confined to a single garnet grain,
but rather occur across several individual garnet grains. Such HREE+Y
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Fig. 9. Global diffusion modeling results of HREE+Y using experimental diffusivities. The dashed lines represent the assumed initial profiles at t = 0 day (step
function). The solid lines show the modeled profile at t = 8.4 (+5.4/-3.3) days for multi-elements and multi-profiles together. R? means coefficient of determination.

gradients decrease within a single garnet grain (white arrows in Fig. 4A)
and continue to decrease in the following garnet grains. HREE+Y gra-
dients formed under equilibrium conditions can be controlled by Ray-
leigh fractionation within single garnet grains (Fig. 11A); whereas the
scenario proposed here, requires HREE+Y transport and diffusion in the
inter-granular medium to be recorded by the different garnet grains
(Fig. 11B).

(iii) The comparison of the relative diffusion rates of HREE in garnet
and in melt further supports this assumption. All six compositional
profiles across several individual garnet grains show an increasing
diffusion rate with decreasing atomic mass of HREE (Luj7s5 — Ybi73 —
Tmje9 — Er167 = Ho165 — Dy162), or with increasing ionic radius (pm) of
HREE?’Jr (Lu85 d nge g ng7 - Ergg - HOgg - Dy<)1) (Fig. 5B).
Experimental and modeling studies of HREE diffusion in garnet pro-
posed either indistinguishable diffusivity variations among the HREE (e.
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g., Bloch et al., 2020; Carlson, 2012a; Van Orman et al., 2002) or slightly
increasing diffusivities with decreasing ionic radius (Rubatto et al.,
2020; Tirone et al., 2005). Both results are inconsistent with the
observed diffusion profiles (Fig. 5B). On the other hand, experimental
studies of REE diffusion in melt are available for various compositions
(rhyolitic, andesitic, basaltic, trachytic, phonolitic) and water contents
(Behrens and Hahn, 2009; Holycross and Watson, 2016; Holycross and
Watson, 2018; Koepke and Behrens, 2001). They all show a systematic
increase of REE diffusivities with decreasing atomic mass (Dry < Dyp <
Dt < Dgr < Dyo < Dpy), which is consistent with the observed relative
diffusion rates in metagabbro B (Fig. 5B). Holycross and Watson (2016)
interpreted this negative correlation between diffusivities and atomic
mass as related to the strength of the REE-O bond, which increases with
atomic mass (Cicconi et al., 2013). Heavier elements experience a sig-
nificant energy barrier that inhibits their mobility in the melt.
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sumption of igneous clinopyroxene.

One might argue that such HREE+Y gradients could also be formed
by Rayleigh fractionation across several individual grains through
diffusion/transport in dry mineral boundaries, if the garnet grains grow
sequentially from the inner to the outer part of the corona (Fig. 11C).
This scenario could also form the observed relative trend/curvatures in
the HREE gradients, i.e., Cry > Cyp > Crm > Cgr > Cno > Cpy (C means
curvature), but due to different mechanisms with our assumption (HREE
diffusion in the inter-granular melt). For the Rayleigh fractionation
model (Fig. 11C), the relative curvatures of HREE are controlled by their
relative K4, which increases with their atomic mass, i.e., K{*> Ki? > K™

> K& > K > KﬂlDy (e.g., Otamendi et al., 2002). An element with a
higher K4 is more compatible in garnet, causing it to be depleted earlier
in the system, thus showing a steeper mass fraction profile (higher
curvature) in garnet. As for diffusion in the melt (Fig. 11B), the relative
curvatures of HREE are determined by their relative diffusivities in the
melt, which decrease with their atomic mass, i.e., Diy < Dyp < Dy < Dgr
< Dyo < Dpy. Elements with lower diffusivities would be slower to reach
equilibrium, thus showing a higher curvature. However, there are
several lines of evidence suggesting that this Rayleigh fractionation
scenario is unlikely compared with our assumption of HREE+Y diffusion
in the inter-granular melt.

(i) Such a scenario would produce a different HREE+Y gradient
pattern from both the observed HREE+Y gradients and our assumption.
For the observed HREE+Y gradients (Fig. 5B and Fig. S9) and our
assumption (Fig. 11B), there is a part of “missing” HREE+Y in the gra-
dients because these HREE+Y in melt were not absorbed by available
garnet nearby. These “missing” HREE+Y may migrate with melt and be
enriched in some garnet rims at a late stage. It can be seen that a rela-
tively higher HREE+Y mass fraction is present in some of the garnet rims
which form in the interstices between different garnet grains (red curves
with arrows in Fig. 4A). This may represent the fate of the above
mentioned “missing” HREE+Y between two garnet grains. On the other
hand, for a scenario of HREE+Y controlled by Rayleigh fractionation
across several garnets during their growth outwards from the corona
(Fig. 11C), the HREE+Y gradients would rather retain the “constant”
HREE-+Y mass fraction on the garnet rims between the previous garnet
and the next garnet (Fig. 11C), since garnet would grow and absorb
HREE+Y continuously from corona outwards, and there are no other
minerals present in between to incorporate HREE+Y. All the measured
HREE+Y gradients across several garnet grains (Fig. 5B and Fig. S9)
correspond with the HREE+Y pattern of Fig. 11B rather than Fig. 11C,
which supports our assumption of HREE+Y diffusion in the melt, rather
than a scenario of Rayleigh fractionation across several garnets.

(ii) Although both this Rayleigh fractionation scenario (Fig. 11C) and
our assumption of HREE+Y diffusion in the melt (Fig. 11B) could
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produce the observed relative curvatures of HREE gradients under
different mechanism (see above), their effects are very different. Holy-
cross and Watson (2016) conducted detailed theoretical modeling to
investigate how diffusivity effects and crystal/melt partitioning coeffi-
cient (Kq) effects compete to influence REE uptake in minerals. They
extended the method of Watson and Miiller (2009) to model the La/Lu
fractionation process during clinopyroxene growth with a basalt melt at
1200 °C. Their results show that fractionation of REEs is modest for
slow-growing crystals but significant when they grow very fast. They
also demonstrate that the fractionation of REE during rapid crystal
growth depends critically on their relative diffusivities rather than their
relative partition coefficients. This study helps to rule out the possibility
of Rayleigh fractionation across several grains and supports our
hypothesis.

(iii) Finally, the scenario of Rayleigh fractionation across several
individual grains would require each garnet to grow from the corona
outwards (Fig. 11C). While this might be reasonable for the Grt 1
forming the corona, it is less realistic for the automorph grains located in
the plagioclase matrix.

One might also question if garnets grew at or close to the position of
previous igneous minerals, e.g., clinopyroxene, whether the HREE+Y
gradients in garnets were simply inherited from the primary HREE+Y
growth zoning of igneous clinopyroxene. Given that HREE+Y gradients
in six transects from four maps at different angles show an identical and
overlapping trend (Fig. 8), this scenario would require that the igneous
clinopyroxene was an isometric crystal and contained identical con-
centrical growth zoning of HREE+Y in each grain, which is unlikely.
Furthermore, this scenario cannot explain the source of HREE+Y in
some individual garnets, which grew within igneous plagioclase, as
there is a negligible amount of HREE in plagioclase.

The above discussion supports the assumption that HREE+Y gradi-
ents across several garnet grains record element diffusion in the inter-
granular melt. However, garnet may have experienced intra-granular
diffusion after growth. Intra-crystalline diffusion of HREE+Y in garnet
is 7-9 orders of magnitude slower than in the melt (Carlson, 2012; Bloch
etal., 2020) and 1-4 orders of magnitude slower than the major element
diffusion in garnet and clinopyroxene (e.g., Bloch et al., 2020; Carlson,
2006; Carlson, 2012; Miiller et al., 2013). The composition gradient in
major and minor elements preserved in clinopyroxene (Fe-Mg),
amphibole (Fe-Mg), and garnet (Mn) (Fig. 3B, C and H) indicates limited
post-growth intragranular diffusion, possibly due to rapid cooling and/
or insufficient structurally-bound water in minerals.

5.2. Diffusion modeling

Metamorphic reactions include interface-controlled and diffusion-
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Fig. 11. Cartoon depicting different HREE patterns in garnet formed in different mechanisms. The left figure represents garnet growth in different conditions, while
the right figure means the HREE patterns across several garnet grains along the a-a’ dashed line. (A) HREE pattern in garnet controlled by Rayleigh fractionation. In
each single garnet, HREE decrease from core to the rim, following the K4 of HREE between garnet and bulk rock. K4 of HREE increases with their atom mass. (B)
HREE pattern in garnet controlled by HREE diffusion in the inter-granular melt. The HREE gradients represent different diffusivities of HREE in the inter-granular
melt, which increases with the decrease of their atom mass. The dotted lines represent “missing” HREE between two garnet grains, as these HREE+Y in melt was not
absorbed by available garnet nearby. (C) HREE pattern in garnet controlled by Rayleigh fractionation across several garnet grains. The pink spot and arrow represent
the nucleation point and growth direction. The mechanism is similar with A, however the HREE pattern across several garnet grains rather than a single grain. The
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controlled processes, and therefore the rates/timescales of a meta-
morphic reaction depend on the slower process (Carlson, 1989, 1991,
2011; Daniel and Spear, 1998; Fisher, 1978; Kretz, 1973; Spear and
Daniel, 1998; Spear and Daniel, 2001). In our case, the metamorphic
reaction is diffusion-controlled because garnet growth (interface-
controlled process) must be much faster than HREE+Y diffusion if it is to
record the diffusion profile in the melt before the profiles are smoothed.
Therefore, the timescale of diffusion in the melt was quantitatively
constrained and interpreted to represent the timescale of metamorphic
reaction.

Using diffusion modeling with a fixed boundary model, we obtained
an optimal diffusion time of 8.4 (+5.4/-3.3) days. The uncertainties

120

propagated from diffusivities and temperature can be considered mini-
mum values as other uncertainty sources like measured data analysis
and the goodness of curve fitting were not considered (e.g., Wu et al.,
2022). In addition, the effects of porosity and tortuosity on diffusivity
are usually considered for a fluid-rock system (e.g., Watson and Baxter,
2007). In our case, HREE+Y diffusion is considered only in the inter-
granular melt, and does not occur in the other minerals in the rock. In
other words, HREE+Y diffusion is considered in a medium made of 100
% melt, where the effect of porosity is disregarded. However, we have to
consider the effect of tortuosity as it reflects the effect of the shape and
size of minerals on an actual diffusion path/distance (Oelkers, 1996),
and further affects the effective diffusivity and diffusion timescale
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(Watson and Baxter, 2007):

true path
_ 11
9= direct path an
Deff = Dexp*q (12)

where q is the tortuosity, “true path” means the “melt path” in our case,
Degr is the effective diffusivity, Deyp is the experimental diffusivity. The
porosity is considered as 1 and thus omitted in Eq. (12) (see Watson and
Baxter, 2007). We measured the length of possible “melt paths” in 2D
and the “direct paths” for the six transects, and estimated the tortuosity
according to Eq. (11), which ranges from 0.75 to 0.93 (Fig. S11). This
would decrease the effective diffusivity [Eq. (12)] and increase the
diffusion timescale by 1.07-1.33 times (1/q), resulting in durations of 9
(+5.8/-3.5) or 11.2 (+7.2/-4.4) days. We thus conclude that, in our case,
tortuosity insignificantly affects diffusion time.

The effects of interface-controlled process on the diffusion timescale
were also partially explored, i.e., the diffusion process accompanying
the dissolution of igneous clinopyroxene. As shown in the diffusion
modeling results with a moving clinopyroxene boundary, the diffusion
profiles become increasingly flat with increasing timescales (Fig. 10B).
Visibly significant diffusion gradients are preserved at timescales
ranging from a day to a year, and are almost smoothed out at ten years or
longer, indicating that the metamorphic reaction occurred within a year.
This ultra-fast reaction timescale is comparable to the diffusion
modeling with a fixed clinopyroxene boundary. In the moving boundary
models, there is a high plateau in the HREE+Y diffusion profile closest to
the “current Cpx;-melt interface”, when diffusion timescales are as short
as one day. This indicates that the HREE+Y in this area of melt did not
diffuse within this very short timescale. This type of plateau can be
observed in the HREE+Y diffusion profiles of transect 1 (Fig. S9G), and
the high plateau composition was therefore not considered in the
diffusion modeling with fixed boundary model.

5.3. Igneous and metamorphic history of metagabbro B

The petrological and geochronological investigations of metagabbro
B distinguished between the magmatic emplacement at ca. 2060 Ma
(zircon core U-Pb age, Fig. S5D), from the incomplete metamorphic
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transformation at ca. 1845 Ma (zircon rim U-Pb age, Fig. S5D) (Fig. 12).
The coarse-grained igneous clinopyroxene and plagioclase were
consumed in small amounts during prograde metamorphism and formed
minor amounts of Grtyrg. Some amphibole or other metamorphic min-
erals may also have grown during the prograde stage if fluid was
available. Near the peak metamorphic stage at ca. 1845 Ma (Fig. S5D),
metagabbro B was metastable at conditions of ~ 800 °C / 0.8 GPa. With
the addition of HyO, the igneous minerals were further consumed,
forming the multi-layered corona and ~ 10 vol% rhyolitic melt. The
source of H,O is difficult to constrain, but may have been derived from
the metamorphic dehydration of the surrounding TTG and sedimentary
country rocks. The presence of HO triggered the partial melting re-
actions, and the melt distributed in the inter-granular medium provided
the medium for element diffusion.

During the metamorphic stage, the resorption of igneous clinopyr-
oxene released HREE+Y, which diffused away from the dissolution site
in the melt (Fig. 12). The HREE+Y were mostly sequestered by the
growth of peritectic Grtyrg as they are compatible in garnet, and the
distribution coefficient Dyrgg vy between garnet and melt is significantly
higher (6-20 in Nehring et al., 2009; 38-82 in Taylor et al., 2015) than
that between plagioclase or amphibole and melt (<3; Nehring et al.,
2009). Diffusion profiles established in the melt were captured by garnet
grains during their growth. When the reaction ceased, trace element
diffusion profiles were “frozen” within the garnet corona texture and
preserved due to the very limited post-growth intra-crystalline diffusion.
The “frozen-in” textures and chemical gradients in metagabbro B pro-
vide a unique opportunity to quantify the timescale of a metamorphic
reaction using diffusion modeling, when a single pulse of mineral
growth is dominated by diffusion-controlled processes in the presence of
melt during granulite facies metamorphism.

5.4. Is ultra-fast metamorphic reaction unique or common in nature?

In order to compare our results with those of Baxter and DePaolo
(2000) and Baxter (2003), who summarized metamorphic reaction rates
in experimental and natural systems, we reviewed the timescales of
various metamorphic processes. The timescales of natural metamorphic
processes operate at different spatial scales (Fig. 13; Table S9). Regional
metamorphism spans 100's of kilometers at tectonic plate margins and
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Fig. 12. Magmatic and metamorphic history of metagabbro B. (A) Metamorphic reaction in metagabbro B during regional granulite-facies metamorphism. @ During
the magmatic stage (ca. 2060 Ma), mafic magma intruded the TTG and coarse-grained igneous minerals (mainly clinopyroxene and plagioclase) were formed. @
During prograde granulite-facies metamorphism (> ca. 1845 Ma), the igneous clinopyroxene and plagioclase were slightly consumed and formed a small amount of
garnet grains (Grtyrg), metamorphic amphibole and other minerals may also be formed if there was fluid provided. ® At peak metamorphism (ca. 1845 Ma) when
fluid entered the metastable rock, relic igneous minerals were partially dissolved, resulting in the formation of ~10 vol% rhyolitic melt and the multi-layered corona
at the boundary between igneous clinopyroxene and plagioclase. During this reaction, the HREE+Y was released by the resorption of igneous clinopyroxene and
diffused in the melt away from Cpx; to the Pl;. Most of these trace elements were absorbed by the growing garnet grains (Grtyrg). Therefore, garnet can be used as a
proxy to estimate the original diffusion compositional profiles in the melt. (B) Schematic P-T path of metagabbro during magmatic and metamorphic processes.
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Gyr-billion years.

lasts 8-200 Myrs, with shorter transformation stages of 0.1-10 Myrs
preserved in the rock record. Studies of the growth of a single meta-
morphic mineral in natural rocks suggest timescales of 0.1-17 Myrs.
These estimated natural timescales are 5-11 orders of magnitude longer
than those observed in experimental studies, where minerals grow
within hours to months. Baxter and DePaolo (2000) and Baxter (2003)
discuss this discrepancy, suggesting that metamorphic reactions in na-
ture may be rate-limited by factors like grain size, driving force for the
reaction, rates of inter-granular transport and fluid content. They
highlight the fluid content as the key factor, resulting in the different
rates between natural regional metamorphism (less free fluid) vs. nat-
ural contact metamorphism and lab metamorphism (generally fluid
saturated).

Our diffusion modeling results from metagabbro B are consistent
with the timescales of metamorphic reactions in the lab-based experi-
ments; and its reaction rate of 0.288 g/cm?/year [following the calcu-
lation method in Baxter (2003)] is consistent with the reaction rates of
lab data and contact metamorphism with more free fluid (Baxter, 2003).
At least in this case, there is no need for an additional rate-limiting
process to explain the variable metamorphic reaction rates (or growth
rates) found between natural and experimental systems. One reason for
the inconsistency of mineral growth timescales between natural and
experimental systems (Fig. 13) may be the insufficient temporal reso-
lution of radioisotope dating methods to resolve stages of ultra-fast
mineral growth. In addition, metamorphic reaction rates in natural
systems may not be as constant and continuous as in experimental sys-
tems; instead, they might be pulse-growth depending on the evolving
temperature, pressure, and particularly fluid of the environment (e.g.,
Ague and Baxter, 2007; Baxter, 2003; Cruz-Uribe et al., 2014; Dragovic
et al., 2015; Pattison et al., 2011; Rubie, 1986; Thompson, 1983; Tual
et al., 2022). Our study shows that a single pulse of mineral growth in a
natural sample can occur within a year if in the presence of melt, which
is consistent with experimental results (Fig. 13). It is also possible that
previous results for metamorphic systems may represent average time-
scales for mineral growth, including relatively fast growth pulses and
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intermittent periods of unreactivity in between. Similarly, some previ-
ously estimated reaction rates are time-averaged, assuming constant
reaction rates (Baxter, 2003; Cruz-Uribe et al., 2014). In addition, the
degree of disequilibrium of the reactants can also affect the dissolution
and associated growth rates (Hartmeier et al. 2024).

Our study supports the interpretation that basement rocks at deep
crustal levels are dry and likely metastable for significant periods, and
that transient fluid infiltration can trigger metamorphic reactions and
mineral transformation over short periods (Rubie, 1986, 1998). In
addition, water can also catalyze reactions via other mechanisms such as
reducing activation energy and creating new diffusion pathways (Rubie,
1986, 1998). Fluid may also increase reactivity in metamorphic rocks
via melting reactions. Experimental studies have demonstrated that
trace element diffusion in melt increases with water content in the melt
(Behrens and Hahn, 2009; Holycross and Watson, 2018; Koepke and
Behrens, 2001). Therefore, both fluid and melt have similar properties to
catalyze reactions. Unfortunately, evidence of fast mineral growth in the
natural record is commonly lost as rocks continue undergoing subse-
quent metamorphic transformations, recrystallization and deformation,
or as primary diffusion profiles are smoothed by intragranular diffusion.
We propose that single pulses of metamorphic mineral growth involving
fluid/melt in nature could often occur fast, as is known in igneous sys-
tems, and in laboratory metamorphic experiments, and fluid-saturated
contact metamorphic systems (e.g., Antonelli et al., 2019; Baxter,
2003; Tao et al., 2018). If metamorphic reactions (fluid/melt catalyzed)
are instantaneous at geological timescales, changes associated with
metamorphism, such as rock volume, density, and strength, as well as
melt generation and fluid release could also be instantaneous. How the
crust accommodates these rapid changes has implications for our un-
derstanding of the physical processes (e.g., rock buoyancy, seismicity,
and fluid transport) in the solid Earth.

6. Conclusions

Petrography, bulk-rock geochemistry, metamorphic P-T conditions,
and geochronology of two metagabbro samples collected thirty meters
apart show that they record the same granulite-facies regional meta-
morphism during the late Paleoproterozoic. At the peak stage, meta-
gabbro A shows the equilibrated granulite-facies assemblage; while
metagabbro B partially equilibrated, preserving metastable igneous
phases and developing multi-layered metamorphic corona textures.
Water budget calculations suggest that different degrees of fluid infil-
tration during metamorphism may control the formation of different
metamorphic reaction textures in the two metagabbros. Multi-phase
trace element mapping performed in metagabbro B reveals frozen-in
chemical gradients of trace elements (HREE+Y) across a garnet corona
texture. Data interpretations, including mass balance calculations,
demonstrate that the HREE+Y chemical gradients represent diffusion
profiles in the inter-granular melt, which were inherited by different
individual garnet grains during their growth. Diffusion modeling with a
fixed and moving boundary constrains a single pulse of peritectic garnet
growth from a melt to 8.4 (+5.4/-3.3) days, or one year, respectively.
These timescales are consistent with those of mineral growth from
laboratory-based observations. We suggest that such ultra-fast single
pulse of mineral growth/metamorphic reaction could be common in the
presence of a transient fluid/melt phase.
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