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Abstract

Constraining the cooling timescales/rates of metamorphic rocks of orogens is critical for understanding their tectonic
settings and geodynamic mechanisms, especially their links to plate tectonics and the formation of the continental litho-
sphere. The Orosirian period (2.1-1.8 Ga) is characterized by widespread orogenesis and is potentially linked to the
onset of global plate tectonics, yet the metamorphic cooling histories of Orosirian orogens remain underexplored. This
study applies a dual-constraint diffusion modeling approach, integrating both major (Fe, Mn, Mg, Ca) and trace elements
(HREE+Y) in garnet. This is based on multi-mineral microprobe and laser ablation mapping to two metamorphic rocks
from the Wutai—Fuping crustal section of the Trans-North China Orogen (TNCO). Sample 20FP09, collected from the
Wanzi Supracrustal Rocks, records a two-stage retrograde P—T path: an isothermal decompression (ITD) from the M2
peak (725 °C/0.9 GPa) to M3 decompression (725 °©C/0.6 GPa), followed by isobaric cooling (IBC) to M4 (550 °C/0.4
GPa). Sample L17, from the Shizui Subgroup, preserves a single cooling segment from the M2T peak (680 °©C/0.6 GPa)
to M3 (550 °C/0.4 GPa). Diffusion modeling using multiple experimental datasets of diffusion coefficients yields an ITD
duration of 1-4 Myr and an IBC duration of 11-31 Myr for sample 20FP09, and a single 35-50 Myr cooling interval for
sample L17. Together, these results indicate a protracted cooling duration of 13—50 Myr, corresponding to a cooling rate of
2—-13 °C/Myr for the TNCO. Such rates are significantly slower than those of Phanerozoic orogens (> 100 ° C/Myr). This
implies that Orosirian orogenesis may have involved in prolonged thermal relaxation within a hot, weak Paleoproterozoic
lithosphere, likely influenced by higher mantle temperatures and orogenic thermal structures. This study also demonstrates
the importance of large datasets containing high spatial element maps for obtaining robust constraints on metamorphic tim-
escales; and offers a first-order empirical estimate of Sc diffusivity in garnet, which remains experimentally unconstrained.
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Introduction

Constraining the cooling timescales/rates of metamorphism
is critical for understanding tectonic processes during exhu-
mation and thermal structure of crust—mantle lithosphere
(Brown et al. 2022; Chowdhury et al. 2021; Clark et al.
2024; Dunlap 2000; Guevara et al. 2017; Scibiorski et al.
2015; Willigers et al. 2002; Zou et al. 2023). Orogenic cool-
ing timescales/rates vary widely owning to different tec-
tonic settings and mechanisms, e.g., slow exhumation and
prolonged cooling may occur in some granulite terranes or
during orogenic collapse, whereas rapid exhumation is often
associated with faulting or shearing under compressional,
transpressional, or extensional regimes (e.g., Clark et al.
2024; Scibiorski et al. 2015). More importantly, compared
to Phanerozoic orogens, ancient orogens commonly exhibit
significantly slower cooling rates, potentially reflecting tec-
tonic regime distinct from modern plate tectonics (Brown
et al. 2022; Chowdhury et al. 2021; Gerya 2014; Sizova et
al. 2014; Zou et al. 2023). For example, global compila-
tions of metamorphic timescales and geodynamic models
indicate a secular transition from peel-back (hot) orogen-
esis in the Archean, to truncated (hot) collisional orogen-
esis in the Proterozoic, and to modern (cold) orogenesis in
the Phanerozoic (Chowdhury et al. 2021). Correspondingly,
durations of metamorphic stage have shortened from tens
of Myr in the Archean to merely a few to a dozen Myr in
Phanerozoic orogens. Accurately constraining cooling his-
tories of ancient belts is therefore key to understanding the
evolution of Earth’s tectonic regime and the emergence of
plate tectonics.

Quantifying metamorphic cooling timescales/rates in
ancient orogens remains challenging. Widely applied radio-
isotope geochronology is limited in constraining metamor-
phic cooling timescales/rates due to inherent uncertainties
(Li et al. 2015), and its temporal resolution is increasingly
limited when applied to ancient geological times. In addi-
tion, due to ambiguous age interpretations resulting from
uncertain closure temperatures and tectonothermal over-
printing (e.g., Harley 2016), estimating cooling times based
on absolute age differences between mineral phases often
introduces substantial errors. In contrast, diffusion-based
geospeedometry of mineral chemical zonation offers a pow-
erful, high temporal resolution alternative that does not rely
on absolute ages and is particularly well suited to recon-
struct detailed metamorphic timescales and rates in ancient
orogens (Bhowmik and Chakraborty 2017; Chowdhury and
Chakraborty 2019; Guevara et al. 2017; Viete and Lister
2017; Zou et al. 2021).

Garnet is widely used to constrain the timescales and
rates of metamorphic processes due to its sensitivity to
pressure—temperature (P—7) changes and its stability over a
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broad range of metamorphic conditions—from low-grade to
ultrahigh-temperature (UHT) and ultrahigh-pressure (UHP)
regimes (Bloch et al. 2020; Chu and Ague 2015; Konrad-
Schmolke et al. 2023; Liu et al. 2025b; Rubatto et al. 2020).
Diffusion modeling of major elements in garnet (Fe, Mn,
Mg, Ca) has been widely applied (e.g., Spear 2014; Chu et
al. 2017; Zou et al. 2021), because of the ease with which
diffusion compositional profiles can be obtained, and the
availability of systematically calibrated experimental diffu-
sivities (e.g., Chakraborty and Ganguly 1992; Carlson 2006;
Borinski et al. 2012; Chu and Ague 2015). Additionally, dif-
fusion can be simulated along P-T paths with the initial and
boundary conditions derived from phase equilibrium calcu-
lations (e.g., Sorcar et al. 2014; Chu et al. 2018). However,
major elements diffuse relatively quickly, their original
compositional gradients can easily be homogenized under
high-temperature or long-duration conditions. This makes it
difficult to reconstruct the initial compositional profiles and
can lead to an overestimation or underestimation of diffu-
sion timescales (e.g., Ague and Carlson 2013).

In contrast, the application of trace element diffusion in
garnet is a more recent development (e.g., Jollands et al.
2018; Rubatto et al. 2020; Devoir et al. 2021), primarily
because such compositional data are more difficult to obtain
at high spatial resolution than major elements and experi-
mental diffusivity determinations show substantial discrep-
ancies among studies (Bloch et al. 2015, 2020; Carlson
2012; Cherniak 2005; Tirone et al. 2005; Van Orman et al.
2002). Nevertheless, trace element in garnet is more resis-
tant to diffusion resetting at high temperatures (Devoir et al.
2021; Hermann and Rubatto 2003), and more responsive to
mineral growth, breakdown, and partial melting during met-
amorphic reactions (Konrad-Schmolke et al. 2008, 2023; Li
et al. 2025; Moore et al. 2013; Raimondo et al. 2017; Yang
and Rivers 2002). These characteristics make trace elements
ideal for diffusion modeling aimed at evaluating high-tem-
perature or long-lived geological processes (Devoir et al.
2021; Jollands et al. 2018; Liu et al. 2025b), and also under-
line the considerable potential of trace element modeling for
future applications in metamorphic geology.

Using both major and trace element diffusion modeling
in garnet provides a powerful approach. It enables mutual
verification of results, improving reliability, and allows
the cross-calibration of diffusivity datasets between the
two element groups. Such a dual-constraint strategy has
rarely been adopted in previous studies, yet its application
can yield significantly more robust constraints on cooling
histories and the underlying tectono—thermal processes.
The diffusion coefficients of major element in garnet have
been extensively calibrated (e.g., Chakraborty and Gan-
guly 1992; Carlson 2006; Borinski et al. 2012; Chu and
Ague 2015), and these datasets are broadly consistent at
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upper amphibolite- to granulite-facies conditions. However,
extrapolation to temperatures below 600 °C can introduce
discrepancies of up to an order of magnitude (e.g., Chu and
Ague 2015). For trace elements, a wide range of experimen-
tally determined diffusivities in garnet has been reported
(Bloch et al. 2015, 2020; Carlson 2012; Cherniak 2005;
Tirone et al. 2005; Van Orman et al. 2002), spanning more
than an order of magnitude and interpreted to reflect both
fast and slow diffusion mechanisms (Bloch et al. 2020).
Together, these datasets provide the essential parameters for
reliable diffusion modeling of both element groups. Recent
advances in multi-phase major and trace element mapping
and data integration—facilitated by software solutions
such as XMapTools (Lanari and Tedeschi 2025; Lanari et
al. 2014; Markmann et al. 2024), further enable spatially
resolved characterization of major and trace element dis-
tributions during mineral growth and post-crystallization
diffusion. Major and trace element profiles from quantita-
tive maps enhance the applicability of combined diffusion
modeling in garnet. This open new opportunities to refine
constraints on metamorphic timescales and tectonothermal
processes.

During the Orosirian period, linear orogens developed
widely across the globe, which is associated with the assem-
bly of supercontinent Columbia/Nuna (Rogers and Santosh
2002; Zhao et al. 2002), and indicates the development of
plate tectonics on a global scale (e.g., Brown et al. 2020;
Stern 2023; Wan et al. 2020). Interpreting the cooling tim-
escales/rates of Orosirian orogens is therefore critical for
understanding the initiation and evolution of plate tecton-
ics. The Orosirian TNCO represents a long-lived orogen
that records the assembly and accretion of the Eastern and
Western Blocks of the North China Craton (NCC) during
1.97-1.80 Ga (Zhao et al. 2001, 2005, 2012). However,
whether the TNCO formed through a single collisional
event or multiple successive collisions still remains debated,
and the detailed metamorphic timescales and cooling his-
tory are still poorly constrained. The Wutai—Fuping crustal
section in middle segment of the TNCO, comprises green-
schist- to amphibolite- and granulite-facies metamorphic
rocks, which has been considered to represent a complete
crustal section and the most typical transect in the TNCO
(Faure et al. 2007; Kroner et al. 2005; Trap et al. 2012; Wei
et al. 2014; Zhang et al. 2015; Zhao et al. 2007). Recent
work by Liu et al. (2025a) on the Wutai—Fuping crustal
section employed in-situ garnet Lu—-Hf dating of samples
from epidote—amphibolite- to granulite-facies, constraining
the peak metamorphic stage to 1.90-1.86 Ga. Based on the
broader range of metamorphic zircon/monazite U-Pb ages
(1.97-1.80 Ga) reported in this region, they further inferred
that the prograde and cooling stages occurred during 1.97—
1.90 Ga and 1.86-1.80 Ga, respectively. While the prograde

duration (~60 Myr) is supported by thermal modeling, the
cooling timescale still remains poorly constrained, limiting
our understanding of the exhumation and thermal evolution
of this orogen.

In this study, we investigate two garnet-bearing
metapelite samples from the Wutai—Fuping crustal section.
We employed electron probe micro-analyzer (EPMA) and
laser-ablation inductively-coupled-plasma mass spectrom-
etry (LA-ICP-MS) mapping to obtain spatially resolved
major and trace element distributions in garnet, followed by
diffusion modeling to estimate cooling timescales and rates.
These results reveal a prolonged cooling duration in Orosi-
rian orogen, which may be linked to a tectonic regime domi-
nated by the truncated (hot) collisional orogenesis, marking
a transition in geodynamic mechanism from Archean to
Phanerozoic.

Geological background and sample
descriptions

The Wutai—Fuping crustal section is located in the middle
segment of the TNCO (Fig. la). According to a widely
accepted tectonic model, the basement of the NCC was
formed through the accretion of three Paleoproterozoic oro-
genic belts: the TNCO, the Khondalite Belt, and the Jiao—
Liao—Ji Belt (Zhao et al. 2000a, 2001, 2005, 2012). These
belts are interpreted to record the collisional and accretion-
ary events associated with the assembly of the superconti-
nent Columbia/Nuna (Zhao et al. 2002).

The Wutai area is primarily composed of the Wutai
Group, Neoarchean to Paleoproterozoic granitoids, and
the overlying Hutuo Group (Fig. 1b; Bai 1986). The Wutai
Group is traditionally subdivided into the Gaofan, Taihuai
and Shizui Subgroups, from top to bottom (Fig. 1b; Liu et
al. 1984; Bai 1986). This stratigraphic sequence comprises
greenschist- to amphibolite-faces metamorphosed volcanic-
sedimentary rocks. Detailed studies of metamorphic evolu-
tion have focused on the Shizui and Taihuai Subgroups. The
Shizui Subgroup records peak metamorphic P—T conditions
of 0.8—1.3 GPa and 590-670 °C, dated to ~1.96-1.85 Ga;
while the Taihuai Subgroup (top boundary) preserves peak
conditions of 0.6-0.8 GPa and 515-525 °C, occurring at
1.89-1.86 Ga (Liu et al. 2020, 2025a; Qian and Wei 2016;
Qian et al. 2013; Zhao et al. 1999). The Fuping area mainly
comprises Neoarchean tonalite—trondhjemite—granodiorite
(TTG) gneiss, the Wanzi supracrustal rocks, the Nanying
gneissic granite, and the Longquanguan ductile shear zone
(Fig. 1b; Liu 1996; Zhao et al. 2000b). The Fuping TTG
gneiss unit includes a large volume of TTG gneiss, and mafic
granulite enclaves and metapelite interlayer, which under-
went peak P-T conditions of 0.9-1.4 GPa and 800-905 °C
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Fig.1 Geological maps of the study area. a Tectonic subdivision of the basement of the North China Craton (Zhao et al. 2005). b Geological sketch
map of the Wutai and Fuping areas (Zhao et al. 2007). Red stars with labels represent the sample numbers and their locations

during 1.92 to 1.80 Ga (e.g., Zhao et al. 2000b; Liu et al.
2021c¢). The Wanzi supracrustal rocks consists of amphibo-
lite-facies metamorphosed gneiss, schist, calc-silicate, mar-
ble and amphibolite. Detailed studies of the amphibolite and
schist from the Wanzi supracrustal metamorphic rocks have
yielded peak P-T conditions of 680-800 °C and 0.8-1.2
GPa, with metamorphism dated to ~1.84—1.82 Ga (Liu and
Liang 1997; Liu et al. 2021b).

Two metapelite samples were collected from the Wutai—Fup-
ing crustal section. Sample 20FP09 (113°54'58"E, 38°20'51"N)
was collected from the Wanzi supracrustal rocks in the Fuping
area (Liu et al. 2021b). The sample consists of garnet porphy-
roblasts set in a matrix of biotite, gedrite, kyanite, sillimanite,
staurolite, plagioclase, and quartz, along with accessory miner-
als such as magnetite, ilmenite, monazite, zircon, and apatite.
The analyzed garnet grain is subhedral, ~5 mm in diameter,
and contains inclusions of biotite, plagioclase, quartz, magne-
tite, ilmenite, and apatite (Fig. 2a). Phase equilibrium modeling
indicates peak metamorphic conditions of ~0.9 GPa and 725
°C (upper-amphibolite facies), followed by an ITD process
to ~0.6 GPa and 725 °C and finally an IBC process to ~0.4
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GPa and 550 °C (Liu et al. 2021b). Sample L17 (114°6"28"E,
38°58"21"N) was collected from the Shizui Subgroup in the
Wautai area (Liu et al. 2020). This sample contains garnet por-
phyroblasts and matrix minerals including biotite, chlorite, pla-
gioclase, and quartz, with accessory phases such as monazite,
zircon, apatite, ilmenite, and magnetite. The analyzed garnet is
subhedral, ~3 mm in diameter, and contains inclusions of biotite,
chlorite, plagioclase, quartz, monazite, zircon, apatite, ilmenite,
and magnetite (Fig. 2b). Based on phase equilibrium modeling
of the nearby (~100 m) and petrologically similar sample L19,
peak metamorphic conditions are estimated at ~0.6 GPa and
680 °C (low-amphibolite facies), followed by retrogression to
~0.4 GPa and 550 °C (Liu et al. 2020).

EPMA/LA-ICP-MS mapping and Major-Trace
element distribution

Methods

Major element maps of minerals in sample 20FP09 were
determined using a JEOL-8230 EPMA instrument at the
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Fig. 2 Optical micrographs of the garnet-bearing metapelite samples collected from the Wutai—Fuping crustal section. a Sample 20FP09 from the
Wanzi Supracrustal Rocks in the Fuping area. b Sample L17 from the Shizui Subgroup in the Wutai area
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Fig. 3 EPMA element maps and extracted compositional profiles of major elements in upper-amphibolite facies garnet 20FP09. The pink rectan-
gular in Fig. 3a marks the core—rim transect, from which compositional profiles were extracted using the “Sampling-Strip” tool in XMapTools

School of Resources and Environmental Engineering, Hefei
University of Technology, China. The analysis conditions
were: accelerating voltage at 15 keV, specimen current at
100 nA. The X-ray intensity maps were classified using the
random forest algorithm (Lanari and Tedeschi 2025) and
converted into quantitative compositional maps (Fig. 3a—d;
Data S1) using XMapTools 4.1 (Lanari et al. 2014, 2019,
2023). Representative compositional profiles for major ele-
ments across garnet core—to—rim were extracted from maps

using “Sampling-Strip” tool in XMapTools (Fig. 3e—h;
Table S1). Detailed analytical procedures and data reduction
techniques are described in Lanari and Piccoli (2020). Rela-
tive uncertainties are generally lower than 1% when con-
sidering region-of-interests in compositional maps (Lanari
etal. 2019).

Major and trace element maps of minerals in sample
20FP09 were conducted using LA-ICP-MS at the Mineral
Laser Microprobe Analysis Laboratory (Milma Lab) at the

@ Springer



8 Page 6 of 25

Contributions to Mineralogy and Petrology (2026) 181:8

China University of Geosciences, Beijing, China. Analyses
were performed with a NewWave 193 UC Excimer Laser
Ablation System and an Agilent 7900 quadrupole ICP-MS
instrument. NIST SRM 610 (Jochum et al. 2011) and BCR—
2G (Jochum et al. 2005) were used as reference materials
for quantification and calibration. Two mapping sessions
were carried out: (1) whole-grain mapping (Fig. 4; Data
S2) was conducted to characterize the global distribution of

8 12
95

Fig. 4 LA-ICP-MS major and trace element maps (resolution of 33
um) for upper-amphibolite facies garnet 20FP09 for selected elements.
The pink rectangular in Fig. 4e marks the mantle—rim zone, from which
compositional profiles were extracted using the “Sampling-Strip” tool
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trace elements across the garnet grain, with a repetition rate
of 20 Hz, laser fluence of 3 J/cm?, a circular ablation spot
size of 33 um, and a scanning speed of 23 pum/s following
the method of Markmann et al. (2024); (2) high-resolution
local mapping (Data S3) was performed on a selected region
of interest (highlighted by the yellow rectangle in Fig. 4e)
using a repetition rate of 20 Hz, laser fluence of 5 J/cm?, a
circular ablation spot size of 7 um, and a scanning speed of

35
30
25
20
15

—_
o

= N WA OO N O

in XMapTools (Fig. S1). The yellow rectangular in Fig. 4e represents
the selected area of interest for further high-resolution (7 pm) laser
mapping, and the extracted compositional profiles are shown in Fig. 5
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5 um/s to capture fine-scale elemental variation. Detailed
setting parameters for the instruments and experimental pro-
cess are listed in Zhang et al. (2019) and Chen et al. (2021).
Both laser elemental maps were processed, classified and
calibrated using XMapTools 4.4. Calibration of garnet used
Si as the internal standard element with a value of 173,000
ng/g corresponding to 37 wt% SiO,. Representative compo-
sitional profiles for trace elements across garnet mantle—rim
were extracted from maps using “Sampling-Strip” tool in
XMapTools (Figs. 5 and S1; Tables S2—-S3).

Major and trace element maps of minerals in sample L17
were conducted on a LA-ICP-MS at the Institute of Geo-
logical Sciences, University of Bern, Switzerland. Analyses
were performed with a Resonetics RESOlution SE 193 nm
excimer laser system equipped with an S-155 large-volume
constant-geometry chamber, coupled to an Agilent 7900
quadrupole ICP-MS instrument. NIST SRM 612 (Pearce
et al. 1997) and GSD-1G (Jochum et al. 2005) were used

as reference materials. The elemental maps (Fig. 6; Data
S4) were acquired with a repetition rate of 10 Hz, laser flu-
ence of 7 J/em?, a circular ablation spot size of 10 pm, and
a scanning speed of 19.6 um/s. The laser maps were also
processed, classified and calibrated using XMapTools 4.4.
Calibration of garnet used Si as the internal standard ele-
ment with a value of 178,300 pg/g corresponding to 38.14
wt% SiO,. Representative compositional profiles for trace
elements across garnet mantle-rim were extracted from
maps using “Sampling-Strip” tool in XMapTools (Fig. 7;
Table S4).

Results
In the garnet from sample 20FP09 (upper-amphibolite

facies), major elements Ca, Fe, Mg, Mn exhibit dis-
tinct zoning patterns. Ca is enriched in the core and
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Fig. 5 Representative trace element compositional profiles of sample 20FP09, the compositions were extracted from the high-resolution (7 um)

map marked in yellow rectangular in Fig. 4e
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Fig.6 LA-ICP-MS element maps for low-amphibolite facies garnet L17 for selected elements. The pink rectangular in Fig. 6h marks the mantle—
rim zone, from which compositional profiles were extracted using the “Sampling-Strip” tool in XMapTools (Fig. 7)

mantle, particularly as patchy zoning in the local mantle,
and decreases toward the rim (Figs. 3a, ¢ and 4a). Fe shows
an inverse pattern relative to Ca: it is depleted in the core
and mantle, especially as patchy depletion in the local
mantle, and increases toward the rim (Figs. 3b, f and 4b).
Mg is relatively homogeneous in the core and mantle, fol-
lowed by a gradual decrease toward the rim (Figs. 3¢, g and
4c). Mn displays a smooth, continuous decrease from the
core to the inner rim, consistent with Rayleigh fractionation
pattern, with the outer rim being affected by resorption and
locally enriched in Mn (Figs. 3d, h and 4d). For trace ele-
ments, Zr displays a sharp and near-stepwise zoning pattern:

@ Springer

it is depleted in the mantle and significantly enriched in
the rim (Figs. 4e, 5a and Sla). This zoning pattern is mir-
rored, though less distinctly, in P and Cr. P shows similar but
more subdued enrichment from mantle to rim (Figs. 4f and
S1b), while Cr exhibits inverse zoning—being enriched in
the mantle and depleted in the rim (Figs. 4g, 5b and Slc).
This mantle-rim contrast is also observed, though blurrier
and more gradational in other elements Sc, Y, and the heavy
rare earth elements (HREE; Gd to Lu) (Figs. 4h—p, 5c-1 and
S1d—m). Among them, Sc shows the most gradational zon-
ing between mantle and rim (Figs. 4h, 5c and S1d). Notably
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Fig. 7 Representative trace element compositional profiles of sample L17, the compositions were extracted along the pink rectangular in Fig. 6h

the HREE display increasingly patchy zoning in the inner
core (Er-Lu, Figs. 4n—p, 5i-1 and S1j—m).

Garnet in sample L17 (low-amphibolite facies) exhib-
its concentric and systematic zoning in major elements.
The core is enriched in Ca and Mn, and slightly depleted
in Fe and Mg; this trend reverses in the mantle, which is
Ca—Mn-poor and Fe-Mg-rich (Fig. 6a—d). A Mg- and Mn-
enriched and Fe-depleted zone coincides spatially with a
fracture cutting across the garnet grain. However, Ca and
trace elements exhibit no analogous signatures. At the outer
rim, Mg decreases and Mn increases in contact with biotite
(Fig. 6¢—d), indicating possible element exchange and par-
tial resorption during garnet rim breakdown. For trace ele-
ments, Zr, P, and Cr display homogeneous distribution (Fig.
6e—g), whereas Sc, Y, HREE (from Dy to Lu) exhibit con-
sistent mantle—rim zoning (Fig. 6h—o0). Sc is depleted in the
core and mantle and enriched in the rim (Fig. 6h), whereas Y
and HREE are enriched in the core and mantle and depleted
in the rim (Fig. 6i—0). Notably, the mantle—rim transition is
gradational, with the width of the transition zone increasing
from HREE+Y to Sc, suggesting element-specific diffusion
behavior.

Diffusion modeling
Pressure-temperature path of diffusion

The P-T paths used for diffusion modeling were derived
from the phase equilibrium calculations of Liu et al. (2020,
2021b), and are briefly summarized here. To minimize the
influence of diffusion on the reliability of the P—T estimates,
we constrained metamorphic P-T7 conditions using a com-
bination of mineral assemblages, reaction textures, and
mineral compositions dominated by relatively immobile
elements.

For sample 20FP09, the peak mineral assemblage (M2)
consists of garnet porphyroblast with matrix gedrite, kya-
nite, biotite, plagioclase, ilmenite, quartz, and melt, pre-
dicted to be stable at the field of 0.85-0.95 GPa and 700750
°C (Fig. S2a). The relatively immobile Ca component, e.g.,
Xgrs in garnet mantle (0.09) and X, in matrix plagioclase
(0.28), was used as compositional isopleths to constrain the
peak P—T conditions at ~0.9 GPa and 725 °C. Reaction tex-
tures of kyanite replaced by sillimanite, and of garnet, kya-
nite, and sillimanite replaced by cordierite and magnetite,
define the decompression assemblage (M3) of garnet, bio-
tite, gedrite, plagioclase, cordierite, sillimanite, magnetite,
quartz, and melt. The relatively immobile Ti and Ca com-

ponents, e.g., Ti in matrix biotite (0.11) and X, in garnet
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rim (0.04), were used to constrain the M3 P—T conditions
at ~0.6 GPa and 725 °C. Finally, the replacement of garnet,
kyanite, sillimanite, and magnetite by chlorite, magnetite,
and ilmenite marks the cooling retrograde mineral assem-
blage (M4) at ~0.4 GPa and ~550 °C.

For sample L17, the P-T evolution was referred from
nearby (~100 m) petrologically similar samples L19 (Liu
et al. 2020). The peak mineral assemblage (M2T) com-
prises garnet porphyroblast with matrix biotite, plagioclase,
quartz, ilmenite, and magnetite. The relatively immobile Ca
and Ti components, e.g., X, in garnet inner rim (0.06), X,
in matrix plagioclase (0.25), and Ti in matrix biotite (0.10),
were used as compositional isopleths to constrain the peak
P-T conditions at ~0.6 GPa and 680 °C (Fig. S2b). The
replacement of matrix biotite by chlorite indicates the ret-
rograde mineral assemblage (M3) formed at ~0.4 GPa and
550° C.

Identification of diffusion zoning

Representative compositional profiles of major and trace
elements were extracted across garnet core—rim and man-
tle—rim zoning (Figs. 3e-h, 5 and 7). The nature of zoning—
whether governed by growth or diffusion—was assessed
based on the element maps and these compositional profiles.

For garnet from sample 20FP09, the major element com-
positional profiles display a distinct “inflection” at the man-
tle—rim transition, characterized by a “peak” in X, and a
“trough” in X, and X,; (Fig. 3e-h). This “inflection” is
consistent with growth compositions stabilized at the peak
M2 P-T conditions, as indicated by phase equilibrium mod-
eling (Fig. S2a). Phase equilibrium modeling also suggests
that garnet attained its maximum modal abundance at the
peak M2 stage and did not undergo further growth during
the subsequent retrograde M3 and M4 stages (Fig. S2c). The
absence of volumetric increase after peak M2, together with
the development of smooth, gradational zoning patterns
across the mantle—rim (inflection to outermost rim), argues
against new garnet crystallization during retrogression.
Instead, these features are best explained by post-growth
diffusional modification of the peak-growth mantle-rim
composition during decompression and cooling in the M3—
M4 stages.

Similar to the major elements, trace elements in sam-
ple 20FP09 also exhibit compositional gradients across
mantle-rim transition. Among them, Zr, P and Cr exhibit
sharp, near-stepwise zoning between mantle and rim (Figs.
4e—g, 5a-b and Sla—c), which is characteristic of growth
zoning. Similar patterns have been reported in previous
studies and are attributed to the redistribution of elements
via the dissolution of zircon, monazite, apatite, and biotite/
muscovite (e.g., Devoir et al. 2021; Hermann and Rubatto
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2003; Rubatto et al. 2020). Among them, Zr is particularly
diagnostic for garnet growth during subsolidus to suprasoli-
dus, as its solubility in the fluid phase increases by over an
order of magnitude from aqueous fluids to hydrous melts
(Hermann and Rubatto 2009). This behavior implies that
the Zr-poor mantle reflects garnet growth under subsolidus
prograde condition, while the Zr-rich rim indicates growth
under suprasolidus peak condition. This is in line with the
interpretation based on the major element profiles, and the
predication from phase equilibrium modeling (see above).

In contrast, other trace elements such as Sc, Y, and HREE
display zoning patterns that spatially correlate with those
of Zr, P, and Cr, but are significantly blurrier and more
gradational over distances of ~500-1000 pm (Figs. 4h—p,
5c—1 and S1d-m). This gradational character suggests dif-
fusion-controlled zoning (e.g., Rubatto et al. 2020), and the
systematic variation in diffusion distances among these ele-
ments reflect differences in their diffusion coefficients (e.g.,
Jollands et al. 2018). Specifically, the increasing blurriness
across the mantle-rim suggests a relative diffusivity rela-
tionship of Dy, p ¢, < Dy.yreg < D (Figs. 4 and 5). There-
fore, immobile elements Zr, P, and Cr preserve sharp growth
zoning across the mantle—rim boundary, providing fixed ref-
erence profiles for defining the initial conditions of diffusion
modeling. More mobile elements (Y, HREE, Sc) show gra-
dational zoning relative to these immobile elements, which
are interpreted as post-growth diffusional modification dur-
ing the retrograde M3-M4 stages. Notably, some HREE (Er
to Lu) display complicated, oscillatory-like zoning, with a
secondary peak at the mantle-rim transition (Figs. 4n—p,
5i-1 and S1j—m). Similar features were observed in Bloch
et al. (2020) and were interpreted to result from inter-site
reactions and multi-site diffusion behavior of REEs in gar-
net. These elements are therefore excluded from diffusion
modeling to avoid potential complexities.

For garnet from sample L17, the major element maps
show sharp Mg, Mn and Fe zoning coincides with frac-
tures transecting the garnet grain (Fig. 6b—d), most likely
reflecting late-stage fluid alternation and/or mineral replace-
ment (e.g., Giuntoli et al. 2018; Rubatto et al. 2020). Using
XMapTools, the laser ablation maps (pg/g) were converted
into compositional maps of garnet endmembers (X5, Xy,
Xorps and X ) (Fig. S3). Only X, and X,¢ display discern-
ible mantle-rim gradients, whereas X,;,, and X, are nearly
homogeneous from mantle to rim. The absence of system-
atic X, and X, gradients across the mantle—rim suggests
that these components were largely equilibrated during
post-peak metamorphism, preventing the reconstruction of
a meaningful initial profile for diffusion modeling.

For trace elements of sample L17, the maps show no
evidence of fracture-related disturbance. The absence of
sharp, near-stepwise zoning in Zr, P and Cr (Fig. 6e—g) is
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consistent with this garnet having formed entirely under
subsolidus conditions (Liu et al. 2020). Although this lim-
its the ability to unambiguously separate growth zoning
from diffusion zoning, relative differences in profile widths
among elements with known diffusivities can still be used
to identify diffusion-controlled modification (e.g., Jollands
et al. 2018). Elemental maps and traverses reveal grada-
tional profile widths in the order: HREE+Y <Sc<Ca, Fe,
Mg, Mn (Figs. 6 and 7), consistent with the experimental
diffusion data for HREE+Y and major elements (Ca, Fe,
Mg, Mn) in garnet (e.g., Li et al. 2018). Although experi-
mental diffusivities for Sc in garnet are not yet available, its
relative behavior can be inferred from comparison with the
sample 20FP09: among trace elements, Sc shows the most
gradational mantle-rim zoning, indicating longer diffusion
distances and suggests Dy,yrpe < Ds. (see above). This
complements the comparison with experimental diffusion
coefficients and supports the interpretation that trace element
mantle—rim zoning is diffusion-controlled. Furthermore, the
Ca-enriched, Mg-depleted core and the Ca-depleted, Mg-
enriched rim are consistent with garnet growth from peak
pressure stage (M2P) to peak temperature stage (M2T),
respectively (Fig. S2b, Liu et al. 2020). Accordingly, the
observed diffusion zoning across mantle—rim transition is
reasonably interpreted as having developed subsequent to
the peak-growth zoning, during the retrograde stage.

Selection of diffusion coefficients

Experimental diffusion coefficients are generally expressed
using the Arrhenius equation:

—E, + PAV

l D=1 D
0410 ogi10o + 5 303RT

(1

where D is the diffusion coefficient, D, is the pre-expo-
nential factor (both in m?%s), E, is the activation energy for
diffusion (J/mol), P is pressure (in bar), AV is activation vol-
ume (in J/bar/mol), R is the gas constant (in J/K/mol) and T
is temperature (in Kelvin).

Three most widely used diffusion datasets of major ele-
ments (Fe, Mn, Mg, Ca) in garnet were selected for our dif-
fusion model. Chakraborty and Ganguly (1992) performed
diffusion coupled experiments using almandine—spessartine
garnet at 1100-1200 °C and 1.4-3.5 GPa, and combined
their results with data at 1300-1480 °C and 2.9-4.3 GPa
(Loomis et al. 1985) to derive expressions for the P—7 depen-
dence of diffusion coefficients at oxygen fugacity close to
graphite-O, equilibrium. Carlson (2006) estimated diffu-
sivities at lower temperatures (~600-900 ° C) from partially
resorbed natural garnets using numerical simulations, intro-
ducing a compositional dependence through garnet unit-cell

dimensions. Chu and Ague (2015) reanalyzed published
datasets from experiments within a new statistical frame-
work, incorporating effects of temperature, pressure, unit-
cell dimension, and oxygen fugacity. Their datasets are in
line with earlier models for granulite- to amphibolite-facies
conditions, but downward extrapolations to <600 °C yield
divergences of up to an order of magnitude, highlighting the
main source of uncertainty in applying major element diffu-
sion data at lower temperatures.

Five widely used experimental datasets for trace ele-
ment (HREE+Y) diffusion in garnet provide suitable input
parameters for our diffusion modeling. Van Orman et al.
(2002) determined REE (Yb, Dy, Sm, Ce) diffusivities in
pyrope at 2.8 GPa and 1200-1450 °C. Cherniak (2005)
measured Y and Yb diffusion in grossular at 1 bar and 700—
1100 °C. Tirone et al. (2005) presented Nd, Sm, Gd, and
Yb diffusivities in both grossular and pyrope at 1 bar and
777-927 °C. Bloch et al. (2015) reported Lu diffusion in
almandine and spessartine at 1 bar and 3.4 GPa, 9501150
°C. Bloch et al. (2020) examined Y, La, and Lu diffusion in
spessartine at 1 bar and 950-1050 ° C, identifying both fast
and slow diffusion mechanisms corresponding to relatively
low and high trace element concentrations, respectively.
These studies consistently show that the diffusivities of
REE and Y (Dggg.y) are effectively indistinguishable, with
minimal dependence on ionic radius. Moreover, although
these experiments were conducted on garnets of different
compositions, no internally consistent study has demon-
strated a significant compositional effect on Dypp. There-
fore, we adopt the simplifying assumption that all HREE+Y
share a common diffusion behavior, and diffusivities from
the aforementioned studies can be used for modeling in our
garnet samples. Diffusivity dataset from Carlson (2012) is
not used in this study, as it omits data from Tirone et al.
(2005) without justification and employs an inappropriate
AV, as noted by Jollands et al. (2018).

To better illustrate the discrepancies among different
datasets of HREE+Y diffusion coefficients, their diffu-
sivities were recalculated at a fixed pressure of 0.5 GPa—
representing the approximate cooling pressure of samples
20FP09 and L17—using Eq. (1) (Fig. 8). Because the
experimental datasets from Bloch et al. (2020), Cherniak
(2005), Tirone et al. (2005), and Van Orman et al. (2002)
were obtained at single pressure conditions, a pressure cor-
rection was applied for their diffusivities using AV=1.08
J/bar/mol from Bloch et al. (2015). The recalculated dif-
fusivities define two clear clusters: (i) Tirone et al. (2005)
and the fast diffusion mechanism of Bloch et al. (2020) are
consistent with each other, and (ii) Van Orman et al. (2002),
Bloch et al. (2015), and the slow diffusion mechanism of
Bloch et al. (2020), which are mutually consistent but about
one to two orders of magnitude lower than the above fast
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Fig. 8 Diffusivity of REEs in garnet derived from five experimen-
tal studies. A pressure correction was applied using AV=1.08 J/bar/
mol (Bloch et al. 2015), and the diffusivities were recalculated at 0.5
GPa and fitted to general Arrhenius equation (see Eq. 1) curves. The
grey dashed line indicates temperature range relevant to the studied
samples. VOO02 (Van Orman et al. 2002), TO5 (Tirone et al. 2005),
CO05 (Cherniak 2005), B15 (Bloch et al. 2015), B20_f (fast diffusion
mechanism of Bloch et al. 2020), B20 s (slow diffusion mechanism of
Bloch et al. 2020)

cluster. Cherniak (2005) plots between these two clusters,
yet at lower temperatures its values converge toward the
slow-diffusion group, indicating greater affinity with that
regime under cooler conditions. Despite the variation, the
full dataset can be reconciled by the recognition of distinct
fast and slow diffusion mechanisms for HREE+Y in garnet,
as proposed by Bloch et al. (2020).

Modeling methods

Numerical models were developed to simulate major (Fe,
Mn, Mg, Ca) and trace (HREE+Y) elements diffusion in
garnet along known cooling P-T paths in order to calcu-
late the associated cooling timescales. The trace element
diffusion model is based on Fick’s second law of diffusion
(Crank 1975):

oC 0*C
~ _D 2
ot Ox? @
where C is composition (in pg/g), ¢ is time (s), x is distance
(m), and D is the diffusion coefficient (in m%/s), which is
both temperature- and pressure-dependent but composition-

independent and calculated using the Arrhenius relationship
from Eq. (1).
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The major element diffusion model follows the formula-
tion of Lasaga (1979) for multicomponent diffusion, here
written for an element i:

p—1
ac; 0 S aC;

== =2, i=1,...
ot oz I 0z !

7p_]-7 (3)

with C; in molar fraction, p, the number of major elements,
here four, and D;;, a component of the interdiffusion matrix
(in m%/s):

C;D;

D;: = D}6;; — S =
! ! ﬁzl Cka

%

(D; - Dj) 4)

with §, the Kronecker symbol, f, the fixed element, here
Ca, and D}, the tracer diffusion coefficient of the element
i (in m%/s), which commonly follows an Arrhenius relation-
ship similar to Eq. (1). This formulation assumes ideal mix-
ing of the garnet solid solution and constant molar volume
of garnet during diffusion (Lasaga 1979).

To model diffusion during a continuous cooling path,
temperature 7" and pressure P at the time 7, were further
expressed as time-dependent variables:

t

T, = Ti— (1~ T) " (5)
tq

Pq: P1_(P1_Pn)t7 (6)

where timescale ¢ (and corresponding 7 and P) was dis-
cretized into n steps. In sample 20FP09, two retrograde
P-T segments are recognized: (i) an ITD process from M2
(0.9 GPa/725°C) to M3 (0.6 GPa/725° C) stages, and (ii) an
IBC process from M3 to M4 (0.4 GPa/550°C) stages. For
major elements, diffusion modeling can be explicitly cou-
pled with P-T evolution by integrating initial compositions
and boundary conditions extracted from phase equilibrium
calculations (e.g., Sorcar et al. 2014; Chu et al. 2018). In
contrast, such coupling is not directly applicable for trace
elements. Accordingly, major element diffusion modeling
was performed first to estimate the durations of the two ret-
rograde stages. The relative proportions of these two dura-
tions were then used to partition the overall duration in the
trace element diffusion models, allowing stage-specific tim-
escales to be derived independently from the trace element
data. In sample L17, only one cooling retrograde (IBC)
P-T segment—from M2T (0.6 GPa/680°C) to M3 (0.4
GPa/550°C) stages—was identified and incorporated into
trace element diffusion modeling simply using Eq. (5, 6).
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Diffusion of major elements (Fe, Mn, Mg, Ca) in gar-
net is a multicomponent process governed by interdiffusion
among divalent cations and influenced by garnet composi-
tion. In this study, Ca was treated as the dependent compo-
nent for diffusion modeling. Compositional profiles of X,
Xorp, Xops, and X, were extracted from major element maps
(Fig. 3e-h; Table S1) and used as input. The initial condition
for the core—to—mantle segment was fitted to the measured
compositional trend, representing prograde growth zoning.
For the mantle—to—rim segment, the initial condition was
first assumed to be a homogeneous profile, corresponding to
garnet growth at the M2 peak stage (Figs. 9a and S4). The
compositional values for this initial state were constrained
by phase equilibrium modeling (Fig. S2a) and are broadly
consistent with the measured mantle compositions in garnet
(Fig. 3e-h). Alternatively, the initial mantle—to—rim condi-
tion was also modeled as an extension of the core—to—man-
tle prograde growth trend (Figs. 9b and S5). An equilibrium

- - Initial conditions == CG92

boundary condition was further imposed on the right side of
the models, whereby the garnet rim was assumed to remain
in equilibrium with the adjacent matrix assemblage along
the retrograde P-T path (e.g., Chu et al. 2018; Zou et al.
2021); the corresponding values of boundary conditions at
M3 and M4 were extracted from the phase diagram (Fig.
S2a, M3) and the measurement of the outermost rim (M4),
respectively. During diffusion modeling, the initial profiles
were progressively modified in response to these evolving
boundary conditions.

The models were solved in spherical coordinates while
assuming the center of the sphere to be on the left side of
the profiles. As such, a homogeneous Neumann (no flux)
boundary condition was applied on the left side. The calcu-
lations were performed using the open-source package Dif-
fusionGarnet.jl (Dominguez 2025; Dominguez et al. 2025)
writing in the Julia programming language (Bezanson et al.,
2017). This package is using central finite differences and a
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Fig. 9 Diffusion modeling results of major element (Fe, Mg, Ca, Mn)
in garnet of sample 20FP09 using experimental diffusivity in garnet
(CG92: Chakraborty and Ganguly 1992; C06: Carlson 2006; CA15:
Chu and Ague 2015). a The initial condition (red dashed line) was
defined as a fitted prograde growth zoning from the core to the man-
tle, followed by a homogeneous composition from the mantle to the
outermost garnet rim. b The initial condition was defined as a fitted
prograde growth zoning trend that continues to the outermost garnet
rim. Five model setups were tested by changing the duration of ITD

Length from core [um]

Length from core [um]

stage (1, 2, 3,4, 5 Myr). The results for the 1 Myr case are shown here,
whereas those for 2—-5 Myr are given in Figs. S4-S5. The grey and
black dots show the measured compositional profiles, with the black
dots denoting the data used for the fitting. The assumed initial pro-
files mark =0 Myr and the colorful lines show the modeled profiles at
t=timescale. The colorful triangles represent variable boundary condi-
tions, which are obtained from the phase equilibrium modeling. R?
means coefficient of determination
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stabilized explicit method for the time-stepping algorithm
(Abdulle and Medovikov 2001). To determine the duration
of the ITD and IBC processes, the misfit between the mea-
sured and modeled profiles was computed and minimized:

minimize Z \/(C’fjf _ C«gzjodel)g
1< 4
1< j

()

<n
< m

where Cj¢is the observed composition and C}*%¢! the

model compositions of element i of point j in each profile.
The minimization was performed using the implementation
of the Nelder-Mead non-linear optimizer from the package
Optim.jl (Mogensen and Riseth 2018). The compositions
used for the fitting of the major elements only included Fe,
Mg and Ca and points measured from 1900 pm (inflection) to
the end of the profile (see black dots in Fig. 9). Although Mn
diffusion was simulated, Mn compositions were excluded
from the fitting procedure because their evolution is not well
constrained, particularly owing to the absence of Rayleigh
fractionation in the models. The coefficient of determination
R? was used to describe the fit of the modeled profiles to the
observed data for each element, which is defined as:

s (Creff Cf;frwdel)z

j=1 J

S (e - o)

®)

with C’;ef , the average value of observed compositions of

the included measurement points.

Considering the trace elements, the diffusion process of
HREE+Y in garnet was treated as single-component dif-
fusion. Compositional profiles used for modeling were
extracted from trace element maps and used as input (Figs.
5, 7, and S1; Tables S2-S4). Er to Lu in sample 20FP09
were excluded due to their potential involvement in multi-
site diffusion and inter-site reactions (Bloch et al. 2020; see
above). The initial profile was constructed for each element
using a step function (#=0). For sample 20FP09, the immo-
bile-element (Zr, Cr, P) boundaries were used as spatial
markers to define the mantle—rim interface and approximate
the initial step-function for more diffusible elements such as
Y+HREE. For sample L17, the diffusion interface (center
position) was fixed at the center of mantle—rim transition.
The maximum and minimum values of the step function
were defined as averages of several maximum and mini-
mum values from the measured profiles.

An in-house script was developed in MATLAB® for
multi-element diffusion modeling in 1D Cartesian coor-
dinates, and follows the above assumption that all the
HREE+Y share the same diffusivity. Given an initial
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value for #, a global diffusion of all elements was modeled
by solving Eq. (2) via spatial discretization using centred
finite differences and temporal integration using the implicit
Euler method. Boundary conditions were applied by fixing
the compositions at both ends of each profile (C’fylj‘?del and
Crrfj;del). The optimal ¢ value (cooling duration) was deter-
mined through Nelder-Mead non-linear optimization, mini-
mizing the sum of residuals (Residual,, ) between modeled
and observed profiles for all elements using Eq. (7) for all
measurement points. Similarly to the major element, R> was
computed using Eq. (8) for each element.

Modeling results

For sample 20FP09, three datasets of major element dif-
fusion in garnet (Chakraborty and Ganguly 1992; Carlson
2006; Chu and Ague 2015) were applied along its retrograde
P-T path, from M2 through M3 (ITD) and finally to M4
(IBC). Two alternative initial conditions were tested: (i) a
fitted core—mantle prograde growth zoning combined with
a homogeneous mantle-rim composition (Figs. 9a and S4)
and (ii) an extended prograde growth zoning from core—
mantle continued to the mantle—rim transition (Figs. 9b and
S5). In both models, ITD durations of 1, 2, 3, 4, 5 Myr were
tested, and the resulting diffusion profiles were subsequently
used as initial conditions for the IBC process. The duration
of the IBC process was then constrained by minimizing the
residuals between measured and modeled profiles from the
inflection to outermost rim (black dots in Fig. 9).

In the first scenario of initial conditions, models with
ITD durations <3 Myr yield corresponding IBC durations of
16-31 Myr and better fits (R>=0.31-0.92; Figs. 9a and S4a—
b), whereas runs with ITD>3 Myr produce IBC durations of
16-29 Myr with lower fit quality (R?=0.08-0.92; Fig. S4c—
d). In the second scenario, models with ITD<3 Myr yield
IBC durations of 19-38 Myr and better fits (R?> = —0.55 to
0.93; Figs. 9b and S5a—b), whereas those with ITD>3 Myr
result in IBC durations of 19-34 Myr and lower fits (R? =
—0.72 to 0.91; Fig. S5c—d). Across both scenarios, all three
diffusivity datasets produce broadly comparable timescales.
The dataset of Chakraborty and Ganguly (1992) produces
the longest total durations (1-5 Myr ITD+29-38 Myr
IBC), while Carlson (2006) yields the shortest (1-5 Myr
ITD+16-19 Myr IBC). These two datasets provide higher
fits, with R2=0.59-0.91 and R%>=0.15-0.93, respectively.
The dataset of Chu and Ague (2015) provides intermediate
durations (1-5 Myr ITD+25-34 Myr IBC) with somewhat
lower fits (R = —0.72-0.87).

For trace elements, five published datasets of HREE+Y
diffusion (Bloch et al. 2015, 2020; Cherniak 2005; Tirone
et al. 2005; Van Orman et al. 2002) were used for sam-
ples 20FP09 and L17. For 20FP09, the optimal ITD-IBC
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timescale proportions inferred from major element mod-
eling (~5-15% ITD and ~80-95% IBC, see Figs. 9 and
S4a—b) were applied to the trace element simulations. Mul-
tiple HREE+Y elements simultaneously reproduced the
observed mantle—rim profiles for each dataset (Fig. 10), sup-
porting the assumption that their diffusivities (Dyrgg+y) are
effectively indistinguishable in garnet. However, the derived
timescales vary substantially depending on the chosen data-
set (Fig. 10f): 1-2 Myr ITD+11-17 Myr IBC (Tirone et
al. 2005); 24 Myr ITD+21-30 Myr IBC (fast diffusion
mechanism of Bloch et al. 2020); 9-18 Myr ITD+104-161
Myr IBC (Cherniak 2005); 40-91 Myr ITD+514-765
Myr IBC (slow diffusion mechanism of Bloch et al. 2020);
47-105 Myr ITD+596-893 Myr IBC (Bloch et al. 2015);
and 52-117 Myr ITD+661-989 Myr IBC (Van Orman et
al. 2002).

For sample L17, multiple HREE +Y elements also simul-
taneously reproduced the observed mantle—rim profiles for
each dataset (Fig. 11). This sample preserves only a single
IBC retrograde segment (M2T-M3), and the calculated
cooling durations also span a wide range across the differ-
ent datasets (Fig. 11h): 35 Myr (Tirone et al. 2005), 50 Myr
(fast diffusion mechanism of Bloch et al. 2020), 490 Myr

(Cherniak 2005), 1724 Myr (slow diffusion mechanism of
Bloch et al. 2020), 2113 Myr (Bloch et al. 2015), and 2325
Myr (Van Orman et al. 2002). This substantial spread in tim-
escales of both samples highlights the variability in diffu-
sion coefficients among experimental studies.

Discussion
Diffusion modeling and cooling timescales
Strategy of diffusion modeling

Two metapelite samples 20FP09 and L17 were collected
from the Wanzi Supracrustal rocks and the Shizui Subgroup
of the Wutai—Fuping crustal section for major and trace ele-
ment diffusion modeling. These samples represent different
metamorphic grades (upper- and low-amphibolite facies) in
the Wutai—Fuping crustal section (see section Geological
background) and together provide constraints on the cool-
ing duration of the crustal section. Diffusion modeling was
performed along retrograde P—T paths derived from phase
equilibrium calculations. Because mineral compositions are
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Fig. 10 Diffusion modeling results of selected HREE+Y in sample
20FP09 (high-resolution of 7 um maps) using experimental diffusivity
in garnet (Van Orman et al. 2002; Tirone et al. 2005; Cherniak 2005;
Bloch et al. 2015, 2020). a—e Diffusion modeling results of HREE+Y.
The black dots indicate the measured compositional profiles, the red
lines represent the assumed initial profiles at #=0 Myr (step function),

the blue lines show the modeled profiles at r=timescale. R?> means
coefficient of determination. f Diffusion timescales estimated by dif-
ferent versions of diffusion coefficients. The fitting curves are identical
across all versions, while the inferred durations vary depending on the
diffusivity dataset applied
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Fig. 11 Diffusion modeling results of selected HREE+Y in sample
L17 using experimental diffusivity in garnet (Van Orman et al. 2002;
Tirone et al. 2005; Cherniak 2005; Bloch et al. 2015, 2020). a—g Dif-
fusion modeling results of HREE+Y. The black dots indicate the mea-
sured compositional profiles, the red lines represent the assumed initial

often modified by diffusion during prolonged retrogression,
we avoided relying solely on measured garnet compositions
in phase diagram. Instead, peak conditions were constrained
by integrating mineral assemblages, reaction textures, and
compositional isopleths of relatively immobile elements.
For sample 20FP09, the peak assemblage (Grt+Bt+Pl+Ge
d+Ky+1lm+Qz+melt), together with X, in garnet mantle
and X, in matrix plagioclase, constrains peak conditions
at ~0.9 GPa and 725 °C. The presence of coarse-grained,
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profiles at /=0 Myr (step function), the blue lines show the modeled
profiles at r=timescale. R> means coefficient of determination. h Dif-
fusion timescales estimated by different versions of diffusion coeffi-
cients. The fitting curves are identical across all versions, while the
inferred durations vary depending on the diffusivity dataset applied

euhedral gedrite provides an additional constraint, with the
gedrite-out reaction defining the upper bound.

For sample L17 (using a phase diagram from the petro-
logically similar L19 sample), the peak assemblage (Grt+B
t+Pl+Mag+1lm+Qz), along with X, in garnet mantle and
X,, In matrix plagioclase, defines peak conditions of ~0.6
GPa and 680 °C. The absence of melt pseudomorph fur-
ther imposes the solidus as an upper limit. Together, these

constraints provide robust and internally consistent starting
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conditions for diffusion modeling, using the garnet mantle
to rim, which is discussed in the following.

We adopted distinct modeling strategies for major and
trace elements. For major elements (Fe, Mg, Mn, Ca), dif-
fusion was treated as primarily governed by evolving equi-
librium between the garnet rim and the adjacent matrix
assemblage during retrogression. This fixed-boundary
assumption represents a simplified, first-order approxima-
tion because: (i) intergranular diffusion is generally faster
than intragranular diffusion (e.g., Gaidies et al. 2008; Chu
et al. 2018); and (ii) intergranular diffusion may not always
be effective for bulk mass transfer due to the small volume
of boundary domains and the lower concentrations of the
diffusing elements within them (Dohmen and Chakraborty
2003; Dohmen and Milke 2010; Keller et al. 2007; O’Brien
1997). Because of their relatively fast diffusivities, major
element compositional gradients tend to homogenize rap-
idly; hence, the continuously changing rim—matrix bound-
ary condition along the retrograde P—T path was considered
the main driver of mantle-rim diffusion zoning. Following
common practice in garnet diffusion studies (e.g., Sorcar
et al. 2014; Chu et al. 2018; Zou et al. 2021), the initial
mantle-rim profile was firstly represented by a homoge-
neous composition derived from phase equilibrium model-
ing, broadly consistent with measured mantle compositions
in garnet. The initial profile of mantle—rim was alternatively
assumed to extend the prograde growth zoning to the out-
ermost rim. The garnet rim was assumed to remain in equi-
librium with the adjacent matrix during retrogression, such
that the boundary condition evolved continuously from M2
through M3 and finally to M4.

In contrast, diffusion of trace elements (HREE+Y) was
modeled as controlled mainly by preserved internal compo-
sitional gradients across the mantle—rim transition. Because
these elements diffuse much more slowly than major ele-
ments, they can retain both sharp growth zoning and sub-
sequent diffusion-induced modification, thereby providing
robust records of post-peak diffusion. Moreover, because
HREE+Y are strongly partitioned into garnet and occur
only in trace amounts in matrix phases, rim—matrix equilib-
rium exerts only a limited control on their boundary condi-
tions. Instead, the growth-related mantle—rim compositional
gradients were taken as the principal driving force for dif-
fusion. Accordingly, we implemented step-function initial
profiles at the mantle—rim boundary, with the rim held fixed
as a boundary condition. This dual-strategy approach lever-
ages the complementary strengths of major and trace ele-
ment: major elements recording rapid equilibration with
the matrix, and trace elements preserving slow, diffusion-
controlled gradients, thereby providing a more comprehen-
sive and internally cross-validated constraint on retrograde
timescales.

Despite differences in trace element distributions
between samples 20FP09 and L17, a consistent modeling
strategy was applied to both samples. In sample 20FP09,
Zr, P, and Cr exhibit sharp, near-stepwise zoning across
the mantle-rim transition, providing three key constraints:
(i) the contrast between their sharp profiles and the blur-
rier gradients of faster diffusing elements such as HREE+Y
and Sc confirms the diffusion-controlled nature of the latter
(e.g., Jollands et al. 2018); (ii) Zr, in particular, indicates
garnet rim growth under suprasolidus peak conditions in the
presence of melt (e.g., Hermann and Rubatto 2009), thereby
demonstrating that HREE+Y diffusion zoning across the
mantle-rim developed during the post-peak retrograde stage
and records cooling durations; and (iii) the Zr—P—Cr profiles
can be used to define initial profiles for more mobile ele-
ments such as HREE+Y.

In contrast, garnet from sample L17 lacks sharp Zr—P—
Cr zoning, consistent with its growth entirely under sub-
solidus conditions. Although direct textural evidence for
a step-like growth interface is limited, diffusion modeling
across the mantle—rim transition is still considered reason-
able for this sample based on several observations: (i) the
relative zoning widths decrease in the order Ca—Fe-Mg—
Mn>Sc>HREE+Y conform to expected diffusivity rela-
tionships (Dygrgpry < Dse < Dy, Fe, Mg, Mn)» SUppOrting their
diffusion-controlled origin; (ii) major elements (Ca, Fe,
Mg, Mn) show systematic rimward changes, with decreas-
ing Ca and increasing Mg toward the rim, which indicates
rim growth at peak temperature (M2T) during decompres-
sion, thereby constraining the HREE+Y gradients across
the mantle-rim transition as products of post-peak diffu-
sion; and (iii) even in the absence of diagnostic immobile
elements, the mantle-rim boundary can still be treated as
an effective diffusion interface, as justified by (ii). Overall,
although the interpretation for sample L17 remains less con-
strained, this sample provides supporting evidence and an
independent verification of the diffusion modeling results
derived from sample 20FP09.

Both major and trace element diffusion modeling in this
study mainly focuses on mantle-rim profiles, with less
concerns on the core-mantle region. Although the core—
mantle region was included in the major element diffusion
modeling, it was excluded from the residual minimization
and timescale calculation; the core—mantle region was
not considered in the trace element diffusion modeling.
This approach does not significantly affect the results for
three reasons: (i) the core predominantly records prograde
growth compositions, which may have been overprinted by
complex diffusion during both peak and retrograde stages,
making their initial state difficult to reconstruct; (ii) distin-
guishing peak-stage diffusion from retrograde diffusion in
the core is inherently challenging, whereas our primary aim
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is to constrain retrograde timescales; and (iii) although X,
and X, in the core display growth zoning and subtle gra-
dients which were fitted in the modeling, their contribution
to mantle-rim diffusion is negligible at the modeled times-
cales. Diffusion lengths calculated for 725-550 °C using Ly
= /Dt (Crank 1975) yield values of ~250-1250 um for
major and trace elements over 20—50 Myr—far smaller than
the ~2 mm distance between core and mantle. This indicates
that diffusion in the mantle—rim domain effectively behaves
as in a semi-infinite medium, where boundary effects from
the core are minimal (Crank 1975). Moreover, trace element
profiles in the core—mantle domain often display plateaus
with fluctuations, secondary peaks, or oscillatory zoning,
which are indicative of multi-stage growth rather than a
sharp interface suitable for diffusion modeling. For these
reasons, the mantle—rim sector provides the most robust and
interpretable record of post-peak diffusion. A similar strat-
egy has been applied in the previous studies (e.g., Jollands
et al. 2018; Devoir et al. 2021; Rubatto et al. 2020; Zou et
al. 2021).

As observed, some HREEs (Er-Lu) exhibit complex,
oscillatory-like zoning patterns with a secondary peak at
the mantle—rim transition. We interpret these features as the
result of multi-site diffusion and inter-site exchange reac-
tions within the garnet structure (Bloch et al. 2020), and
therefore exclude these elements from the diffusion mod-
eling. One might argue that such secondary peaks record
back-diffusion of HREE into the garnet interior during a
growth interruption and resorption of garnet material, rather
than a simple growth step followed by diffusional modifica-
tion. However, this scenario would predict a systematic off-
set of the secondary peak positions among individual HREE
according to their ionic radii, reflecting element-dependent
diffusion behavior in the intergranular medium (e.g., melt)
(Skora et al. 2006). As no such systematic shift is observed
in our data (Fig. 5), we favor the interpretation involving
multi-site diffusion and inter-site reactions.

Timeframes of diffusion modeling

Major element diffusion modeling was carried out using
three widely applied diffusion datasets (Chakraborty and
Ganguly 1992; Carlson 2006; Chu and Ague 2015). The ret-
rograde P—T evolution of sample 20FP09 consists of an ITD
followed by an IBC process. Two scenarios of initial condi-
tions were assumed, and variable durations of ITD stage (1 ~5
Myr) were tested. The first scenario (Figs. 9a and S4) pro-
duced slightly shorter total durations (1-5 Myr ITD+16-31
Myr IBC) and generally better fits (R?=0.08-0.92) than
the second scenario (Figs. 9b and S5), which yielded 1-5
Myr ITD+19-38 Myr IBC (R? = —0.72-0.93). This com-
parison demonstrates that the diffusion-based timescales are
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robust to the choice of both assumed initial conditions, but
the first scenario of homogeneous mantle-rim initial con-
dition likely represents the more realistic situation. Under
the first scenario, models with ITD durations<3 Myr (Figs.
9a and S4a-b) provide the best overall fits, corresponding
to IBC durations of 16-31 Myr (R?=0.31-0.92), whereas
runs with ITD durations>3 Myr yielded poorer agreement
(R?=0.08-0.92; Fig. S4c—d). These results suggest that the
ITD duration are likely within 3 Myr, yielding the optimal
diffusion timescale range from 1 to 3 Myr ITD followed by
16-31 Myr IBC.

In the optimal setup—the first scenario of initial condi-
tions with ITD duration of <3 Myr, three diffusion datas-
ets display comparable diffusion timescales but slightly
different fits (Figs. 9 and S4a-b). Chakraborty and Gan-
guly (1992) resulted in the longest total duration (1-3 Myr
ITD+29-31 Myr IBC), whereas Carlson (2000) yielded
the shortest total durations (1-3 Myr ITD+16 Myr IBC).
These two datasets provide better fits, with R>=0.79-0.86
and R?=0.63-0.92, respectively. Chu and Ague (2015) pro-
duced intermediate durations (1-3 Myr ITD+25 Myr IBC)
with slightly lower fits (R?=0.31-0.79). These discrepan-
cies primarily arise from the extrapolation of diffusion laws
to lower temperatures, particularly from differences in the
relative self-diffusion coefficients of individual elements
(e.g., Chu and Ague 2015). In this case, the Chakraborty
and Ganguly (1992) and Carlson (2006) datasets provide
the closest match to measured Ca—Fe—Mg profiles, suggest-
ing their relative self-diffusion coefficients between Ca, Fe,
Mg, Mn are most suitable for these samples.

Trace element diffusion modeling, using five datasets
(Bloch et al. 2015, 2020; Cherniak 2005; Tirone et al. 2005,
Van Orman et al. 2002), yielded timescales differing by
one to two orders of magnitude. Bloch et al. (2020) pro-
posed “fast” and “slow” diffusion mechanisms according to
the observations to their and previous experimental diffu-
sion datasets, and suggested that REE diffusion is faster at
low concentrations (<hundreds of pg/g) and low pressures
(below ~ 1 GPa); whereas slow diffusion mechanism associ-
ated with higher REE contents (up to several hundred pg/g)
and higher pressures (>~1 GPa). Our garnets contain<100
pg/g HREE and <500 pg/g Y and diffusion occurred at
pressures below 1 GPa, which fall within this fast diffusion
regime. For both samples, diffusion durations derived from
Cherniak (2005), slow diffusion mechanism of Bloch et al.
(2020), Bloch et al. (2015), and Van Orman et al. (2002)
are unrealistically long (122-2325 Myr), which are thus
geologically implausible. In contrast, diffusion timescales
based on Tirone et al. (2005) and the fast diffusion mecha-
nism of Bloch et al. (2020) yield more reasonable results:
13-32 Myr for sample 20FP09 and 35-50 Myr for sample
L17. These results also overlap with the results obtained
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from major element diffusion modeling results from the
sample 20FP09. This supports that both garnets underwent
fast diffusion mechanisms.

For sample 20FP09, cooling histories estimated from
both major and trace element diffusion modeling are closely
comparable, yielding 1-3 Myr ITD+16-31 Myr IBC and
1-4 Myr ITD+11-30 Myr IBC by major and trace element
diffusion modeling, respectively. The agreement between
the two approaches not only corroborates the timescale esti-
mates but also provides a useful cross-calibration of major
and trace element diffusivity datasets. Overall, the results
indicate broadly consistent total diffusion timescales of
13-32 Myr for sample 20FP09 and 35-50 Myr for sample
L17, suggesting a regional retrograde cooling duration of
~13-50 Myr across the Wutai—Fuping crustal section (Fig.
12). This coherence across different metamorphic grades
strengthens the robustness of the diffusion-based timescale
estimates and provides further support for a regionally con-
sistent retrograde history across the Wutai—Fuping crustal
profile. This finding is comparable to results from Barrovian
metamorphic zones in Scotland, where Ague and Baxter
(2007) reported broadly similar timescales across differ-
ent metamorphic grades, although a trend toward shorter
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Fig. 12 Cooling timescales of diffusion modeling using different
experimental diffusivities in garnet for two samples 20FP09 and L17.
Symbol for major element diffusion datasets: CG92 (Chakraborty and
Ganguly 1992), C06 (Carlson 2006), CA15 (Chu and Ague 2015);
Symbol for trace element diffusion datasets: VO02 (Van Orman et al.
2002), TOS (Tirone et al. 2005), CO5 (Cherniak 2005), B15 (Bloch
et al. 2015), B20 f (fast diffusion mechanism of Bloch et al. 2020),
B20_s (slow diffusion mechanism of Bloch et al. 2020). For sample
20FP09, diffusion simulations yield a range of timescales reflecting
different proportions of ITD and IBC stages, whereas sample L17 is
characterized by a single timescale associated with its single retro-
grade IBC segment

durations at higher grades was noted. A comparable trend
may exist in our study, as the upper-amphibolite facies sam-
ple 20FP09 yields a slightly shorter cooling timescale than
the lower-amphibolite facies sample L17. However, due to
the limited number of samples, we refrain from drawing
definitive conclusions regarding the relationship between
metamorphic grade and cooling duration.

The limitations of diffusion modeling

Garnet in contact with biotite has a higher Ca content than
the domain adjacent to plagioclase or quartz (see Figs. 2, 3
and 6). This feature likely reflects localized Fe-Mg exchange
between garnet and biotite during retrogression, suggesting
a temperature-dependent Fe-Mg equilibrium at the grain
boundary. This equilibrium can be modeled by coupling dif-
fusion with temperature estimates from the garnet-biotite
geothermometer. However, applying the geothermometer of
Ferry and Spear (1978) to garnet-biotite pairs from both the
mantle and rim domains of garnet with contact biotite in
sample 20FP09 yields temperatures of ~630 °C and ~550
°C at 0.4 GPa, respectively. While the latter aligns well with
the M4 P—T conditions predicted by phase equilibrium mod-
eling, the former is ~ 100 ° C lower than M3 conditions. This
suggests that Fe—Mg in biotite was re-equilibrated during
M4 retrogression, meaning it no longer preserves the equi-
librium composition required to constrain Fe-Mg exchange
in garnet via InK. Accordingly, a fixed-composition bound-
ary derived from phase equilibrium modeling was adopted
as a first-order approximation, assuming that the garnet rim
was buffered by a large reactive matrix reservoir. Although
this approach neglects potential minor temporal variations
in boundary composition, such effects are unlikely to sig-
nificantly influence the diffusion timescales inferred in this
study.

Garnet from both samples display a slight increase in
Xgps at the outermost rim (Figs. 3 and 6), indicating partial
garnet breakdown during retrogression (Ferry and Spear,
1990), possibly accompanied by the formation of plagio-
clase and biotite in the matrix. Such reactions could have
enhanced mobility of Ca (and other elements) out of garnet
from grain boundaries, superimposed on diffusive fluxes
within garnet. Under this consideration, major element dif-
fusion profiles were extracted from domains in contact with
biotite and preserving the highest Ca zoning (Fig. 3a), in
order to minimize the influence of resorption and best cap-
ture the diffusive profiles.

Spatial resolution versus temporal resolution

An additional factor influencing diffusion modeling accu-
racy is spatial resolution during EPMA/LA-ICP-MS
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mapping. To assess this, we re-modeled sample 20FP09
using a low-resolution map (33 um spot size) (Figs. S1
and S6) and compared it with the high-resolution dataset
(7 pm) (Figs. 5 and 10). While both maps yielded similar
absolute compositions, the diffusion distance and num-
ber of data points differed significantly: ~400 um with 13
spots for the 33 um map (Fig. S1), versus ~700 um with
~100 spots for the 7 um map (Fig. 5). Using the same dif-
fusion parameters (fast diffusion mechanism of Bloch et
al. (2020), the low-resolution data produced an underesti-
mated timescale of 0.7-1.6 Myr ITD+9-13 Myr IBC (Fig.
S6)—substantially shorter than the high-resolution result of
2-4 Myr ITD+21-30 Myr IBC (Fig. 10f). This comparison
highlights the importance of high spatially resolved datasets
when conducting diffusion modeling. Inadequate resolu-
tion can lead to underestimation of diffusion distances and,
consequently, cooling durations. We therefore recommend
that EPMA/LA—-ICP-MS mapping for diffusion modeling
include high-spatial resolution measurements, particularly
across the mantle-rim transition zone, to ensure reliable and
accurate timescale estimates.

Apparent relative diffusivity of Sc to HREE

Diffusion profiles of Sc and HREE measured along the
same transect provide an opportunity to estimate the appar-
ent relative diffusivity of Sc with respect to HREE. Using
the experimental diffusivity of HREE in garnet (here we
used Bloch et al. 2020; fast diffusion mechanism), diffusion
timescales were first obtained from the HREE+Y composi-
tional profiles; then by fixing this timescales, apparent dif-
fusivity of Sc was then inverted from the corresponding Sc
profiles.

To account for non-isothermal cooling, we computed an
equivalent constant diffusivity D (7)) that satisfies (e.g.,
Carlson 2012):

D(Tc)-t= (JjD(T(T))' dr C)

where 1is a time variable, D () represents the diffusivity
at an equivalent constant temperature 7. This formulation
allows the time-integrated diffusion effect over a variable
temperature history to be expressed as an isothermal diffu-
sion process at the effective temperature 7.. Here we used
a weighted mean diffusivity to ensure consistency with the
above non-isothermal diffusion timescales, and 7, was cal-
culated according to Eq. (1).

For sample 20FP09, the time-integrated diffusion effect
of HREE+Y along the retrograde P-T path from M2 (725
°C/0.9 GPa) through M3 (725 °C/0.6 GPa) to M4 (550
°C/0.4 GPa) over a duration of 3+25 Myr (10% ITD+90%
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IBC) (Fig. 10) corresponds to an equivalent constant dif-
fusivity of Dyggp = 598.5 um*Myr fixed at 674 °C dur-
ing 28 Myr. Fixing this timescale, inversion of Sc diffusion
profile along the same transect (Fig. 5c¢) yields Dg, = 1011
um*/Myr, indicating that Sc diffuses~ 1.7 times faster than
HREE at ~675 °C (Fig. S7a).

For sample L17, the time-integrated diffusion of
HREE+Y along the retrograde P-T path from M2T (680
°C/0.6 GPa) to M3 (550 °C/0.4 GPa) over 50 Myr (Fig.
11) corresponds to an equivalent constant diffusivity of D
ureg = 157.5 um?/Myr at 632 °C over 50 Myr. Fixing this
timescale, inversion of Sc profile (Fig. 7a) yields Dg, =433
pum?/Myr, suggesting that Sc diffuses~2.7 times faster than
HREE at 630 °C (Fig. S7b).

These results demonstrate that Sc consistently diffuses
faster than HREE+Y at least under amphibolite facies
metamorphic conditions, supporting our observation that Sc
zoning is noticeably more diffuse than that of HREE+Y and
confirming the inferred diffusivity relationship Dypppiy <
Dy, This consistency between observed profiles and mod-
eled diffusivities further validates the robustness of the
diffusion-based interpretation, and provides a first-order
empirical estimate for the diffusivity of Sc, which remains
experimentally unconstrained.

Tectonic implications of the cooling timescales and
rates

The TNCO is widely recognized as a long-lived orogen,
supported by metamorphic zircon and monazite U-Pb ages
continuously ranging from ~1.97 to 1.80 Ga (Fig. 10b in
Liu et al. 2025a; Chen et al. 2020; Tang et al. 2017; Wei
et al. 2014). However, the interpretation of this extended
metamorphic history remains controversial. Some studies
suggested a single, protracted collisional orogenic event,
with distinct peak and retrograde stages occurring at ~1.96—
1.90 Ga and ~1.85-1.80 Ga, respectively, as inferred from
the bimodal distribution of metamorphic zircon U-Pb ages
(e.g., Tang and Santosh 2018; Tang et al. 2017; Zhang et al.
2016). In contrast, others have proposed that there are two
phases of orogenic events during ~1.95 Ga and ~1.85 Ga
(e.g., Qian et al. 2019; Zhang et al. 2021). However, these
interpretations are often based on the statistics of U-Pb iso-
tope dating of separated single-grain metamorphic zircons,
whereas lack of the constraints of essential correlation with
petrography or geochemistry, etc.

The Wutai—Fuping crustal section is the most well-exposed
and representative transect of the TNCO, and thus provides
a key opportunity to resolve this controversy. Recently, Liu
et al. (2025a) applied in-situ garnet Lu—Hf laser dating to
samples spanning different metamorphic grades within the
Wautai—Fuping crustal section and obtained consistent ages
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Fig. 13 Summary of P-7—¢ data for the Wutai—Fuping crustal sec-
tion of the Trans-North China Orogen. The geochronological data are
referred to Liu et al. (2020, 2021b, 2025a); Qian and Wei (2016); Qian
et al. (2013) and this study

of 1.90-1.86 Ga. Integration of these results with Y distri-
bution maps acquired by u—XRF, major element zoning in
garnet, and independent constraints from metamorphic evo-
lution suggests that these Lu—Hf ages correspond to peak
metamorphism. For instance, in amphibolite-facies samples
L18,Y (used as a proxy for Lu) is concentrated at the garnet
rim, coinciding with peak compositions defined by major
elements. On this basis, the peak stage of metamorphism in
the Wutai—Fuping crustal section is robustly constrained to
1.90-1.86 Ga. Furthermore, continuous zircon and mona-
zite U-Pb ages from 1.97 to 1.80 Ga in this region delineate
a prograde stage from 1.97 to 1.90 Ga and a retrograde stage
from 1.86 to 1.80 Ga.

To test the reasonability of this temporal framework, Liu
et al. (2025a) conducted one-dimensional thermal model-
ing, reconstructing the heat production of the crustal section
from U, Th, and K,O abundance at 1.90 Ga. Their results
indicate that the geotherm of the thickened crust could repro-
duce contemporaneous metamorphic field gradients within
~60 Myr, consistent with a prograde duration of 1.97-1.90
Ga. In this contribution, we extend these constraints by
applying coupled major and trace element diffusion mod-
eling to garnet from both upper- to low-amphibolite facies
samples. Our results suggest a post-peak retrograde times-
cale of 16-50 Myr, thereby independently corroborating the
proposed temporal framework. Taken together, these find-
ings support the interpretation that the TNCO preserves a
single, long-lived orogenic cycle comprising a prograde
stage (1.97-1.90 Ga, ~60 Myr), a peak stage (1.90-1.86 Ga,
~40 Myr), and a retrograde stage (1.86—1.80 Ga, ~50 Myr)
(Fig. 13).

Our diffusion modeling refines the retrograde evolution
of the Wutai—Fuping crustal section. In sample 20FP09,
the retrograde path can be separated into an ITD from 0.9
GPa/725°C to 0.6 GPa/725°C, followed by an IBC to 0.4
GPa/550°C. The ITD stage is constrained to 1-4 Myr,
implying that peak-pressure rocks were exhumed rapidly to
mid-crustal depths, most likely along localized fault or shear
zones operating within compressional, transpressional, or
extensional regimes (e.g., Scibiorski et al. 2015). The sub-
sequent IBC stage persisted for 11-30 Myr (and possibly
up to 50 Myr by sample L17), reflecting a protracted ther-
mal relaxation under a hot, thickened crust. The contrast
between rapid decompression and slow cooling emphasizes
a hot and weak Paleoproterozoic lithosphere, where heat
dissipation was strongly retarded.

Cooling rates derived from our diffusion modeling (2—13
°C/Myr) are in line with those estimated from radioisotope
systems for TNCO (Liu et al. 2021a). This includes zircon
and monazite U-Pb, as well as hornblende, biotite, and
muscovite “*Ar/*’Ar chronometers, which record cooling
rates ranging from 2 to 8.5 ©C/Myr. These values align well
with global statistical trends showing that most Precambrian
orogens cooled at <50 °C/Myr, in contrast to Neoprotero-
zoic to Phanerozoic orogens where cooling rates commonly
exceed 100 °C/Myr (e.g., Brown et al. 2022; Chowdhury et
al. 2021; Scibiorski et al. 2015; Shi et al. 2025; Zou et al.
2023). Such differences reflect the control of mantle thermal
state and lithospheric rheology on exhumation and cooling
rates (Brown et al. 2022; Chowdhury et al. 2017, 2020,
2021; Perchuk et al. 2018; Gapais et al. 2009; Gunawardana
et al. 2024; Zou et al. 2023). Thus, the above pattern high-
lights a fundamental difference in geodynamic style: in Pha-
nerozoic belts, strong and relatively cool lithospheres focus
strain into narrow shear zones, leading to rapid thickening,
localized deformation, and fast exhumation and cooling; by
contrast, Paleoproterozoic orogenesis occurred in a hotter,
weaker lithosphere, with strain distributed across broader
regions and thermal plateau sustained for tens of mil-
lions of years (Chowdhury et al. 2021; Gapais et al. 2009;
Gunawardana et al. 2024; Spencer et al. 2021).

Geodynamic models further suggest that lithospheric
peeling, dominant in the Archean, became less efficient
during secular mantle cooling, giving way to a “truncated
(hot) collisional” orogenesis that prevailed in the late Paleo-
proterozoic. However, prolonged metamorphism>100
Myr may still have experienced lithospheric peeling at
least during some stages of their evolution (Chowdhury
et al. 2017, 2021). We propose that the TNCO (>150 Myr
metamorphism) represents such a transitional regime—
largely governed by truncated collisional orogenesis, but
possibly influenced by limited lithospheric peeling. Taken
together, our results support the interpretation of the TNCO
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as a single, long-lived Paleoproterozoic orogen, reflecting a
regime bridging the secular transition from Archean weak-
lithosphere processes such as “segduction” and lithospheric
“peeling-back” toward the colder, modern plate tectonic
style that became dominant in the Neoproterozoic—Phanero-
zoic Earth (Chowdhury et al. 2021; Gerya 2014; Sizova et
al. 2014).

Conclusion

Two representative samples of upper- to low-amphibolite
facies metapelite from the Wutai—Fuping crustal section of
TNCO were analyzed to constrain their cooling timescales
and rates using garnet diffusion modeling. Major and trace
element maps reveal diffusion zoning across garnet mantle—
rim transition, recording post-peak retrograde modification.
Diffusion modeling, performed with multiple published
datasets for major and trace element diffusivities, yields
broadly consistent cooling timescales for the two samples.
Sample 20FP09 records a rapid ITD (1-4 Myr) followed
by a protracted IBC (11-30 Myr) process, whereas sample
L17 constrains a single long IBC process of 35-50 Myr.
The corresponding cooling rates of 2—13 °C/Myr are sig-
nificantly slower than those of Phanerozoic orogens (> 100
°C/Myr), implying that plate tectonic processes during the
Orosirian period operated under hotter thermal regimes with
elevated orogenic geotherms and mantle temperatures. This
study also underscores the importance of sufficiently high
spatially resolved trace element datasets for robust diffusion
timescale modeling, and provides a first-order empirical
estimate of Sc diffusion in garnet, which remains experi-
mentally unconstrained.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00410-0
25-02290-w.
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