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Metamorphic soles beneath ophiolites are thought to record subduction initiation.
However, there is ambiguity about the tectonic and thermal mechanisms operative during
subduction initiation, arising partly from uncertainty in the duration of sole
metamorphism. Here, we use chemical mapping and diffusion speedometry of garnet
crystals from the metamorphic sole of the Samail Ophiolite (Oman/United Arab Emirates)
to show that high-temperature (=750°C) metamorphism was rapid, lasting <1 Myr
(potentially <100 kyr) at peak temperature conditions. The short durations are supported
by zircon U-Pb ages and new garnet-whole rock-zircon Lu-Hf data from the same rocks,
contrasting with previous inferences for >8 Myr metamorphic durations. These
observations are nominally consistent with the spontaneous sinking of a dense lower plate.
However, the rapid metamorphic timescales cannot be accounted for solely by conductive
thermal equilibration with juxtaposed oceanic mantle. One potential explanation is
dissipative heating driven by relative motion across the nascent plate interface. This
interpretation accounts for the timescales, spatial pattern of metamorphism, and the global
similarities in sole pressure-temperature conditions independent of other geodynamic
variables.

Ophiolites are obducted pieces of oceanic crust and mantle connecting two plate tectonic
themes: oceanic crust formation at mid-ocean ridges and its consumption at subduction zones.
Metamorphic soles welded beneath many ophiolites are integral to this connection, as they likely
represent the first-preserved remnants of a nascent subducted slab formed during subduction
initiation (SI) 2. Ophiolite-sole relationships can be used to test the geodynamic configurations

that foster SI, and whether it was spontaneous (driven by gravitational sinking of a dense slab) or
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induced (by horizontal tectonic forces)>->. These data can also be used to quantify boundary
conditions favorable for SI throughout Earth history®~.

However, the thermal evolution of sole metamorphism remains controversial. For even
the best-exposed ophiolites, diverse geochronological methods have yielded disparate potential
sole metamorphic durations. The most complete sole exposures have inverted metamorphic
temperature (7) gradients from granulite (800-900°C) to greenschist facies (<500°C) over ~100s
of m, stepping structurally downward from their overlying ophiolites'® '!. In the archetypal
Samail Ophiolite (Oman/United Arab Emirates [UAE]) (Fig. 1a), Earth’s largest example of
obducted oceanic lithosphere, coupled uranium-lead (U-Pb) dates and trace elements in zircon
from the hottest, topmost sole rocks suggest a short phase of granulite-facies sole metamorphism,
occurring at most <500 ka prior to the magmatic crystallization of the ophiolite crust
(96.70£0.09-95.16%0.06 Ma sole zircon ages vs. 96.13+0.05-95.24+0.03 Ma ophiolite zircon
ages) 1216, This rapid interval matches the short SI timescales inferred from the analogous Izu-
Bonin-Mariana forearc system!”- '8, thought to have formed by spontaneous slab sinking” °. In
contrast, ~104 Ma garnet-whole rock lutetium-hafnium (Lu-Hf) isochron dates for the same sole
granulites suggest that a lengthy period of high-7 sole metamorphism occurred during
tectonically induced thrusting ~8 Myr prior to ophiolite formation, followed by ~96 Ma zircon
crystallization during cooling as subduction became self-sustaining’.

These and other datasets?® 2!

support potential durations of sole heating spanning an order
of magnitude (~1-10 Myr), precluding a rigorous understanding of SI in the archetypal Samail

system. The age uncertainty further propagates to ambiguity in the thermal mechanism(s) for

sole heating, including whether conductive heating from the overlying ophiolite is solely
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responsible for high-7 sole metamorphism® °. Crucially, similar tectonic and thermal ambiguities
are present in other ophiolite-sole couples worldwide.

Precise temperature-time (7-¢) histories to rigorously test these timescales can be
accessed by multiple methods. Here, we chemically mapped metamorphic garnet in the highest-
grade Samail sole rocks, and modeled the diffusive relaxation of major- and trace-element
discontinuities to constrain their duration at peak 7. These data are supplemented by new Lu-Hf
and previously published U-Pb geochronology from the same samples. Together, these data
reveal internally consistent diffusion and dating timescales, which are used to understand the

integrated sole 7-¢ history and physical mechanisms for sole heating.

Metamorphic sole textures and chemical zoning

We focused on two southern Samail outcrops: Wadi Tayin and Hammah Window!# 2% 23 (Fig,
1a). These sole exposures exhibit a topmost <5 m layer of garnet- and clinopyroxene-bearing
(grt-cpx) mafic amphibolites (peak pressure-temperature [ P-7] conditions = ~10—15 kbar, 750—
900°C) overlain by ophiolitic mantle harzburgite along the Samail Thrust?*, grading to
amphibolite-facies (7~500°C) mafic and metasedimentary rocks at their base over >100 m
structural thickness? %22 2528 Notably, these southernmost Samail soles have thinner garnet-

) 10,27

bearing horizons than those in northern Oman and the UAE (>30 m , and record the

youngest Samail sole radiometric dates'? 423,

Two grt-cpx amphibolite samples collected <1 m from the Samail Thrust underwent
detailed analysis: 130JGWT1S (Wadi Tayin; 23.0621°N/58.6021°E) and 171213J02 (Hammabh;
23.1006°N/58.5358°E). Each sample contains <0.5 cm garnet poikiloblasts set in a matrix of

finer-grained clinopyroxene, hornblende, ilmenite, titanite, and variably altered plagioclase (Fig.
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1b). Though their matrices are mostly retrogressed?, rare subhedral garnet crystals exhibit
inclusion assemblages consistent with prograde garnet crystallization. In WT1S, pink garnet
cores and mantles include amphibolite-facies (green amphibole + plagioclase + titanite) to
granulite-facies mineral assemblages (clinopyroxene + brown amphibole + plagioclase +
ilmenite + apatite), with pale, inclusion-free rims (Fig. 1b; Fig. S1). In J02, rare inclusion-free
garnet cores transition to garnet rims with globular, granulite-facies inclusions (clinopyroxene +
brown amphibole + ilmenite + apatite) (Fig. 1¢). Other garnet crystals in both samples occur as
anhedral aggregates with clinopyroxene, ilmenite, and subsidiary hornblende (Fig. S2),
consistent with solely granulite-facies (re)crystallization.

Garnet chemical maps reveal several generations of chemical zoning. In WT15, abrupt
major-element discontinuities (<200 um-width) separate granulite-facies mantles and rims from
amphibolite-facies garnet cores, with flat zoning on either side (Fig. 2b). Such textures indicate
partial resorption or recrystallization along the heating path. Trace-element zoning shows no
evidence of this resorption boundary, and instead is dominated by crystal growth features. Rare-
earth elements (REE) exhibit concentric changes from core to inner rim, with oscillatory zoning
at garnet rims. Sharp compositional boundaries (<40 um-width) are observed within and between
amphibolite and granulite-facies zones, particularly in Lu (Fig. 2¢). Chromium maps reveal
broadly similar zoning patterns, albeit with inherited low-Cr relics in garnet cores and local
alteration haloes around inclusions in garnet mantles (Fig. 2d).

Hammah sample J02 shows similar but less complex zoning. Garnet major-element
profiles exhibit a ~200—400 pum-wide Mg and Mn shift correlating with the first occurrence of
granulite-facies inclusions at garnet rims (Fig. 2e-2f). This mineralogic and major-element

change further coincides with a transition from long-wavelength concentric REE zoning in
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garnet cores to short-wavelength oscillatory zoning in garnet rims (Fig. 2g), including similar

low-Cr relics (Fig. 2h).

Major and trace element diffusion speedometry

The major and trace-element zoning suggest punctuated garnet crystallization and partial
resorption during prograde heating, with incomplete diffusive relaxation of sharp compositional
gradients during and after peak conditions. Modelling the 7-¢ histories permitted by these
discontinuities first requires accurate constraints on peak metamorphic temperatures. Prior

10,22, 30

thermobarometry suggests ~750-850°C peak temperatures; we supplemented these

31.32 and REE thermobarometry>?, as well as

constraints with new garnet-clinopyroxene Fe-Mg
published Ti-in-zircon temperatures'*. The Fe-Mg and Ti-in-zircon results (Fig. S3) indicate
~750-800°C peak temperatures for both samples, with some data extending to hotter conditions
(~800-850°C). REE thermobarometry yielded ~900°C peak temperatures for both samples, but
we consider these suspect due to systematic offsets in Samail garnet major-element compositions
relative to those in the REE calibration experiments®*3*. We therefore adopted the ~750-800°C
Fe-Mg and Ti-in-zircon results as minimum peak temperatures.

We determined peak-7 timescales by inverting stranded diffusion profiles within
individual garnet crystals, using one-dimensional numerical (major elements*) and analytical

37-40 and trace

(Lu®) approaches. We tested several published diffusion parameters for major
elements*!"* in garnet, with variable peak temperatures (~700—-800°C) (Fig. S4-S5). Calculations
were initially performed for isothermal diffusion to provide a maximum possible duration above

peak temperature. Each elemental profile uniquely determines the time-integrated magnitude of

intracrystalline volume diffusion, <D£> (m?), which captures the total amount of diffusion-
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facilitated mass transport. For major elements, the sharpest, <200 um chemical discontinuities
developed at peak 7 in sample WT1S5 (Fig. 2a-b) cannot have been maintained for more than
~100 kyr at >750°C (Fig. 3; Fig. S4). The wider major-element discontinuity (<400 um) co-
located with the first appearance of granulite-facies inclusions in sample J02 (Fig. 2f) is likewise
consistent with ~100-200 kyr at peak 7. For Lu, the range and uncertainty of possible diffusion

parameters*! ™

yield order-of-magnitude differences in calculated timescales, and thus represent
general bounds on the maximum duration at peak 7. We modeled three of the sharpest garnet Lu
profiles, as these most plausibly represent step-function starting conditions: one from the
amphibolite-facies WT15 core; one from the oscillatory-zoned, inclusion-free rim of the same
WT1S garnet; and one from the oscillatory-zoned, granulite-facies J02 rim (Fig. 4; Fig. S5).

For the WT1S5 garnet core (Fig. 4a), maximum Lu diffusive timescales at ~750°C are ~1
Myr (Fig. 4d); for the WT1S5 rim (Fig. 4b), these calculations suggest a maximum of ~200 kyr
of diffusion at ~750°C (Fig. 4e). The J02 rim profile (Fig. 4c¢) shows intermediate diffusive
timescales (Fig. 4f). Together, these models demonstrate that — unless peak temperatures have
been grossly overestimated — it is unlikely that the Samail sole rocks experienced peak
conditions (>750°C) for >1 Myr. Additionally, these calculated timescales are maxima because i)
assuming an initial step function maximizes <D>*; ii) off-center sampling transects would
artificially elongate concentration profiles; iii) peak temperatures could have been hotter
(<900°C); and iv) our isothermal modelling ignores diffusion during heating to and cooling from
the thermal climax. Accordingly, the duration of each sample at peak 7 could have been as short
as <100 kyr. Finally, though there are myriad possible origins of oscillatory REE zoning in

t45

garnet™ — e.g., fluctuations in fluid activity, temperature, growth rate, or dissolution — no existing

evidence suggests that such zoning diffusively relaxes differently than other zoning types, and
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the short diffusive timescales are recovered from both oscillatory and non-oscillatory zoned

garnet portions (Figs. 3-4).

Isotopic dating of sole metamorphism

The garnet diffusion timescales match zircon U-Pb timescales from the same rocks: prograde
(650-800°C) garnet growth recorded by zircon in WT15 and J02 occurred over 0.47+0.15 Myr
(95.95£0.06-95.48+0.09 Ma) and 0.28+0.15 Myr (96.08+0.07-95.80£0.09 Ma), respectively'*
(Fig. 5¢). However, the garnet diffusion and zircon U-Pb timescales are far shorter than those
from published Samail sole garnet-WR Lu-Hf isochron dates, which yield older dates for garnet
growth (104 Ma®), implying >8 Myr at peak 7. To directly compare U-Pb, Lu-Hf, and diffusion
timescales in a single sample, we determined a garnet-WR Lu-Hf isochron date for J02. Four
garnet and two whole-rock aliquots from J02 yield a Lu-Hf isochron date of 98.1+1.3 Ma (mean
squared weighted deviation [MSWD] = 4.6) (Table S1). Previously published LA-MC-ICPMS
Lu-Hf data from the ~96.1-95.8 Ma zircons in the same rock'* lie near the isochron intercept
(Fig. 5b). Including all zircon data (n=20) with the garnet and WR data yields the same Lu-Hf
isochron age within uncertainty (97.9+0.5 Ma) and a smaller MSWD (1.6) (Fig. 5a); including
one weighted-mean zircon Lu-Hf datum yields an intermediate isochron date (98.0+1.1 Ma) and
MSWD (3.8). Importantly, the J02 isochron exhibits higher garnet '"®Lu/!"’Hf ratios and a higher
initial Hf ratio (eur = +12.6) than the previously published ~104 Ma garnet-WR Lu-Hf isochrons®
(enr = -5 to -12) (Fig. Sa). These latter enr intercepts are significantly lower than other published
enr data from the Samail metamorphic sole metabasalts'* (eur = +4.5 to +14.6, excluding
inherited zircon from a single sample). If accurate, the previously published Lu-Hf dates must

have been sourced from rocks not represented in other Samail sole sample suites, even from the
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same outcrops; alternatively, such spurious intercepts signify that the calculated ages are
inaccurate.

Though our new Lu-Hf isochron date (97.9+0.5 Ma) is slightly older than the zircon U-
Pb dates from the same sample (96.08+£0.07-95.80+0.09 Ma), this ~2 Myr offset does not
necessarily represent a geologically significant garnet growth duration. Fully propagated
uncertainties on U-Pb and Lu-Hf dates (Text S1) yield a minimum ~500-800 kyr between them,
consistent with the diffusion speedometry. Other data additionally require zircon and garnet co-
crystallization: zircon inclusions occur in garnet, and zircon trace-element data record evolving
garnet-absent (Yb/Dy>5) to garnet-present (Yb/Dy<5) conditions over ~200-400 kyr (Fig. 5¢) 4.
Further, zircon-bearing and zircon-free Lu-Hf isochrons for J02 each independently yield the
same initial enr (Table S1), demonstrating rock-wide Hf isotopic equilibrium. The most
permissible constraints on garnet growth durations (including but not limited to granulite-facies
conditions) are therefore ~2 Myr, but we suggest that the <1 Myr durations determined
independently from each dataset are more readily supported, and either case firmly excludes >8
Myr durations at granulite-facies conditions. Finally, titanite and monazite U-Pb geochronology
measured by laser-ablation inductively coupled plasma mass spectrometry (LA-ICPMS) has also
been used to argue for ~5-10 Myr metamorphic durations in the Samail sole?’, but these reported
ages are highly sensitive to data reduction parameters, and the underlying data are equally
consistent with the shorter durations found here (Text S2, Fig. S12). In contrast, our multi-
mineral and multi-method approach firmly connects the timing of sole metamorphism and the

magmatic crystallization of the ophiolite crust (96.13+0.05-95.24+0.03 Ma).

Thermal and tectonic implications
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The new and existing 7-¢ data place strict bounds on the thermal and tectonic mechanisms

responsible for Samail metamorphic sole formation:

1.

2.

Prograde heating (~650-800°C) was <500 kyr at the studied outcrops'*.

The total duration of >750°C metamorphism was <1 Myr (this study).
Amphibolite-facies metamorphism (~700-500°C) of the entire sole section occurred <1.5
Myr after peak temperatures were attained in the highest-grade, garnet-bearing rocks'* 23, It
is unclear whether the topmost rocks were exhumed as they experienced these cooler
temperatures; some studies have estimated ~1-3 kbar of exhumation during early
retrogression'® 23, but several studies have shown the grt-cpx granulites probably remained at
similar depths as they initially cooled®”-#°.

Sole protoliths were >100 Ma at the time of sole formation.

The preserved granulite-facies sole interval at Wadi Tayin and Hammah Window rarely
exceeds ~5 m in thickness!® 2226, This layer must have been somewhat attenuated, but the
absolute amount of thinning is difficult to quantify. Minimum sole shear strains have been
estimated at y~5 based on amphibolite textures'®?’ (i.e., a thinning factor of 4).

Tonalitic melts cross-cut the garnet-clinopyroxene metabasalts, but these were added from
underlying, lower-grade metabasalts and metasediments'? !4, In contrast, the grt-cpx rocks

demonstrably lost melt at suprasolidus conditions!?.

Combined with our diffusion speedometry, these constraints define permissible 7-¢

histories, providing insights into heat transfer mechanisms during nascent subduction. Figure 6

shows two thermal histories that account for the total integrated 7-¢ path, and satisfy the Lu

elemental profiles preserved in garnet core (logi0<Dru>=-9.96) and rim domains (logio<Drut>=-

10.62). Independent of the operative garnet Lu diffusion mechanism, the calculated heating and
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cooling timescales are ~10° years — implicating some of the shortest-duration granulite-facies
assemblages yet reported from the rock record. While these thermal histories are not precisely
determined, the exponential thermal dependence of diffusion rates, in concert with the additional
geochronology and major-element speedometry, rends vastly different thermal histories as
implausible.

Contemporaneous Samail sole metamorphism and ophiolite magmatic crystallization

nominally implicates spontaneous SI'”"

, in which a cooler, denser lower plate sinks into the
mantle beneath a hotter, thinner, younger upper plate, causing asthenospheric upwelling that
conductively heats the slab-mantle interface> % °. However, purely conductive heating contrasts
with the exceptionally brief high-7 temperatures and cooling, as well as the short length-scales of
sole metamorphism. To investigate heating mechanisms and subduction/exhumation rates that
satisfy the P-T-¢ and length-scale constraints, we constructed a 2-D thermal-kinematic model of
the nascent Samail subduction interface (Text S3; Fig. S14). Our calculation demonstrates that
thrusting a ~150 Ma slab beneath a ~2 Ma oceanic upper plate should result in peak P-T
conditions matching those in the Samail sole, but with conductive heat transfer into the slab over
~5—11 km distances given the requisite convergence velocities (2—4 cm/yr). Even considering
reasonable attenuation magnitudes, such length scales far exceed those observed for granulite-
facies sole metamorphism at the studied outcrops (~5 m). Further, the observed rapid high-T
cooling (100-200 °C/Myr at 7>600°C) would require plate-rate exhumation (1-2 cm/yr), which
is unlikely given the lack of significant exhumation during initial cooling®”*® and the limited
buoyancy of the garnet amphibolites'?.

We contend that the rapid heating, cooling, and meter-scale metamorphic aureole indicate

a transient heat source along the slab-top interface during the highest-7 portion of nascent
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subduction. Frictional or viscous heat dissipation driven by relative motion across the slab-
mantle interface addresses numerous observations that cannot be satisfied by other models. Like
those in Oman, thermal gradients on the order of ~100°C/km are expected to develop
perpendicular to the subduction interface during shear heating®’. As heat generation is
inextricably linked to deformation, migration of the primary deformation plane (or planar
interval) during subduction would account for the generation of cross-cutting tonalitic melts from

underlying metabasalts and metasediments'? !4

as well as the rapid cooling rates. Estimates of
the potential contribution of dissipative heating to sole metamorphism can be obtained from a
scaling analysis*® (Text S3; Fig. S15): for a ~1—-10 m thick shear zone at 30 km depth, an initial
temperature of 600°C, 2-4 cm/yr convergence velocities, and rock viscosities ~10%° Pa-s, the
shear heating fractional contribution to the thermal budget of the shear zone varies from 30-90%.
These results demonstrate that shear heating could have contributed a significant portion of heat
along the high-T portion of the metamorphic path. Further, the migration of the principal shear
zone from above to below sole rocks provides a parsimonious explanation for the rapid cooling
rates required at T>600°C (Fig. 6), as such cooling would occur at a constant depth?’.

The role of shear heating in metamorphic soles could help explain why soles globally
exhibit similar high-7 conditions in their topmost portions even with highly variable lower and
upper plate ages at the time of SI'**°, which should have a measurable effect on their resulting P-
T conditions. Such transient, deformation-related effects would also explain why P-T conditions
of metamorphic soles deviate so significantly from any long-term subduction thermal field.

Future work should perform similar high-resolution P-7-¢ work to quantify how much of the sole

thermal structure during SI is preserved during the transition to mature subduction.
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Figure Captions

Figure 1: Geological map and sample textures. A) Tectonic sketch map of the Samail
Ophiolite divided into crustal, mantle, and metamorphic sole; sample locations for this study are
marked by the yellow-outlined orange star. Figure modified from ref. . B)-C) Garnet crystals
from samples 130JGWT15 (Wadi Tayin; B) and 171213J02 (Hammabh; C) that exhibit
prograde-to-peak mineralogical and chemical zoning. The locations of chemical maps in Fig. 2

are outlined in black (EPMA) and white (LA-ICPMS).

Figure 2: Garnet chemical maps and transect locations. Electron-probe microanalysis
(EPMA) X-ray maps of Mg (A, E) and Mn (B, F), and laser-ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) maps of Lu (C, G) and Cr (D, H) for the garnets shown in Fig.
1b-c. Chemical transects that were modeled for diffusive relaxation timescales (Figs. 3-4) are

shown as white lines.

Figure 3: Garnet major-element speedometry. Major-element data (+2c) from sample WT15
used for diffusion modelling (top) with an accompanying diffusion speedometry model based on
the diffusion parameters from ref. 37 (bottom). See Methods for additional details, as well as

Figure S4 for models based on other literature diffusion parameters.

Figure 4: Garnet Lu diffusion speedometry. Garnet trace-element transects (A-C) and
diffusion speedometry model calculations (D-F) for the profiles shown graphically in Fig. 2.

These calculations were performed using the online version of the Diffuser software*®, for three
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different sets of experimentally measured diffusion parameters, and assuming isothermal, peak-7

conditions. Lu error bars in all panels are two standard errors of the mean (2SE).

Figure 5: Lu-Hf and U-Pb isotopic data. A) New solution Lu-Hf isotopic data from Hammah
sample 171213J02 (red = garnet, blue = whole-rock), previously published zircon LA-ICPMS
Lu-Hf data from the same sample (yellow) #, and previously published solution Lu-Hf data from
Guilmette et al. * (gray). Errors (20) are smaller than symbols for all data. B) Zoomed-in view
of previously published zircon Lu-Hf isotopic data (+20) from sample J02!4. Brown zircon data
have elevated HREE consistent with zircon growth prior to or synchronously with garnet,
whereas yellow data have lower HREE consistent with growth during or after garnet
crystallization. Two isochrons including the garnet and whole-rock data (near-horizontal due to
expanded scale) are shown for reference, one (black) including the zircon data and the other
(gray) excluding these data; note that even the zircon-free isochron passes through the zircon

data. C) TIMS U-Pb isotopic data (+26) from the same zircons shown in (B)'*.

Figure 6: Thermal histories of the Samail sole. Two possible 7-¢ trajectories for the uppermost
Samail sole at Wadi Tayin and Hammah, using the integrated sum of Lu diffusion in garnet
(profiles in Fig. 4d-f), accounting for both heating and cooling paths, assuming either the fastest
(blue) or slowest (red) possible Lu diffusion mechanisms in garnet*!, and incorporating other

relevant 7-¢ data (as discussed in the main text).
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METHODS

Electron probe microanalysis (EPMA). Garnet major-element compositional maps and spot
transects for samples 130JGWT15 and 171213J02 were collected using a Cameca SX-5 electron
microprobe at the Materials Characterization Laboratory, Penn State. All samples were analyzed
in thin section. Natural and synthetic mineral samples were used as reference materials. Garnet
X-ray maps (Al, Ca, Cr, Fe, K, Mg, Mn, Na, Si, Ti) were acquired on the SX-5 with an
accelerating voltage of 25 kV, a beam current of 20 nA, a focused beam, a 512x512 pixel
resolution, and a step size of 7 um (130JGWT15) or 8 um (171213J02). Locations for
quantitative garnet traverses were selected from X-ray maps. Quantitative garnet, clinopyroxene,
hornblende, and plagioclase feldspar data were collected for the same 10 elements with an
accelerating voltage of 20 kV, a beam current of 20 nA, and a focused beam. Spots with low
(<98.5%) or high totals (>101.0%) were culled from the dataset. The garnet map and quantitative
spot data were processed in XMapTools version 3.4 to yield quantified garnet major-element
maps. The quantitative data used for map calibration were also used for garnet-clinopyroxene Fe-
Mg thermometry (Fig. S3). Transect data for major-element diffusion modelling (Fig. 3; Fig. S4)
are shown in Table S2; these data were collected along a quantitative EPMA spot transect, but
profiles extracted from both EPMA and LAICPMS maps along the same line yield identical
values within uncertainty. The full suite of major-element maps is contained in Figs. S6-S7.

Garnet and clinopyroxene compositions for Fe-Mg thermometry are shown in Table S3.
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Laser-ablation inductively coupled plasma mass spectrometry (LA-ICPMS) mapping. The same
garnet grains mapped by EPMA were subsequently mapped using LA-ICPMS at the University
of Maine MicroAnalytical Geochemistry and Isotope Characterization (MAGIC) Laboratory.
The analytical setup consisted of an ESI NWR193VC laser ablation system equipped with a TV2
large format cell, coupled to an Agilent 8900 ICPMS. The mapping setup consisted of an ESI
dual concentric injector (DCI1) ICP-MS torch and 1mm ID tubing connected directly from the
laser cell to the DCI. The laser ablation aerosol was transported using He as a carrier gas with a
flow rate of 1 L/min.

Maps were acquired using a 6 x 6 um square spot rastered across the sample surface with
a scan speed of 1300 um s, beam energy density of ~4 J/cm?, and a repetition rate of 150 Hz.
Peaks were measured at >*Mg, 2’Al, **Ca, 32Cr, ¥Y, 1Dy, and !"*Lu for both maps, with the
addition of ¥*Sc for 171213J02. Time-resolved signals were processed using the Trace Elements
DRS in iolite 4. USGS basalt glass GSE-1G was used as a primary calibration material. Basalt
glass GSD-1G was run as a quality control material; measured values agree within 5% of their
GeoREM preferred values for all elements except Cr, which is within 10%. Mass fractions in
garnet were determined by applying 11.75 weight % Al as an internal standard element
(consistent with the EPMA data from the same garnets). Trace element maps were produced
using CellSpace in iolite v4°!"3; quantitative trace-element transects (Fig. 4; Tables S4-S6) were
extracted from these maps for use in diffusion modelling.

Additional spot data were collected at the Penn State LionChron facility on other
granulite-facies garnet and clinopyroxene rims from both samples for use in REE thermometry™3.

Samples were ablated in thin section using a Teledyne/Photon Machines Analyte G2 excimer



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

laser ablation system with a Helex2 ablation cell, coupled to a Thermo Scientific iCAP-RQ
ICPMS system for trace elements. The total Ar gas flow for the experiment was ~1 L/min, with
total He gas flows from the laser at 0.44 L/min. All samples were run during the same session,
with a 40 pm spot, 10 Hz repetition rate, 200 shots, and a laser fluence at the sample surface of
~3.05 J/cm?. The laser was first fired thrice with the same spot size to remove surface
contamination, and this material was allowed to wash out for 15 s. Analyses of unknowns were
bracketed by analyses of NIST SRM 612 glass®* and whole-rock glasses from the Max-Planck-
Institut™, including Gorgona Island komatiite G128-G, Kilauea basalt KL2-G, Mauna Loa basalt
ML3B-G, Alpine quartz diorite T1-G, and Mt. St. Helens andesite StHs6/80-G. KL2-G was used
as the primary reference material for all analyses. For trace-element quantification, >Si
(assuming 17.5 wt. % Si, consistent with the EPMA data) was used as an internal standard, with
measured peaks on the iCAP-RQ at 2Na, Mg, 2’Al, ¥Si, 3'P, **Ca, #*Sc, “Ti, 3!V, *2Cr, 3Mn,
57Fe, ¥Co, ONi, $3Cu, 6Zn, $Sr, ¥Y, Zr, >Nb, Mo, *'Ba, 1**La, “'Ce, '!Pr, 1Nd, '4’Sm,
133y, 157Gd, *Tb, '©*Dy, '%Ho, '%Er, 'Tm, '7>Yb, ">Lu, '8°Hf, '¥!Ta, and '*2W. Iolite version
4°% was used to corrected measured elemental intensities for baselines and instrumental drift.
Using the same methods as applied to unknowns, and treating all whole-rock glasses besides
KL2-G as secondary reference materials, this routine yielded REE values accurate to <5%. The

REE data used for thermometry are shown in Table S7.

Major and trace-element diffusion speedometry. Characteristic timescales of peak metamorphism
were estimated by forward modeling of major element diffusion through garnet. Measured
concentration profiles (e.g., Fig. S4) were compared to those calculated for radial,

multicomponent diffusion in a sphere for three independent (Fe, Mg, Mn) and one dependent
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(Ca) components®®. Our modeling approach broadly follows that of ref. *°>. We used an explicit
finite difference scheme to solve an expanded version of Fick’s second law:

X _ ii[ 2p X (Eq. S1)

ot~ rzarl Uor
in which X is a vector of garnet mole fractions, t is time, D is a matrix of interdependent
diffusion coefficients and r is radial coordinate. Garnet composition was initially specified either
side of an imposed step function located at the center of each concentration profile. Elements of
the diffusion coefficient matrix were calculated at each time step using the following expression
for ionic solutions”’:

DIX:
Di; = Di6;; — || (Df — D&a) (Eq. S2)
Zk=1 D]:Xk g

in which D;; -, are cation tracer diffusivities and §;; is Kronecker’s delta. We used the model of

Carlson 2006%7 to calculate tracer diffusion coefficients, which are a function of unit cell

dimensions, pressure and oxygen fugacity:

L Q; +PAV; 1 foz
InD; = Dg§; + Aag; — % +2n| e (Eq. S3)
02

in which @; is molar activation energy, V; is molar volume, Aay ; is the scaled product of the

difference in unit cell size between end-member i and the garnet composition®’. All calculations

were performed at 10 kbar and with ]ﬁ

02

= 1 (i.e. at graphite—oxygen equilibrium). Time

step (At) size was calculated using the Fourier mesh number (F) to ensure numerical stability:

DAt
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We used three sets of garnet diffusion parameters to calculate major element
concentration profiles: (1) the empirically-derived values from ref. 40 (left-hand column, Fig.
S4), (2) Mn, Mg and Fe parameters from ref. 41 combined with Ca parameters from ref. 42
(central column, Fig. S4), and (3) the statistically-derived parameter set from ref. 43 (right-hand
column, Fig. S4).

Trace-element (Lu) speedometry was performed using analytical solutions to the
diffusion equation, using the online version of the Diffuser software*® for MATLAB. The
inverted profiles are shown in Fig. 4d-f and contained in Tables S3-S4; the full range of results
is contained in Fig. S5. In each case, a step function was assumed as the initial case and modeled
with multiple combinations of peak temperature (700-800°C) and published garnet diffusion
parameters from multiple sources*'**. We tested three sets of experimentally determined Lu-in-
garnet diffusion parameters: i) a “fast” endmember*! most appropriate for the low Lu
concentrations in our dataset; ii) a “slow” endmember*!, which is theoretically appropriate only
for elevated (>500 ppm) REE concentrations; and iii) a suite of intermediate diffusivities*>*.
Because the slowest garnet REE diffusion mechanism is pressure-sensitive*!, its Ea was

corrected to 1 GPa for all modelling, consistent with previously published metamorphic pressure

data from the Samail metamorphic soles analyzed in this study (Fig. S3).

Lutetium-hafnium (Lu-Hf) garnet dating. Four <250 mg garnet separates were extracted from
sample 17123J02 using standard mineral separation techniques (excluding heavy liquids) at Penn
State. Whole-rock powders were generated from several ~2—4-cm sized rock fragments using
alumina crushing equipment and ceramic-lined grinding containers in a SPEX mixer mill at

Franklin and Marshall University. Chemical dissolution, ion-exchange chromatography, and
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radiogenic isotope measurements were performed at the Radiogenic Isotope and Geochronology
Laboratory at Washington State University using a Neptune Plus MC-ICP-MS, using the
methods outlined in ref. °8. All isochron calculations were performed using Isoplot> and checked
for consistency in IsoplotR® with ALu = 1.867 x 10! yr'! (ref. ®!). eHf was calculated using
chondritic uniform reservoir (CHUR) parameters from ref. ® ("7°Hf/!""Hfcrnur = 0.282785 +
0.000011, "°Lu/"""Hfcrur = 0.0336 & 0.0001). Previously published zircon Lu-Hf isotopic data
for the same sample'* were also included and compared to the solution data. The final Lu-Hf

data, calculated date(s), and ¢Hf are shown in Table S1.

Data Availability Statement
All data supporting the conclusions in this study (Tables S1-S7) are freely available online at

doi:10.17605/OSF.I0/ZNT7S (ref. ).
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