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Abstract

Incorporation of rare earth elements (REE) in garnet enables garnet chronol-

ogy (Sm-Nd, Lu-Hf), and imparts a garnet-stable signature on cogenetic

phases, which allows petrochronology and general petrogenetic tracing of gar-

net stability in minerals and melts. Constraints on the uptake and redistribu-

tion mechanisms, as well as on the diffusive behaviour of REE in garnet are

required for allowing accurate interpretation of REE signatures and ages. Gar-

net REE profiles are often measured to gain insight into the nature and cause

of REE zoning. Interpretation of such profiles is nevertheless complicated by

poor constraints on the extent of diffusive relaxation. This is especially relevant

for Lu, which, according to experiments, has a relatively high diffusivity and

thus may re-equilibrate with possible consequences for Lu-Hf chronology. To

provide new insight into the REE systematics of garnet, we applied quantita-

tive trace-element mapping of garnet grains from metamorphic rocks that

record peak temperatures above 750�C and cooling rates as low as 1.5�C Ma�1.

Garnet in all samples preserves Rayleigh-type or oscillatory growth zoning

with sharply defined interfacial angles that match the garnet habit. Re-

equilibration of REE compositions appears restricted to domains with nebu-

lous and patchy zoning, which likely form by interface-coupled dissolution

and re-precipitation reactions mediated by fluids or melts, rather than REE

volume diffusion. The possible effect of Lu diffusion in the analysed grains

was investigated by comparing the observations to the results from 2D numeri-

cal modelling using Lu diffusivities from recent diffusion experiments. This

test indicates that Lu diffuses significantly slower in natural garnet than exper-

iments predict. The retentiveness of REE in garnet demonstrates the reliability

of REE signatures in magmatic tracing and petrochronology and establishes

Lu-Hf chronology as a robust means of dating garnet growth and recrystalliza-

tion in metamorphic rocks, including those that underwent high- or ultrahigh-

temperature conditions.
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1 | INTRODUCTION

Garnet is the most important petrogenetic indicator min-
eral in the Earth’s crust and mantle and can trace tectonic
and magmatic processes through its ability to record pres-
sure (P), temperature (T), chemical conditions, and time.
Almandine-, pyrope-, and spessartine-type garnet, which
are the most common garnet varieties in most geological
systems, have relatively high partition coefficients for
heavy REE (Tb-Lu; HREE) and some middle REE (Nd-Gd;
MREE). As such, the concentrations of these elements in
rocks and minerals can indicate whether, when, and
under which physico-chemical conditions garnet was sta-
ble in a given system. For instance, the REE patterns of
magmatic rocks can be used to test for residual garnet in
the source and thus high melting pressure, whereas in
metamorphic rocks, they can help trace garnet-forming
and consuming reactions, enabling the reconstruction of
metamorphic histories (e.g., Hickmott et al., 1987; Pyle &
Spear, 2000; Konrad-Schmolke et al., 2008; Moore
et al., 2013; George et al., 2018; Konrad-Schmolke
et al., 2022). Petrogenetic linkage using REE provides the
foundation for the indirect dating of garnet growth and
recrystallization via micro-analysis of accessory minerals
that are suitable for chronometry, for example, monazite
and zircon. The partition coefficients for HREE between
these phases have been quantitatively constrained
(Hermann & Rubatto, 2003; Rubatto & Hermann, 2007;
Taylor et al., 2015). Linking ages of accessory minerals to
garnet growth using such constraints has become common
practice in the tectonic analysis of orogenic belts
(e.g., Foster et al., 2004; Holder et al., 2015; Kohn
et al., 2005; Larson et al., 2013; Regis et al., 2016; Warren
et al., 2019). The compositions and zoning for REE, as well
as other elements that are used as chemical tracers for spe-
cific mineral reactions (e.g., P, Cr, Ti, and Zr), provide an
opportunity to investigate the petrological history of rocks.
However, interpreting these compositional records is not
trivial. Growth zoning can reflect Rayleigh fractionation
during growth, with compositional changes reflecting
changes in garnet growth rate, element supply and uptake
by cogenetic minerals, and the kinetics of element trans-
port in the intergranular medium (Carlson, 2012; George
et al., 2018; Hollister, 1966; Konrad-Schmolke et al., 2008;
Otamendi et al., 2002; Skora et al., 2006). The primary

zoning may be locally modified or truncated by interface-
coupled dissolution-reprecipitation, both statically and
during deformation (e.g., Ague & Axler, 2016; Smit
et al., 2011). Superimposed on all of these features may be
the effects of diffusive zoning relaxation. Constraints on
REE diffusivity in garnet are required to properly assess
the effects of this process on garnet REE compositions
and zoning, on rock-wide REE (re-)distribution, and on
Sm-Nd and Lu-Hf ages. An extensive effort has been
invested in experimentally constraining REE diffusivity in
garnet (DREE; e.g., Ganguly et al., 1998; van Orman
et al., 2002; Tirone et al., 2005; Bloch et al., 2015, 2020).
Estimates of D for a given REE at a given T can differ by
orders of magnitude between studies. These differences
may reflect differences in experimental design—different
measurement techniques, oxygen fugacity and garnet
composition—but may also indicate different rate-
limiting mechanisms at different physical or chemical
conditions. Among the extremes is a ‘fast’ diffusion
mechanism, which was detected in a recent diffusion
experiment run at 1 atm and is associated with diffusiv-
ities that are at least two orders of magnitude higher at
geologically relevant temperatures than those constrained
in most other experiments (Bloch et al., 2020). An experi-
ment run at 1 GPa in the same study indicates signifi-
cantly more sluggish diffusion at high pressure. The ‘fast’
mechanism was nevertheless suggested to be of signifi-
cance at any P less than 1 GPa and thus to apply in many
metamorphosed rocks (Bloch et al., 2020). Diffusion
modelling of major- and trace-element zoning in garnet
xenocrysts in granodiorite (�0.3 GPa) provides no indica-
tion for this ‘fast’ mechanism (Devoir et al., 2021).
Whether this means that this mechanism unilaterally
does not occur in natural garnet, or whether this particu-
lar case provides an exception to a rule is not clear.
Observations made from natural garnet generally indicate
that REE diffusion in natural garnet is relatively sluggish.
Garnet that has undergone long-lived thermal overprint-
ing during high and ultrahigh-temperature (HT; UHT)
metamorphism commonly preserves strong REE zoning
(e.g., Carlson, 2012; Cutts & Smit, 2018; Guilmette
et al., 2018; Guilmette et al., 2023; Pownall et al., 2019;
Pyle & Spear, 2000; Rubatto et al., 2020; Smit,
Ratschbacher, et al., 2014). Estimates of REE diffusivities
constrained from diffusion zoning in natural garnet are
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lower than those determined in most experiments
(Carlson, 2012) and are approximated only by REE
diffusivities determined in a high-pressure diffusion
experiment (van Orman et al., 2002).

The uncertainty regarding REE diffusivity poses a sub-
stantial issue in garnet geochronology, especially for the
Lu-Hf system where the parent element (Lu) has a higher
diffusivity than the daughter element (Hf). Changes in the
Lu budget of garnet as a result of diffusive Lu exchange
with the matrix could affect age systematics, potentially
causing Lu-Hf isochrons that are associated with elevated
mean squared weighted deviation (MSWD) values, and
imprecise and spurious ages (Bloch et al., 2020; Bloch &
Ganguly, 2015; Kohn, 2009). The degree to which such
effects are reflected in global Lu-Hf data is not clear; nei-
ther MSWD nor age uncertainties are necessarily higher
for higher-temperature metamorphic rocks (Figure 1).
With no clear exception, and regardless of rock composi-
tion, mineral assemblage or metamorphic grade, Lu-Hf
garnet ages are similar to, or older than, the accessory
mineral U–Pb ages that are interpreted to date peak meta-
morphism (Figure 1b). The data thus do not reflect down-
skewing of Lu-Hf ages, as predicted for garnet-
clinopyroxene assemblages (Bloch et al., 2015), and in fact
can be readily interpreted to reflect the nature of garnet as
a prograde mineral that typically forms earlier in the pet-
rogenetic history of metamorphic rocks than zircon or
monazite (e.g., Anczkiewicz et al., 2007; Godet et al., 2021;
Guilmette et al., 2018; Guilmette et al., 2023; Smit, Hacker,
& Lee, 2014) and may even retain age information on
metamorphic events that accessory minerals appear to
have missed (e.g., Lihter et al., 2022; Thiessen et al., 2019).
Although these data generally indicate the robustness of
Lu-Hf ages, they do not exclude that Lu diffusion affects
such ages in individual cases. Testing for the effects of Lu
zoning in given cases relies on the interpretation of Lu
zoning. Such interpretation, however, is often inconclu-
sive, because different processes may lead to the same zon-
ing. Kinetic limitations to REE supply in the matrix during
growth may, for instance, produce smooth compositional
zoning (e.g., Skora et al., 2006) that could easily be misin-
terpreted to indicate an arbitrary amount of diffusive relax-
ation. Interpretations of Lu zoning as growth zoning
(e.g., Cutts & Smit, 2018; Johnson et al., 2018; Thiessen
et al., 2019) may reasonably be questioned because
initial Lu concentrations can never be known (Bloch
et al., 2020). By the same argument, however, smooth or
absent REE zoning (e.g., Ibañez-Mejia et al., 2018; Johnson
et al., 2018), which may be interpreted as ‘essentially
homogenized’ (Bloch et al., 2020), may still be primary.
Examples where cogenetic garnet grains from the same
terrane (Lihter et al., 2022) or even the same outcrop
(Cutts et al., 2020) show vastly different REE zoning—very

strong versus smooth and seemingly re-homogenized—
capture the essence of this conundrum.

Trace-element mapping of metamorphosed garnet pro-
vides an avenue for investigating REE systematics in gar-
net because it reveals features of REE zoning that, in only
one dimension, might remain undetected. Specifically, this
technique allows more reliable interpretation of zoning,
even in cases where compositional gradients along core-
to-rim profiles are relatively smooth. For instance, concen-
tric growth zoning may mimic the garnet habit, preserving
sharply defined interfacial angles, whereas diffusive
relaxation would round off the corners of such zoning and
may further perturb original zoning during resorption.

F I GURE 1 Lu-Hf garnet data collected during the past decade

by a single operator in three laboratories using the same analytical

protocol. (a) Lu-Hf age uncertainty as a function of maximum garnet
176Lu/177Hf. Rocks of higher metamorphic grade do not show

systematically higher uncertainty, as would be expected in the case

of diffusion-induced age skewing. Instead, age uncertainties broadly

correlate with 176Lu/177Hfmax, with additional uncertainty likely

caused by true geologic scatter. (b) The difference between the Lu-Hf

age of garnet and the peak-metamorphic age inferred from accessory

mineral U–Pb (ΔAgeU–PbLu-Hf) as a function of MSWD to test

whether systematic age differences occur for rocks of different grade

or composition. In all cases, samples of different composition and

grade show the same characteristic scatter and differences to U–Pb
age data, providing no systematic indication for any T- or

composition-controlled age skewing from Lu diffusion.
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Mapping of REE in garnet has long posed an analytical
challenge because electron-probe micro-analysers are not
sensitive enough. This issue is now overcome through
innovations in laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS), for example, two-volume
ablation cells with sub-second aerosol evacuation, and
improved analytical and data-reduction strategies. Trace-
element concentrations can now be mapped at the parts-
per-million level and micron-scale spatial resolution,
providing a new avenue for investigating garnet growth
and element uptake (e.g., Gaidies et al., 2021; George
et al., 2018; Guilmette et al., 2018; Raimondo et al., 2017;
Rubatto et al., 2020). In this study, this analytical approach
is used to obtain trace-element maps for garnet grains in
various HT metamorphic rocks. Specific focus is on the
REE, as well as Cr, which is relatively immobile in garnet
and hence may serve as benchmark for detecting growth
zoning (Carlson, 2012; Martin, 2009). The analysed samples
include a slowly cooled Neoarchean felsic granulite from
the Pikwitonei Granulite Domain, SW Superior Province
(Manitoba, Canada), a Caledonian ultrahigh-pressure mig-
matite from the Western Gneiss Complex, W. Norway, a
clinopyroxene-garnet granulite from the metamorphic
sole of the Semail Ophiolite in Oman, and a mafic granu-
lite from one of the world’s largest core complexes,
exposed in the Pamir, Tajikistan. Each of these samples
records a thermal history that is on the extreme end of
what is known for crustal settings. To investigate the dif-
ferences between expected and observed REE zoning in
these grains, we compared the results from these maps to
those from the numerical modelling of element diffusion
in two-dimensional space. The results yield new insight
into the diffusive behaviour of REE in garnet and the dif-
ferences in REE diffusivity between nature and experi-
ment. In doing so, the results improve the usefulness of
garnet as a tool in the investigation of igneous and meta-
morphic rocks by (1) allowing more effective use of REE
compositions in garnet in solving petrological histories,
(2) improving our ability to link garnet and accessory
minerals through REE for the purpose of petrochronol-
ogy, and (3) facilitating a more reliable interpretation of
garnet Lu-Hf and Sm-Nd ages.

2 | GEOLOGICAL SETTING AND
SAMPLE DESCRIPTIONS

2.1 | Felsic granulite 407—Pikwitonei
Granulite Domain (Manitoba, Canada)

The Pikwitonei Granulite Domain (PGD) represents the
highest-grade part of a section across the Archean base-
ment of the NW Superior Province, Manitoba, Canada.

To the north and west, the PGD is enveloped by the
Thompson Nickel Belt. This structure is part of a network
of lithosphere-scale shear zones of the Trans-Hudson
Orogen, which separates the Superior and Hearne
Cratons. The Thompson Nickel Belt contains 1.88 to
1.86 Ga mafic and ultramafic intrusions with associated
Ni-Cu-PGE mineralization, which were subjected to
amphibolite facies metamorphism and deformation at
c. 1.76 Ga (Scoates et al., 2017). To the southwest, the
PGD borders the Oxford-Stull Domain of the North
Caribou Superterrane, which is dominated by 3.0 to
2.9 Ga basement granitoids with infolded greenstone
belts, all typically metamorphosed at amphibolite facies
conditions (Percival et al., 2006). The PGD is set in the
Northern Superior superterrane, which consists of
c. 3.5 Ga orthogneiss and granites, and 3.2 to 3.1 Ga
tonalite-trondhjemite-granodiorite complexes. The PGD
records increasing peak-metamorphic conditions, from
�760�C and 0.8 GPa at the boundary with the
Oxford-Stull Domain to over 900�C and 0.9 GPa in the
highest-grade west and northwest areas, with no visible
tectonic breaks (Guevara et al., 2020; Kooijman
et al., 2012; Mezger et al., 1990; Weber & Scoates, 1978).
Early metamorphism is recorded by c. 2.716 Ga zircon
growth in mafic granulites in the western PGD (Heaman
et al., 2011) and c. 2.71 Ga garnet growth in the east
(Mezger et al., 1989a; Smit et al., 2013a). This episode
was the start of a long-lived metamorphic history, involv-
ing several episodes of zircon growth, most prominently
at c. 2.695, 2.675, and 2.640 Ga (Guevara et al., 2020;
Heaman et al., 2011; Mezger et al., 1989a), with the sec-
ond of these most likely dating peak granulite facies
metamorphism. At Cauchon Lake, metamorphism and
migmatization occurred at c. 2.640 Ga, as indicated by
high-precision U–Pb analysis of inclusions in garnet
within leucocratic segregations in a migmatite and zircon
in amphibolite-hosted leucosomes (Heaman et al., 2011;
Mezger et al., 1989a). Peak metamorphism of rocks just
beyond, that is, northwest of, the orthopyroxene-in iso-
grad occurred at �760�C and 0.70–0.75 GPa at c. 2.64 Ga
(Kooijman et al., 2012; Mezger et al., 1990), indicating
that granulites in this domain underwent at least 70 mil-
lion years of HT metamorphism. Following the intrusion
of biotite granites and late pegmatites in the wake of this
last metamorphic episode (Mezger et al., 1989a), the PGD
underwent a long history of cooling. Rutile U–Pb dating
by conventional whole-grain analysis and by LA-ICPMS
indicates cooling through �500�C at 2.35 Ga in the
Cauchon Lake area and at c. 2.25 Ga in the higher grade
northwestern PGD (Kooijman et al., 2010; Mezger
et al., 1989b). These constraints indicate extremely slow,
presumably erosion-driven exhumation and cooling at
average rates of 0.5–2.2�C Ma�1.

4 SMIT ET AL.
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Sample 407 was collected northwest of the orthopyrox-
ene-in isograd at Cauchon Lake (55�27011.6600N,
11�19051.8500E; Smit et al., 2013a). The sample is a
felsic migmatite, comprising biotite-, plagioclase-, and
quartz-bearing melanosomes interlayered with garnet-,
sanidine-, and quartz-dominated leucosomes (Figure 2a).
Inclusions in garnet comprise a variety of prograde- to
peak-metamorphic minerals, including hercynite, cordier-
ite, and accessory plagioclase, zircon, rutile, and monazite.
Garnet formed as a restitic phase from biotite-dehydration
melting reactions that consumed cordierite during pro-
grade metamorphism at �650�C and subsequently under-
went peak temperatures of �760�C (Kooijman et al., 2012;
Smit et al., 2013b). Garnet exhibits a large grain-size range
(radii �0.2–5 mm). This study focuses on one of the larger
grains from this sample (r = 2 mm, grain X of Smit
et al., 2013b). The grain exhibits a relatively homogeneous
major-element composition of alm49-63prp35-47grs3-6sps1
(alm = almandine; prp = pyrope; grs = grossular;
sps = spessartine; numbers indicate end-member mol%).
The MgO concentration increases gradually from core to

rim, whereas FeO is homogeneous; CaO concentrations
decrease, first steadily and then with a steeper gradient
towards the rim—features that are attributed to wide-
spread diffusive relaxation (Smit et al., 2013b). Trace-
element spot analysis by LA-ICPMS showed bell-shaped
HREE zoning throughout grains or, in larger grains, show
such zoning around a compositionally homogeneous core
(Smit et al., 2013a). For REE from Lu to Nd, the maximum
REE concentrations of grain cores decreases, and the
width of the compositional core increases, as is typical of
Rayleigh distillation (Hollister, 1966; Otamendi
et al., 2002). The HREE concentrations are lowest 0.5 mm
from grain rims, increasing to rim compositions, which
are identical among grains of different size.

2.2 | Felsic migmatite EK2-1—Western
Gneiss Complex, Western Norway

Sample EK2-1 is from the Western Gneiss Complex
(WGC), which exposes the high- to ultrahigh pressure
(HP; UHP) continental crust of former Baltica. Most of the

F I GURE 2 Plane polarized-light images of the samples analysed in this study: (a) Pikwitonei Granulite Domain sample 407,

(b) Western Gneiss Complex migmatite EK2-1, (c) Semail Ophiolite sole sample SU-03A, and (d) Shakhdara dome sample 6829B3.

Abbreviations: bt = biotite, hbl = hornblende, cpx = clinopyroxene, ilm = ilmenite, Kfs = K-feldspar, pl = plagioclase, qtz = quartz.
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WGC comprises orthogneiss derived from c. 1.6 or 1.0 Ga
granite, granodiorite or diorite protoliths. These rocks
include discrete bodies of mafic and ultramafic rocks,
including gabbro, peridotite, and websterite. Eclogites—
some orthopyroxene-bearing (Carswell et al., 2003), others
bi-mineralic or more aluminous, containing kyanite or
zoisite—occur throughout the WGC and represent the (U)
HP equivalents of gabbro and basalt. The (U)HP mineral
indicators and phase assemblages in these rocks indicate
an increasing metamorphic gradient in the WGC from
amphibolite facies conditions in the east and southeast to
(U)HP conditions in the west, peaking in three seemingly
discrete UHP domains. Well over three decades of chro-
nology have detailed the Caledonian history of the WGC
(e.g., Carswell et al., 2003; Corfu et al., 2014; Cutts &
Smit, 2018; DesOrmeau et al., 2015; Holder et al., 2015;
Kylander-Clark et al., 2007; Terry et al., 2000). The (U)HP
metamorphism occurred during the Scandian orogenic
episode (420–400 Ma), when the hyper-extended Baltic
margin collided with—and was buried beneath—
Laurentia (Carswell et al., 2003; Cutts & Smit, 2018;
Griffin & Brueckner, 1980; Kylander-Clark et al., 2007;
Mørk & Mearns, 1986). This stage was the culmination
of a long (100 Ma) orogenic cycle, in which the
Iapetus Ocean between Laurentia and Baltica closed,
deforming the margins of the two cratons and intervening
terranes (Brueckner & van Roermund, 2004; Hacker &
Gans, 2005).

Sample EK2–1 is from the Vågholm quarry on Fjørtoft
Island. The island is located in the Nordøyane-Moldefjord
UHP domain, which is among the highest-grade domains
in the WGC. Peak P–T conditions for this sample were
estimated at �3.3 GPa and 820�C (Terry et al., 2000), con-
sistent with observed coesite and polycrystalline quartz
pseudomorphs (Wain, 1997). Zircon and monazite U-(Th-)
Pb chronology provided a complex age record, with abun-
dance peaks at 2.8–2.5, 1.5–1.3, and 1.1–0.95 Ga, as well as
between 540 and 520 Ma and 460–375 Ma. Among the lat-
ter, peaks occur at c. 450, 425, 415, 408, and 395 Ma
(Holder et al., 2015; Terry et al., 2000; Tual et al., 2022;
Walczak et al., 2019), with the earlier ages commonly
recorded by accessory mineral inclusions in garnet. Garnet
Lu-Hf chronology on EK2–1 provided an age of
422 ± 2 Ma (MSWD = 1.3; Tual et al., 2022). This is iden-
tical to the age at which zircon and monazite show REE
patterns indicative of equilibration with the strongly zoned
garnet; it also resembles the Lu-Hf garnet age obtained for
an eclogite pod included within the migmatites (418
± 3 Ma; unpublished data). In-situ Lu-Hf chronology
using LA-ICPMS/MS showed that some grains retain Sve-
conorwegian (c. 1.04 Ga) relict cores and zones (Simpson
et al., 2021; Tamblyn et al., 2021). The rock likely repre-
sents a Sveconorwegian granulite that was repeatedly

overprinted and deformed, and ultimately partially molten
during a Caledonian orogenic cycle that lasted at least
60 million years. Late-stage melting and deformation is
recorded until c. 375 Ma by HREE-poor monazite (Terry
et al., 2000; Walczak et al., 2019), which coincides with the
approximate timing of cooling below �500�C in this part
of the WGC (Cutts et al., 2019; Root et al., 2005). Cooling
rates would have been �20�C Ma�1, assuming that HT
conditions persisted until 395 Ma (Terry et al., 2000).

Sample EK2-1 is a layered blastomylonite with
foliation-parallel bands of leucosome and melanosome
bands alternating on a mm- to cm-scale (Figure 2b). The
leucosomes comprise plagioclase and quartz, with minor
garnet, kyanite, and biotite, whereas the melanosomes
comprise the same assemblage, but with quartz and pla-
gioclase in lower modal abundance. Both types of layers
contain accessory zircon, monazite and rutile. Garnet
grains throughout the rock are generally 2 mm or less in
diameter, but are locally up to 5 cm in leucosomes. Large
grains commonly contain exsolved rutile needles in their
cores, and are rich in inclusions, especially in their rims.
The inclusions comprise biotite, apatite, rutile, quartz,
kyanite, zoisite, sulfides, graphite, fluids, and polymi-
neralic assemblages dominated by sanidine, biotite, and
quartz. The rims are poikiloblastic, containing abundant
inclusions of quartz and minor sanidine, biotite, and sul-
fides. Garnet typically shows relatively smooth major-
element zoning with compositionally different cores and
rims separated by smooth compositional changes. The
inclusion-rich poikiloblastic rims show patchy irregular
zoning and are compositionally distinct from other gar-
net domains, again separated by smooth zoning transi-
tions (e.g., Tamblyn et al., 2021). Line profiles and maps
of REE concentration in garnet grains from the Fjørtoft
migmatites show distinct differences in the concentra-
tions and zoning between poikiloblastic and inclusion-
poor garnet domains (Tual et al., 2022). Poikiloblastic
garnet is typically HREE-poor and shows nebulous zon-
ing with no clear core-rim relationships; these domains
are interpreted as having (re-)equilibrated in the presence
of melt (Tual et al., 2022). Non-poikiloblastic garnet
grains or grain domains preserve concentric zoning
that consists of distinct subdomains. Although HREE
concentrations are highest in the core, one or more
HREE-enriched annuli are typically present (Simpson
et al., 2021; Tamblyn et al., 2021; Tual et al., 2022).

2.3 | Mafic granulite SU03A—Semail
Ophiolite (Oman)

Garnet was investigated in a sample from the high-grade
upper part of the metamorphic sole of the Semail
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Ophiolite, exposed in the Sultanate of Oman and
United Arab Emirates. The Semail Ophiolite represents
the upper plate of a fossil nascent subduction zone, sepa-
rated from lower-plate clastic sediments by a series of
thrust slices and the Semail Thrust, which accommo-
dated subduction and exhumation of the thrust slices
during ophiolite obduction (Searle & Cox, 1999; Searle &
Malpas, 1980; Soret et al., 2017). Peak metamorphic con-
ditions across the sole range from �500�C and 0.5 GPa to
�850�C and 0.8 GPa; the increase is discontinuous,
marking differences between thrust slices (Searle &
Cox, 1999; Soret et al., 2017). The oceanic lithosphere
above the Semail Thrust is generally interpreted to have
formed in a very short interval between c. 96.3 and
95.5 Ma, as indicated by high-precision U–Pb dating of
zircon from gabbros, trondhjemites, and plagiogranites
(Rioux et al., 2013). The 40Ar/39Ar dates from hornblende
in the metamorphic sole exposed at both the Wadi Tayyin
and Wadi Sumeini type localities record cooling
below �525�C at 93–92 Ma, indicating exhumation
within a few million years after ophiolite formation
(Hacker, 1994). Older ages have long been recognized in
Semail, but are typically not interpreted in the context of
the burial and exhumation cycle of the ophiolite;
c. 112 Ma zircon U–Pb ages from gabbros close to the
upper-plate Moho were interpreted to represent xeno-
crysts, 107–102 Ma zircon U–Pb ages from metapelites
from the metamorphic sole were considered as detrital
component (Garber et al., 2020, although see Soret
et al., 2022), and hornblende 40Ar/39Ar ages older than
the main cluster at 93–92 Ma were, at least in part,
attributed to extraneous 40Ar (Hacker, 1994; Hacker
et al., 1996). Early sole metamorphism was nevertheless
indicated by 3 consistent garnet Lu-Hf ages of c. 104 Ma,
which were obtained for garnet-clinopyroxene granulite
relics in amphibolites from the highest-grade part
(c. 800�C, 1.2 GPa) of the metamorphic sole at Wadi
Tayyin and Wadi Sumeini (Guilmette et al., 2018). Garnet
from amphibolites in a metasediment-bearing unit within
the sole, as well as from clinopyroxene-bearing rocks,
yielded younger Lu-Hf ages (c. 96 Ma; Garber et al., 2020,
2023). These ages were taken as a means to scrutinize the
geological significance of the older Lu-Hf ages (Garber
et al., 2020, 2023). Whether direct comparison is war-
ranted nevertheless is doubtful, given that garnet from
the higher-grade sample was significantly resorbed and
potentially recrystallized (Garber et al., 2023), and garnet
in the amphibolite represents a lower-grade thrust slice
that records markedly lower peak P–T conditions than
the granulites (c. 670�C, 0.8 GPa; Garber et al., 2020); the
sole comprises different thrust slices with different
histories (Soret et al., 2017). Both titanite U–Pb ages from
sole amphibolites and monazite U-Th-Pb ages from

metasedimentary rocks independently confirm an early
onset of prograde metamorphism (>100 Ma) and further
illustrate that sole metamorphism is not a single-stage
process that affected all units at the same time (Soret
et al., 2022). Zircon from felsic segregations within mafic
granulites record peak-T metamorphism at suprasolidus
conditions between 96.2 and 94.5 Ma, whereas titanite
U–Pb dating shows that the rocks then exhumed and
cooled to 500�C by 92.6 Ma, consistent with the 40Ar/39Ar
age from sole hornblende (Guilmette et al., 2018; Hacker
et al., 1996). There is no geological evidence for intermit-
tent cooling between garnet growth and the occurrence
of suprasolidus conditions, indicating that the sole
granulites record a continuous P–T–t history, involving
c. 12 million years of HT metamorphism followed
by exhumation and cooling at an average rate of
�70�C Ma�1.

Sample SU-03A is from Wadi Sumeini and comprises
mafic granulite relics in a tectonized hornblende-
plagioclase matrix. The relics comprise an assemblage of
garnet, diopside and plagioclase, with accessory titanite,
ilmenite, apatite, and zircon. The analysed garnet grain is
relatively large (>1 mm) and poikiloblastic (Figure 2c;
see also fig. 3a of Guilmette et al., 2018). It comprises a
high-CaO core containing titanite surrounded by an
inclusion-rich mantle in which MgO and FeO increase
steadily towards the rims. The mantle contains ilmenite,
as well as polyphase inclusions interpreted as former
melt inclusions, and is surrounded by a relatively
inclusion-poor rim that is compositionally similar to the
outermost mantle (Guilmette et al., 2018). Trace-element
mapping of the grain showed that the core and mantle
are relatively enriched in HREE. The rim exhibits well-
developed oscillatory zoning, with HREE concentrations
generally increasing towards the grain boundary. The
zoning as well as the topology of the mantle-rim and rim-
matrix boundaries are similar around the circumference
of the entire grain, indicating that the rim developed at a
(near-)constant growth rate in all directions away from
the core.

2.4 | Mafic granulite 6829B3—Shakhdara
Dome, Tajikistan

Sample 6829B3 is from the centre of the Shakhdara
Dome in the South Pamir, Tajikistan. This dome is the
largest in a series of core complexes that developed in
the wake of the India-Asia collision (e.g., Hacker
et al., 2017; Schmidt et al., 2011; Stearns et al., 2013;
Stearns et al., 2015; Stübner et al., 2013, 2013). Prograde
metamorphism occurred as a result of collision-induced
tectonic thickening, which was underway by c. 44 Ma in
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the lower and middle crust of the Shakhdara Dome, and
by c. 35–27 Ma in the domes to the north and northeast
(Hacker et al., 2017; Smit et al., 2014a; Stearns
et al., 2015). The Lu-Hf ages of garnet (41–38 Ma) from
lower crustal felsic granulite xenoliths found in ultrapo-
tassic pipes east of the Shakhdara Dome, as well as
U-(Th-)Pb ages of zircon and monazite inclusions hosted
by xenolith garnet (42–37 Ma; Kooijman et al., 2017) are
similar to garnet ages from mafic to felsic granulites of
different composition in the Shakhdara Dome (c. 37 Ma;
Smit et al., 2014a; Tual et al., 2022). The similarity in the
Lu-Hf ages, in spite of differences in rock type, REE zon-
ing, and location (within vs. outside the Shakhdara
Dome) indicates rapid synchronous garnet growth across
the high-grade part of the South Pamir middle and lower
crust. Peak metamorphism in the Shakhdara Dome
occurred during the early Miocene (c. 20 Ma) and
involved temperatures up to 830�C, as constrained by Zr-
in-titanite and Zr-in-rutile thermometry and equilibrium-
assemblage calculations (Hacker et al., 2017; Smit
et al., 2014a; Stearns et al., 2013, 2015). Subsequent
exhumation of the Shakhdara Dome rocks occurred by
syn-convergent crustal extension, possibly driven by the
gravitational collapse of the southwestern margin of over-
thickened crust of the Pamir plateau (Stübner et al., 2013,
2013). Titanite and rutile U–Pb dating by LA multi-
collector ICPMS showed that the Shakhdara granulites
remained at high temperature until 14–10 Ma, when they
cooled below 600–500�C at an average rate of 30�C Ma�1

(Smit et al., 2014a; Stearns et al., 2015). Subsequent
cooling of rocks in the outcrop of sample 6829B3 is con-
strained down to 100�C by multi-method thermochronol-
ogy involving U–Pb titanite dating, 40Ar/39Ar and Rb-Sr
biotite dating, and zircon and apatite fission-track dating,
and occurred at an average rate of �55�C Ma�1 (Smit
et al., 2014a; Stearns et al., 2015; Stübner et al., 2013).

Sample 6829B3 (37�08.6330N, 71�44.8510E) is a garnet-,
hornblende-, clinopyroxene-, and plagioclase-bearing
granulite with a weak foliation and foliation-parallel
migmatitic banding (Figure 2d). The matrix between the
garnet grains consists of poikiloblastic to symplectitic
amphibole and plagioclase with local clinopyroxene
remnants. The sample has several leucocratic domains
made of plagioclase with mm-scale ilmenite blebs
surrounded by thick titanite rims. Garnet grains are sub-
to euhedral, up to several mm in diameter, and rimmed
by amphibole–plagioclase symplectites. The grains con-
tain inclusions of clinopyroxene, amphibole, plagioclase,
rutile, and ilmenite. Garnet (alm54-59prp10-18grs21-34sps0–2)
exhibits smoothly increasing MgO and FeO and decreas-
ing CaO and Mg# towards the rims. Profiles of REE con-
centrations of garnet in this sample show that grains are
concentrically zoned with a HREE-rich core and HREE-

rich annulus at half-radial distance from the core (Smit
et al., 2014a; supplement, sample ‘SH-3’). The core shows
a Rayleigh-fractionation pattern that is often observed for
REE in garnet (e.g., Otamendi et al., 2002), with Lu
enriched in the core and other REE showing lower maxi-
mum concentrations that occur increasingly further away
from the compositional core. The HREE-rich annulus
shows a repeat of the same systematics, potentially indi-
cating two stages of growth, each limited by REE supply.

3 | ANALYTICAL METHODS

3.1 | Trace-element mapping

Trace-element mapping was performed on single grains
extracted from the rock (407), on grains in rock frag-
ments (EK2-1, 6829B3), or on grains in thin section (SU-
03A). The largest intact grains were selected from each
sample. For samples 407, EK2-1, and 6829B3, grains were
identified among the processed grain or rock material
(407, EK2-1, 6829B3), and mounted as a single grain
(407) or garnet-bearing rock fragments (EK2-1, 6829B3)
in epoxy. The mounts were then polished down to the
geometric core of the target grain. For sample SU-03A,
the grain with the largest cross-sectional area similar to
that of the largest grains found in the sample was ana-
lysed. Given the excessive size of this grain, mapping was
restricted to the domain that was previously shown to be
zoned for REE. Semi-quantitative trace-element maps of
the garnet grains were obtained at the Vegacenter, Swed-
ish Natural History Museum, Stockholm, using an ESI-
New Wave NWR193UC ArF excimer (λ = 193 nm) LA
system, equipped with a TwoVol2 two-volume laser cell,
coupled to a Nu Instruments ltd. AttoM HR-ICPMS
instrument. Garnet grains were ablated by applying a flu-
ence of 1.5 J cm�1 at a frequency of 20 Hz to a rectangu-
lar (30 � 40 μm) or square (20 � 20 μm) spot, while
moving the sample at a velocity of 40 μm s�1. The grains
were mapped twice and pre-ablated before every pass. In
the first pass, the REE concentrations were determined
by measuring ion beam intensities at m/z corresponding
to 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er,
169Tm, 172Yb, and 175Lu. In the second pass, intensities at
m/z corresponding to 45Sc, 49Ti, 51V, and 52Cr were mea-
sured. This double-pass approach enables analysis of all
elements in electrostatic deflector mode, which does not
require a magnet jump and associated settling time, thus
allowing high analytical resolution. Maps from different
passes can be directly correlated because ablation depth
(�5 μm) is insignificant relative to any down-depth
changes in composition. Analytical lines were bracketed
by analyses of the NIST 612 reference material. Maps for
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all MREE and HREE were completed successfully except
for Sm in EK2–1 and Eu in EK2–1, SU-03A, and 6829B3,
which suffered ion-counter trips during analysis. Zoning
for Sm and Eu in these samples can nevertheless be eval-
uated through the elemental profiles as provided. The
spatially referenced raw intensity data were reduced
using Iolite (version 4; Paton et al., 2011) employing the
CellSpace mapping module (Paul et al., 2012). For visuali-
zation purposes, inclusions with anomalous elemental
concentrations relative to the garnet matrix were filtered
out. The maximum concentration of a given REE in a
given garnet grain was set as threshold. Where relevant,
REE concentrations are normalized to CI chondrite com-
positions (Boynton, 1984) and are then marked with a

subscript N. The Eu anomaly (EuN/Eu*) is EuN divided
by the geometric mean of SmN and GdN. All maps and
elemental profiles are provided in Figures 3 and 4 (407),
5 (EK2–1), 6 (SU-03A), and 7 (6829B3).

3.2 | Numerical modelling of Lu volume
diffusion in garnet

Numerical diffusion modelling was done to predict the
compositional effects of volume diffusion on the basis of
experimentally determined DHREE. We investigate Lu,
because of its relevance as parent element of the Lu-Hf
chronometer. The numerical model solves Fick’s second

F I GURE 3 Rare earth elements (REE) and Cr composition and zoning of garnet from Pikwitonei Granulite Domain sample 407. The

scale bar for REEN applies to all REE.

F I GURE 4 Europium zoning in garnet from samples 407. (a) EuN, (b) Eu*, that is, the geometric mean of SmN and GdN, and (c) EuN/

Eu*. The arrow in (a) and (b) shows the promontory where Sm and Gd zoning is preserved, but Eu zoning is largely lost. The maps enable

comparison between EuN as observed (a) and hypothetical EuN, as it would have been if Eu had not been decoupled from Sm and Gd (b).

This comparison shows the controls on the Eu anomaly map shown in (c).
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diffusion law for two dimensions using Equation (1),
where CLu is the concentration of Lu at a given point (x,
y) in the model space and DLu(T) is the diffusivity of Lu
as a function of temperature (T), which is set to decay
with the inverse of time.

∂CLu

∂t
¼DLu Tð Þ ∂2CLu

∂x2
þ ∂2CLu

∂y2

� �
ð1Þ

Simulations were done using DLu(T) as estimated for
the ‘slow’ and ‘fast’ diffusion mechanisms observed in
experiments at 1 atm and 1 GPa, respectively (Bloch
et al., 2020). The DLu(T) values of these mechanisms dif-
fer by about an order of magnitude at the peak tempera-
tures indicated for the different samples. The DLu(T) for
‘fast’ diffusion was calculated at given pressure for all
samples using the pressure dependence of the activation
volume of diffusion as defined by Bloch et al. (2020).
The pressure dependence for ‘slow’ diffusion is not
defined, but the experimental pressure of 1 GPa is close
to the pressures recorded by most samples. For EK2-1, a
part of high-temperature history occurred at pressure
significantly higher than 1.0 GPa (0.8–3.3 GPa; Terry
et al., 2000). Assuming an activation volume typical of
cation diffusion in garnet (0.6 cm3/mol; Ganguly
et al., 1998), the activation energy of REE at 800�C would
be �14 kJ higher and DLu �0.5 log (DREE) units lower, at
3.3 GPa than at 1 GPa. Assuming 1D diffusion, this lower
DLu would yield diffusion lengths that are about half that
calculated without applying a pressure correction. At
least half of the HT history of this rock occurred below
2.0 GPa (Terry et al., 2000), which is where pressure
effects would be within the experimental uncertainty on
DLu. The effect of pressure on DLu for this sample thus is
either minor or insignificant. Pressure conditions for the
other samples are within 0.3 GPa of the experimental cal-
ibration pressure of 1 GPa. Such differences do not cause
significant pressure effects on DREE of ‘slow’ diffusion.

The modelling focuses on the diffusion that occurred
during post-peak cooling, because the duration of peak-T
conditions, the P–T conditions of garnet nucleation,
growth, and replacement (in case of EK2-1), and the
duration of prograde metamorphism are uncertain.
Estimated diffusion effects thus provide minimum esti-
mates of the total extent of diffusive re-equilibration.
Temperature was set to change according to the cooling
rate independently determined for the given terrane.
In the absence of detailed time-resolved thermal
constraints, cooling rate was kept constant. A first-order
pseudo-transient iterative method was used to solve
the equations numerically (e.g., Räss et al., 2022),
employing a physical time step of 0.01 Ma for all models.

This allowed simulations at high spatial resolution simi-
lar to measured trace-element maps while having a con-
stant physical time step for consistency between the
models and allowing for sufficiently resolved changes in
DLu(T). Initial conditions for the models were based on
the Lu concentration maps, assuming that initial compo-
sitions showed step-function zoning between local com-
positional maxima and minima and that all gradual
zoning that is now observed between these maxima and
minima resulted from diffusive re-equilibration. The ini-
tial location of the zoning steps was placed at zoning
inflection points, and compositional maxima and minima
on either side were taken as the approximate starting
compositions. The numerical simulations were per-
formed on the entire garnet grain surrounded by a matrix
to allow natural boundary conditions to the modelled
space. For simplicity and to establish an end-member sce-
nario for a net change in the Lu budget of garnet, the Lu
concentration in the matrix around the garnet is set to
zero, such that it acts as an infinite sink for Lu. This
boundary condition has no significant bearing on the
degree to which volume diffusion is able to erase individ-
ual zoning structures in the grain interior and sets no
limit to the development of diffusion zoning in the rims.
The 2D model provides representations of the minimum
extent of diffusion that is to be expected for a given grain,
because (1) it accounts only for the diffusion since peak
metamorphism and thus ignores any diffusion that
occurred during residence at peak temperature and pro-
grade heating and (2) initial zoning may not have been as
sharp as a step-function.

Solving the calculations in 2D was done, because
the shape of grains in three dimensions in unknown.
The extent of diffusion in 3D may be significantly
different from diffusion simulated in the 2D Cartesian
numerical model. To quantitatively evaluate this differ-
ence, a generic simulation was run in 3D as well, assum-
ing a spherical geometry. For this case, the diffusion
equation can be written in radial coordinates, which
then essentially becomes a 1D problem (Equation (2);
e.g., Lasaga, 1998). Alternatively, the diffusion equation
can be expanded to include 3D Cartesian coordinates
(Equation (3)).

∂CLu

∂t
¼DLu Tð Þ ∂2CLu

∂r2
þ2
r
∂CLu

∂r

� �
ð2Þ

∂CLu

∂t
¼DLu Tð Þ ∂2CLu

∂x2
þ ∂2CLu

∂y2
þ ∂2CLu

∂z2

� �
ð3Þ

The 3D simulation was run by assuming temperature
homogeneity and an initial step-function Lu zoning. The
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results are shown in Figure 9. The full 3D Cartesian
model (Equation (3)) reproduces the 1D spherical model
(Equation (2)) reasonably well and this improves when
the numerical resolution of the Cartesian model is
increased. The 1D Cartesian model yields the least dif-
fused profiles, whereas those of the 2D Cartesian model
that was applied to the sample data is intermediate to
those provided by the 1D and 3D models. These differ-
ences reflect the ability of mass to diffuse in increasingly
more dimensions. The difference between the various
models largely pertains to the core; towards the rims, dif-
fusion becomes increasingly more unidirectional to the
point that model results are identical. This is relevant for
the oscillatory zoning observed in some grain rims, where
the 2D model should provide a reasonable approximation
of diffusive effects. Significant underestimation of these
effects are expected for more internal grain domains. This
adds to the fact that the model results provide minimum
estimates of the extent of diffusion that is to be expected
for ‘slow’ and ‘fast’ REE diffusion.

4 | RESULTS

4.1 | Trace element mapping

4.1.1 | Felsic granulite 407—Pikwitonei
Granulite Domain (Manitoba, Canada)

The large grain from sample 407 exhibits well-developed
REE zoning (Figure 3). The concentrations of REE
heavier than Er decrease first gently, then more rapidly
towards the rims, only to recover in a slightly HREE-
enriched annulus at an �2.0 mm radial distance and in
the outermost rim. Zoning of the lighter HREE (e.g., Dy),
as well as MREE, is broadly the inverse of those seen in
heavier REE. The concentration of these elements
increases from a consistent minimum in the core (radial
distance: 0 to 1 mm) and decreases again towards the
rims. For the MREE, this decrease occurs approximately
over the same radial domain as where the HREE concen-
trations recover. The concentric REE zoning mimics the
garnet crystal shape, with well-defined interfacial angles.
This is also the case for the slightly HREE-enriched
annulus, which also shows relatively sharp corners. The
MREE show concentration maxima farther towards
the rim with increasing atomic number. Europium
(Figure 4) deviates from this trend in several ways:
(1) although Eu (Figure 4a) shows a similar pattern as
Sm and Gd, its zoning is smoother and interfacial angles
are less pronounced (Figure 4b); (2) the maximum Eu
concentration is lower than Eu*—the Eu concentration
that would be expected on the basis of Sm and Gd if Eu

and these elements had been fully coupled; (3) the maxi-
mum Eu concentration occurs further inside the grain
than the maximum of Eu* (Figure 4); and (4) In the area
where the grain is subhedral (Figures 3 and 4b), Eu zon-
ing is disrupted and more diffuse, and zoning in the
remaining promontory of the grain is erased (Figure 4a).
This contrasts strongly to Sm and Gd, which still follow
the garnet habit all the way to the subhedral grain
boundary (Figure 4b). These differences provide the grain
with its distinctive high-Eu/Eu* annulus (�0.5) and low-
Eu/Eu* rims (down to 0.15). Chromium concentrations
are low and slightly variable in the inner 2.0 mm radial
distance, and increase drastically outward to the rims.
This concentric zoning follows the garnet habit closely,
similar to the HREE. The maximum Cr concentration
occurs at the same radial distance as the HREE-enriched
annulus and concentrations decrease slightly at the same
radial distance where MREE reach their maximum
concentrations. The outer Cr-rich rim appears slightly
patchy, but still follows a well-defined concentric rela-
tionship to zoning in the inner part of the grain, again
with well-defined interfacial angles.

4.1.2 | Felsic migmatite EK2-1—Western
Gneiss Complex, Western Norway

The EK2–1 garnet grain exhibits complex zoning with
two distinct domains of different composition (Figure 5).
The core of the grain is euhedral and exhibits straight
faces joining at sharply defined angles that match the
grain-boundary geometry. The Lu concentrations
decrease, then increase again within the core. The other
HREE (e.g., Er; Figure 5) show less pronounced recovery
of concentrations across the core. The MREE zoning is
broadly the inverse of the HREE zoning and appears
smoother. The HREE-rich core is surrounded by a rela-
tively HREE-poor mantle in which the HREE concentra-
tions gradually decrease and MREE increase. The Eu
concentrations are patchy across the core–mantle domain
and are slightly higher in the mantle; they lack composi-
tional fluctuations seen in Gd (Figure 5). The mantle is
separated from the rim by an irregular interface. The rim
is the poikiloblastic part of the grain; it shows patchy
zoning for all REE. A nebulous HREE-enriched annulus
can be observed at 0.5–1.0 mm radial distance from the
grain boundary. The shape of this annulus locally
appears to trace the shape of the anhedral grain bound-
ary. Chromium concentrations broadly increase from
core to rim, yet the core–mantle-rim relationships as seen
in the REE are visible. The Cr zoning within the rim is
also nebulous and is broadly the inverse of that observed
for the HREE.
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4.1.3 | Mafic granulite SU03A—Semail
Ophiolite (Oman)

The mapped domain shows significant oscillatory zoning
for all elements analysed (Figure 6). The zoning follows
an irregular pattern comprising complex embayments
and promontories with sharp angular relationships,
which resemble the irregular grain boundary. The inner-
most part of mapped area shows high HREE and low Cr
concentrations and exhibits low Gd/Yb. This part is

surrounded by the oscillatory zoned part of the grain.
Across this zone, the oscillations in the concentrations of
the HREE and MREE (incl. Eu) are broadly synchronized
and broadly correspond to oscillations in Cr concentra-
tion. This sets the oscillatory zoning compositionally
apart from the internal zone, where HREE zoning is
mirrored by that of MREE and Cr. The oscillatory zoned
part of the grain can be broadly divided into internal
and external domains. In the internal domain, the
oscillation wavelength is consistent at �0.2 mm, and the

F I GURE 5 Rare earth elements (REE) and Cr composition and zoning of garnet from Western Gneiss Complex sample EK2-1. The

scale bar for REEN applies to all REE.

F I GURE 6 Rare earth elements (REE) and Cr composition and zoning of garnet from Semail Ophiolite sole sample SU-03A. The scale

bar for REEN applies to all REE.
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concentrations of the REE and Cr maxima and minima
increase gently outward. In the outer domain, the REE
concentration oscillations have a larger amplitude and
shorter wavelength, and exhibit higher concentration
maxima and minima.

4.1.4 | Mafic granulite 6829B3—Shakhdara
Dome, Tajikistan

This mapped grain is the most complex of all grains ana-
lysed in this study (Figure 7). The grain can be broadly
subdivided into three domains, each with its own REE
characteristics. The core is a complex aggregate of inclu-
sions and vein structures, which overprint an otherwise
seemingly homogeneous domain. The vein structures
locally follow a mesh network connected to small veinlets
that emanate outward towards the outer domains and
the rim. These veins are highly HREE-enriched. The
mantle is less strongly affected by this process and pre-
serves sharp oscillatory zoning with relatively high con-
centrations of MREE and HREE. Oscillations occur on
the scale of 0.1–0.2 mm and are broadly synchronized
among all REE as well as Cr. Zones of high concentration
show sharply defined interfacial angles and generally
mimic the garnet habit, but are not entirely concentric
and merge tangentially into adjacent zones. The oscilla-
tory zoned mantle exhibits an outer annulus rich in
MREE, Dy and other lighter HREE. The interface
between this outer annulus and the rim is sharp, with
concentrations changing significantly on the scale of less

than 0.05 mm. This includes Eu, the zoning of which is
intermediate to that of Gd and Sm in terms of amplitude
and length scale. The rim lacks strong zoning, and is
homogenously enriched in MREE and depleted in HREE.

4.2 | Diffusion modelling

The numerical modelling of the Lu zoning shows that
the ‘fast’ diffusion mechanism would cause substantial
diffusive rehomogenization in all cases (Figures 8 and 9).
For samples 407 and EK2-1, sharp corners in concentric
zoning patters are lost within c. 5 Ma, even though tem-
peratures that would sustain further diffusion would be
maintained for a substantial period afterwards, especially
for sample 407. No trace of oscillatory zoning remains
after even 1 Ma in both SU-03A and 6829B3. For the
‘slow’ diffusion mechanism, the various characteristic
zoning features would persist such that they better
resemble those observed in the grains (Figure 8). For all
samples except 407, Lu diffusivities for this mechanism
are sufficiently low to inhibit further diffusive relaxation
after 5 Ma. In 407, this state occurs after c. 100 Ma, by
which time zoning is still relatively intact. Although the
modelled compositional zoning in EK2–1 and 407 could
arguably match the observations, the oscillatory zoning
in garnet from SU-03A and 6829B3 is sharper in reality
than in the model output. It is thus possible that diffusiv-
ity slower than that of the ‘slow’ diffusion mechanism
would have provided a better fit between model and
reality.

F I GURE 7 Rare earth elements (REE) and Cr composition and zoning of garnet from Shakhdara-Dome sample 6829B3. The scale bar

for REEN applies to all REE.
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F I GURE 8 Legend on next page.
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4.3 | Discussion

4.3.1 | REE zoning in metamorphosed
garnet

A first-order inference from our observations is that gar-
net in all samples largely, if not entirely, retains REE
growth zoning in spite of their extreme thermal histories.
The relative retentiveness of REE in garnet is demon-
strated by the preservation of strong oscillatory zoning
with concentrations changing by almost two orders of
magnitude on the scale of tens of micrometres (Figures 5
and 6). Further evidence for REE retentiveness is the fact
that changes in the concentration of REE are typically
correlated or counter-correlated with changes in the con-
centration of Cr—an element that diffuses exceedingly
slowly in garnet (Carlson, 2012). Another striking feature
is the preservation of well-defined interfacial angles in
zoning within samples that show more normal bell-
shaped HREE zoning (samples EK2-1 and 407). The
sharp corners in zoning inside the compositional core of
EK2-1 garnet and within the thin HREE-rich annulus in
407 garnet are clear expressions of relict growth zoning
that mimics the garnet habit. Numerical modelling
(Figure 8) confirms that none of these features should
have been preserved if the fast Lu diffusion mechanism
that is proposed to occur in garnet below 1 GPa (Bloch
et al., 2020) had been active in these grains. Consistent
with conclusions from REE diffusion modelling of zoned
garnet xenocrysts in granodiorite (Devoir et al., 2021),
our numerical diffusion simulations fit the observations
better when using the diffusivity as determined for the
‘slow’ diffusion mechanism (Bloch et al., 2020). There
are nevertheless indications that Lu diffusion in the natu-
ral samples was slower still. The zoning of Lu is sharper
than predicted for ‘slow’ diffusion for the samples with
preserved oscillatory zoning. This is particularly true con-
sidering that (1) the numerical model underestimates the
degree of diffusive relaxation (see methods) and (2) the
maps likely provide a smoothened version of the actual
REE zoning as a result of blurring caused by mixing and
aerosol turbulence at the ablation spot size. The observa-
tions thus lead to suggest that the diffusion of Lu in
natural samples is more sluggish than ‘slow’ diffusion
(Bloch et al., 2020) and is likely best represented by the

low diffusivities indicated by natural observations
(Carlson, 2012) or the slowest of diffusivities constrained
in experiments (van Orman et al., 2002).

The discrepancy between the sluggish diffusion of
REE in garnet in nature and the relatively fast diffusion
observed in most experiments—‘fast’ diffusion in partic-
ular (Bloch et al., 2020)—indicates a fundamental differ-
ence in the rate-limiting mechanism. Major-element
zoning could be suggested, as compositional contrasts in
these elements may cause significant composition-
controlled stresses that can work against diffusion (Hess
& Ague, 2022). Major-element zoning of garnet in all the
samples analysed here, however, is generally smooth,
with gradual transitions between zones of different com-
positions and relatively homogeneous compositions
within these zones (see sample description; Smit
et al., 2013b, 2014; Guilmette et al., 2018). Alternatively,
an explanation may be sought in REE incorporation
mechanisms, which control the crystallographic position
and diffusive behaviour of REE in garnet (Bloch
et al., 2020; Carlson, 2012). In natural silicate garnet,
REE are likely incorporated via substitutions involving
Na, for example, VIII (REE)3+ + VIIINa+ $ VIII (Ca,
Mn)2+ and VIII (REE)3+ + IV (Al,Fe)3+ $ VIII (Ca, Mn)2+

F I GURE 8 Model results for the analysed grains following diffusive relaxation during duration Δt, which is the time elapsed during

cooling from peak conditions. Results for ‘slow’ and ‘fast’ diffusion mechanisms (Bloch et al., 2020) are shown. In general, the results are

shown up to 5 Ma, because after this period the extent of diffusion is already well beyond the observations (slow diffusion) or diffusivities are

no longer sufficient to sustain further compositional change (fast diffusion). The output for 100 Ma is shown for 407 because of its extremely

long-lived thermal history. The profiles show initial condition and diffusively relaxed equivalents after 1, 2, and 5 Ma for slow and fast

diffusion.

F I GURE 9 Comparison of results for 1D, 2D, 3D Cartesian

(‘c’ marks Cartesian) and spherical diffusion modelling after

running the model in non-dimensional time until the initial step

functions have been significantly diffused.
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+ IV (Si)4+ (Enami et al., 1995), or via the menzerite sub-
stitution VIII (REE)3+ + VI (Mg,Fe)2+ $ VIII (Mg,Fe)2+ +
VI (Al)3+. These mechanisms are different from those
occurring in experimental diffusion couples, some of
which involve the creation of vacancies that—at least in
the case of Hf—appear to promote diffusion (Bloch
et al., 2020). Diffusion of REE that were incorporated via
the menzerite substitution would be exceedingly slow
and likely would be equally slow as Cr diffusion, both of
which would be rate-limited by the sluggish diffusion
of octahedrally coordinated Al (Carlson, 2012). The spa-
tial association of sharp compositional changes in REE
and Cr could suggest that these elements indeed are
equally retentive. The association is nevertheless not
clear enough to represent proper supporting evidence.
Although the exact causes for the relatively slow diffu-
sion of REE in natural garnet remain enigmatic, kinetic
limitations imposed by sluggish VIAl diffusion
(Carlson, 2012), with additional limitations caused by
major-element zoning (Hess & Ague, 2022), provide the
best hypothesis. Diffusion experiments on natural garnet
with sharp growth zoning for REE, as well as for Na, Cr,
and other minor and trace elements may provide new
constraints on this matter.

4.3.2 | Europium versus the other MREE

Where resolvable, zoning in MREE (e.g., Gd; Figures 3–7)
7) preserves interfacial angles (sample 407) and sharp
compositional gradients (sample SU-03A), indicating
MREE zoning is still largely primary and that MREE, like
the HREE, have not been significantly affected by
diffusive rehomogenization. This inference conforms to
experimental observations that suggest that Sm and Yb
show equally sluggish diffusion in garnet (van Orman
et al., 2002). Europium appears to provide an important
exception to this rule. Europium broadly follows the
other MREE in the oscillatorily zoned garnet from sam-
ples SU-03A and 6829B3. However, in garnet from the
slowly cooled sample 407—arguably the sample that
underwent the most extreme thermal history of all sam-
ples investigated here—there are clear differences in the
zoning between Eu and MREE: Eu zoning is smoother
and shows less pronounced interfacial angles, Eu shows
relatively low maximum concentration and concentration
maxima are located more outward in the grain, and zon-
ing following grain shape, rather than grain habit as with
Sm and Gd. The result of these differences is a heteroge-
neous EuN/Eu* that changes from 0.4 in the core to 0.5 in
the mantle and down to 0.2 in the rims (Figure 4c).
Changes in EuN/Eu* in garnet and various accessory
minerals can result from changes in plagioclase stability

and modal abundance, or the extraction or infiltration of
melt (Holder et al., 2020; Rubatto, 2002). By this account,
the EuN/Eu* zoning in garnet from 407 could be taken to
indicate that plagioclase became unstable or that the rock
lost melt during the growth of the core and mantle or the
garnet, and that plagioclase was stabilized again or that
melt infiltrated the rock during growth of the rim. Tex-
tural indications for any of these petrological changes are
lacking. In fact, plagioclase is a ubiquitous phase in the
rock and occurs throughout the matrix, as well as
throughout the garnet inclusion assemblage, and the rock
has not undergone extensive partial melting as indicated
by the abundance and euhedral appearance of biotite.
Controls other than mineral assemblage thus must be
explored to explain the observed Eu zoning in this sam-
ple. The differences listed above are considered consistent
with the effects of the diffusive relaxation of primary Eu
zoning relative to the zoning of Sm and Gd, and the
resulting in-diffusion of Eu towards the core and diffusive
loss of Eu to the matrix. Diffusive relaxation of Eu may
be attributed to Eu occurring, at least in part, as the more
mobile Eu2+. The diffusive behaviour of this species
likely resembles that of Ca, given that both have a similar
valence and ionic radius (Shannon, 1976). Consistent
with this expectation, the apparent diffusion length scale
for Eu—estimated from the radial distance between the
elevated Eu annulus and the rim—is �0.35 mm, which is
identical to the diffusion length scale of Ca (Smit
et al., 2013b). Europium thus likely diffuses at similar
rates as Ca and can be diffusively decoupled from other
MREE during (U)HT metamorphism.

It is not entirely clear whether Eu in 407 garnet was
incorporated as Eu2+, or whether it was incorporated as
Eu3+ and subsequently reduced. The latter, nevertheless,
may be most plausible. If Eu had initially been Eu2+, it
would have been incorporated along with Ca as part of a
grandite component. The distribution of Ca in this partic-
ular grain is nevertheless distinct from that of Eu; Ca
shows no zoning, except for the outermost rim where it
decreases in concentration (Smit et al., 2013b), and Ca
lacks the rimward increase as seen in Eu concentrations.
Although seemingly slightly modified, the zoning in Eu
still generally resembles that of Sm and Gd, both of
which show a rimward concentration increase as well
(Figures 2 and 3). The latter indicates that Eu was pre-
dominantly incorporated as Eu3+ and initially developed
zoning similar to that of Sm and Gd, but was later
reduced to the more mobile Eu2+. The example of garnet
in sample 407 indicates that zoning in EuN/Eu* in
garnet that has undergone (U)HT metamorphism need
not record mineral reactions involving plagioclase and
may instead result from changes in redox conditions
since garnet growth.
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4.3.3 | Causes of different types of REE
zoning

The zoning observed for REE is far more complex than
that of major elements and, as a result, provides signifi-
cantly more insight into the mode of garnet growth and
the processes involved in recrystallization. To investigate
these aspects for the analysed samples, we evaluated vari-
ous types of zoning—smooth and concentric, nebulous,
and oscillatory—as well as specific REE signatures, for
example, Gd/Yb and EuN/Eu*. Garnet with smooth con-
centric zoning, as seem in 407 and EK2-1, shows a rim-
ward decrease in the HREE and increase in the MREE
and Cr, often with a second maximum or inflection point
for the HREE concentrations halfway along the profile.
This normal garnet zoning reflects the common record of
Rayleigh fractionation during prograde fractional growth
as commonly seen in garnet, with rapid uptake, and
depletion and intermittent supply recovery for the
garnet-compatible HREE in the effective matrix, and
steady accumulation of the less-compatible MREE at the
boundary of the growing grain (Konrad-Schmolke
et al., 2022; Otamendi et al., 2002; Skora et al., 2006).
Consistent with Rayleigh fractionation, Cr shows similar
zoning to that of the MREE in these samples, which is
consistent with these elements being similarly compatible
in garnet (Hauri et al., 1994).

Two samples show poikiloblastic garnet zones with
nebulous, patchy or otherwise extremely irregular REE
zoning. Textural evidence indicates that such zones are
the product of interface-coupled replacement reactions,
which is a known mechanism for removing or modifying
growth zoning for REE, as well as other elements, for
example, P (Ague & Axler, 2016). In sample EK2-1, inter-
face-coupled reactions led to the production of a poikilo-
blastic rim with nebulous REE zoning that is apparently
primary as it is equally present in Cr. The zoning of the
internal part of the grain is truncated at the boundary
with the nebulous rim, clearly reflecting dissolution of
the core along a reaction front. Such rims are common in
garnet in this sample and linked to migmatization (Tual
et al., 2022), indicating that melts likely mediated the
interface-coupled replacement process. In sample 6829B3
(Figure 7), the compositional core is likewise poikilobas-
tic and patchy, and shows a chaotic texture that is
unlikely to be primary. The core is connected to the
matrix of the grain via veinlets that appear to have
enabled the infiltration of reactive fluids or melts from
the matrix into the core domain, where they facilitated
the replacement of the primary core by patchy, porous
garnet.

Oscillatory zoning with oscillations on the scale of
100 μm or less occurs in the two mafic granulites

investigated in this study (Figures 6 and 7). In both cases,
the zoning is observed in grain rims around cores that
lack such zoning. An explanation for this may be sought
in element-transport kinetics and reaction overstepping,
and the multi-mode style of growth that occurs as a result
(Wilbur & Ague, 2006). The nucleation of garnet is typi-
cally significantly overstepped (Wilbur & Ague, 2006;
Pattison et al., 2011; Spear, 2017). Upon nucleation, the
excess chemical energy of the system causes rapid, volu-
minous growth of garnet, which will push the system
into a supply-limited regime, causing Rayleigh fraction-
ation of the matrix and the development of normal bell-
shaped REE zoning. This initial growth spurt depletes
the matrix in divalent cation constituents on the rock-
scale, decreasing the affinity of the system for renewed
garnet growth (Spear, 2017). Renewed growth in energy-
deprived matrices will produce volumetrically minor
amounts of garnet and such garnet would lack Rayleigh-
type zoning owing to crystallization being controlled by
growth kinetics rather than element supply. In such a
scenario, energy dissipation during epitaxial growth of
one garnet zone onto another will form garnet with com-
positional oscillations that have a predictable and consis-
tent wavelength, even at constant P–T-X (Jamtveit, 1991).
Such process would predict co-variation of garnet-
compatible elements within individual growth annuli, as
is seen for the REE in the rims of garnet in both 6829B3
and SU-03A. The above model of two-stage kinetics-
controlled growth to explain normally zoned garnet cores
with oscillatorily zoned rims may be validated by obser-
vations from garnet formed in skarns. Such garnet also
commonly shows oscillatory zoning as a reflection of
energy dissipation during growth, but such zoning is typi-
cally observed throughout grains rather than just in rims
(Baxter et al., 2017; Jamtveit, 1991; Park et al., 2017). This
difference may be attributed to the fact that garnet nucle-
ation in skarns is not strongly overstepped and reaction
affinity is budgeted more evenly throughout the growth
history.

Oscillatory zoning has been observed for various ele-
ments in garnet from a variety of metamorphic rocks, for
example, amphibolite facies metapelites (Gaidies
et al., 2021; George et al., 2018; Kohn, 2004; Moore
et al., 2013; Schumacher et al., 1999; Stowell et al., 2011),
and blueschists, eclogites, and amphibolites exhumed
from subduction zones (Angiboust et al., 2014; García-
Casco et al., 2002; Konrad-Schmolke et al., 2022; Moore
et al., 2013; Rubatto et al., 2020; Tsujimori et al., 2006;
Viete et al., 2018). Much like in garnet from samples SU-
03A and 6829B3, oscillatory zoning in each of these cases
occurs exclusively in external domains—in grain rims or,
in the case of garnet from Nepalese metapelites, as an
outermost zone of grain cores. The oscillatory zoning in

SMIT ET AL. 17

 15251314, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jm

g.12769 by U
niversitat B

ern, W
iley O

nline L
ibrary on [15/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



these cases is typically ascribed to imposed mechanisms,
for example, pulsed mineral reactions, changes in matrix
permeability, rapid switches between open and closed-
system fluid-flow, cyclic over-pressurization, and rapidly
changing P–T conditions due to pulses of thrust-loading,
tectonic burial, heating, or exhumation. Open-system
behaviour to form oscillatory zoning can be tested using
stable isotopes (e.g., Hoover et al., 2022), but the other
imposed mechanisms may be difficult to test. In absence
of direct supporting evidence for these, kinetic effects
such as those described above may be considered to
explain the common textural association of oscillatorily
zoned rims around compositionally distinct cores in gar-
net within metamorphic rocks.

4.3.4 | Implications for garnet Lu-Hf
chronology

The retentiveness of REE indicated by our observations
has significant implications for garnet chronology, where
the role of REE diffusion is long-contended. Diffusive
exchange of REE between garnet and matrix at very high
temperatures may affect garnet Lu-Hf and Sm-Nd age
systematics in different ways (e.g., Baxter et al., 2017;
Baxter & Scherer, 2013; Bloch et al., 2020; Mezger
et al., 1992; Scherer et al., 2000; Smit et al., 2013a). For
the Sm-Nd system, where the diffusivity of parent and
daughter elements is similar, this process can lead to gar-
net dates that partially or entirely represent cooling
(e.g., Anczkiewicz et al., 2007; Johnson et al., 2018; Smit
et al., 2013a). For the Lu-Hf system, the higher diffusivity
of the parent element (Lu) in garnet relative to that of the
daughter element (Hf) potentially results in complex
behaviour. In early studies using combined Lu-Hf and
Sm-Nd geochronology on slowly cooled samples that
were not adversely affected by inclusions, Lu-Hf dates
were somewhat older than Sm-Nd ages for the same
material, indicating that closure temperatures of Lu-Hf in
garnet were greater than or equal to those of Sm-Nd
(Scherer et al., 2000). This was seemingly at odds with
the observation that Lu diffuses faster than Sm and Nd
(e.g., Ganguly et al., 1998; Ganguly & Tirone, 1999),
which led to suggest that Lu controls the closure system-
atics of the Lu-Hf system in garnet (Ganguly &
Tirone, 1999). The reincorporation of Lu during partial
resorption, presumably by volume diffusion, can indeed
perturb Lu-Hf age systematics. An illustrative example of
this is provided by thermally overprinted garnet from
the contact-metamorphic aureole of the Makhavinekh
Lake Pluton, Labrador, where garnet resorption and pref-
erential Lu re-uptake during a thermal overprint caused
garnet Lu-Hf ages trailing down from the crystallization

age to the age of the overprint (Kelly et al., 2011). A simi-
lar effect may be seen in garnet in a migmatitic gneiss
from the Kangchenjunga Himal, which is strongly
resorbed and exhibits nebulous rims enriched in Lu, and
yielded a Lu-Hf age that is significantly younger than
those of other samples from the same area (Lihter
et al., 2022). Views diverge on whether Lu diffusion could
influence chronometer systematics of garnet that was not
affected by resorption and Lu reuptake during a much-
younger metamorphic overprint. In general, the Lu con-
centration in dated minerals and their matrix are held
essentially constant by partitioning behaviour at tempera-
tures where diffusion operates on a significant scale,
which would imply that the Lu budget of the garnet res-
ervoir is effectively fixed, regardless of whether Lu had
diffused, and that the diffusion of Hf thus should govern
Lu-Hf age systematics (Baxter & Scherer, 2013; Scherer
et al., 2000; Smit et al., 2013a). Relaxation of growth zon-
ing in garnet porphyroblasts through volume diffusion
was nevertheless shown to potentially cause an increase
in Lu concentration at garnet rims, which could cause
some degree of Lu loss to the matrix (e.g., Kohn, 2009)
even if garnet-matrix partition coefficients were to stay
constant. If significant accumulation of radiogenic 176Hf
in garnet had occurred before this Lu loss, the latter pro-
cess could cause garnet-matrix Lu-Hf isochrons to have
excess scatter (Kohn, 2009) and to provide spuriously old
ages (Bloch & Ganguly, 2015; Kohn, 2009). Changes in
partition coefficients with temperature may factor into
this as well (Bloch & Ganguly, 2015), which leads to sug-
gest that Lu-Hf ages that are made spurious by Lu diffu-
sion may be significantly older or younger than the
growth age depending on bulk-rock composition and
mineral assemblage. Whether the 176Lu/177Hf of garnet
and matrix can actually be modified by Lu diffusion dur-
ing single metamorphic cycles hinges on whether Lu dif-
fusion is as fast in natural garnet as it is in experiments,
which the present study shows not to be the case; the dif-
fusivity of Lu as determined in experiments would not
have allowed the preservation of the Lu zoning observed
in the present study. From this follows that there is a sig-
nificant risk for misinterpretation when using experimen-
tally determined Lu diffusivities—especially those for the
‘fast’ mechanism—in Lu-Hf age interpretation, Lu diffu-
sion modelling, and REE-based speedometry; the con-
straints on ‘slow’ diffusion may provide more realistic
results, but even these may overestimate the extent of Lu
diffusion.

The findings from the REE maps obtained in this
study stimulate a critical assessment of various examples
where results from numerical modelling using experi-
mental DLu were used to (re-)interpret Lu-Hf data. One
such case pertains to a Lu-Hf age from a migmatitic
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schist in the Putomayo Orogen, S. Columbia (Ibañez-
Mejia et al., 2018). The Lu-Hf age for garnet in this rock
(1071 ± 6 Ma) is older than the U–Pb ages from meta-
morphic zircon in nearby rocks (1050–980 Ma) and is
also older than the expected garnet growth age of
1,060 Ma, which was calculated on the basis of a single-
stage thermal evolution constrained by an apparent Sm-
Nd cooling age (c. 1007 Ma). An explanation of this Lu-
Hf age was argued to ‘require preferential retention of
176Hf/177Hf’ and thus isochron skewing by diffusive Lu
loss from garnet (Bloch et al., 2020). However, even when
assuming that the apparent age difference of 5–10 Ma
(0.5–1%) is significant, such difference could just as easily
be explained as reflecting a robust chronometer dating
garnet formation as one of the earliest metamorphic pro-
cesses in the history of this rock. Whereas cases that
arguably show Lu-Hf isochron skewing are inconclusive,
the same cannot be said for cases of (U)HT rocks where
such effect can be ruled out. For example, Lu-Hf garnet
ages from the Shakhdara Dome (peak T = 830�C; dT/
dt = 20 K Ma�1) are identical at c. 37 Ma (within 0.3–
1.2 Ma uncertainty, 2 SD), regardless of significant differ-
ences in bulk rock composition (mafic vs. felsic) and gar-
net grain size (0.5 vs. 4 mm radius), and this age matches
a cluster of U–Pb ages from prograde titanite within the
same terrane (Smit et al., 2014a; Stearns et al., 2015). The
Lu-Hf ages of garnet from the Mistinibi-Raude Domain,
SE Churchill Province, precisely date the onset of a
c. 70 million year HT history (peak T at �800�C) and
match the ages of metamorphic monazite, in spite of gar-
net grains being extremely poikiloblastic and effectively
fine-grained (Godet et al., 2020). Garnet porphyroblasts
in the Sikkim Himalaya, which were metamorphosed at
�800�C, provide age-T data that match the trend
observed for lower-grade rocks in the same Barrovian
sequence (Anczkiewicz et al., 2014), which would not be
the case had they become spurious. Fine-grained garnet
(<0.5 mm) in mafic and felsic granulites from the Orlica-
Śnieżnik Dome (Bohemian Massif) underwent
c. 10 million years of HT metamorphism with a peak T of
�950�C, yet yielded Lu-Hf ages that match the U–Pb age
of metamorphic zircon rims, which were interpreted to
have co-crystallized with garnet on the basis of REE sig-
natures (Walczak et al., 2017). The observations made in
this study provide context as to why the Lu-Hf system is
so robust and why predicted effects of Lu diffusion are
not reflected in these cases.

Implications of the Lu retentiveness observed in this
study also pertain to the interpretation of the Lu-Hf ages
that were obtained for sample 407 and were used to
empirically constrain the closure-temperature systematics
of the Lu-Hf system in garnet (Smit et al., 2013a). The
ages (2.71–2.64 Ga) were originally interpreted as

reflecting single-stage garnet nucleation and growth at
2.71 Ga with subsequent younging in smaller grains
caused by diffusive loss of radiogenic Hf. This interpreta-
tion takes into account that (1) the grains show similar
REE zoning across the grain size range, thus indicating
that the grains are cogenetic, yet grew to different sizes,
(2) the apparent Lu-Hf ages broadly correlate with grain
size, not with REE zoning, and (3) the 2.71 Ga age
matches the onset of ‘M1’—the earliest regional meta-
morphism in the area (Mezger et al., 1989a; Heaman
et al., 2011)—and is identical to the 207Pb/206Pb ages of
inclusions in garnet from felsic segregations in nearby
mafic rocks (Mezger et al., 1989a). In spite of this, the
ages were considered spurious and were instead reinter-
preted as recording long-lived growth, starting at 2.73 Ga
and ending at 2.66 Ga (Bloch et al., 2020; Bloch &
Ganguly, 2015). The interpretation that Lu concentra-
tions of garnet had been unaffected by diffusive exchange
(Smit et al., 2013a) was furthermore called into question
given latest diffusion parameters (Bloch et al., 2020).
These aspects, along with theoretical considerations,
were considered sufficient basis for questioning the
empirical constraints on the closure systematics of the
Lu-Hf chronometer (Bloch et al., 2020). However, this
reinterpretation puts garnet growth well before the onset
of the first metamorphism in the area (Heaman
et al., 2011) and would imply continuous garnet growth
over more than 60 Ma, which is geologically unlikely
considering that metamorphism in the PGD occurred in
discrete pulses (Heaman et al., 2011). The modelled age-
grain size relationship that was obtained using this rein-
terpretation (Bloch et al., 2015) speaks neither for nor
against the validity of the results. In fact, what is noted to
demonstrate ‘excellent agreement between the simulated
and measured 176Lu–176Hf […] garnet ages’ (Bloch
et al., 2015) is in reality a model result that is doubtful
given the unrealistic thermal and garnet-growth history
and falls in the range of data that are too imprecise and
too poorly correlated to allow a robust positive test. The
interpretation the it is typically Hf, not Lu, that controls
Lu-Hf age systematics (Scherer et al., 2000) may also not
be as ‘demonstrably inaccurate’ as suggested (Bloch
et al., 2020). Garnet resorption and diffusive Lu reuptake
during much later overprinting may affect Lu-Hf age sig-
natures (e.g., Kelly et al., 2011; Lihter et al., 2022). How-
ever, in any case where such process did not occur,
partitioning behaviour (Scherer et al., 2000) and sluggish
Lu diffusion will cause the concentrations of Lu in the
garnet and matrix to be held approximately constant over
the cooling interval between Hf and Lu closure, thus
leaving diffusive Hf exchange between garnet and matrix
as the only mechanism by which Lu-Hf ages can be sig-
nificant changed. This leaves a few theoretical objections
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against the original data treatment (Bloch et al., 2020).
These, however, do not diminish the validity of the basic
conclusion of the original study: the Lu-Hf system in gar-
net is highly robust against thermal disturbance and per-
mits reliable dating of garnet growth and recrystallization
in the crust, even in cases where (U)HT overprinting has
occurred. This conclusion is supported by the fact that a
clear and convincing case of a crustal garnet, where the
Lu-Hf age system was affected by the diffusion of either
Lu or Hf, has not been found yet. The conclusion has spe-
cial bearing on the common case, where Lu-Hf ages are
older than ages obtained from accessory minerals from
the same rock or area (Figure 1a). Rather than indicating
spuriousness (e.g., Bloch et al., 2020; Garber et al., 2023),
such old Lu-Hf ages more likely provide valuable and
often unique age constraints on the prograde metamor-
phism, which can pinpoint tectonic and geodynamic
events that are key to the development of orogens and
(super-)continents (e.g., Johnson et al., 2018; Pourteau
et al., 2018).

4.4 | Synthesis

The results from trace-element mapping and numerical
diffusion modelling in this study demonstrate that the
REE diffuse exceedingly slowly in natural garnet—slower
than expected on the basis of recent diffusion experi-
ments and slow enough to prevent significant changes to
REE zoning, even in cases where garnet underwent pro-
tracted or repeated HT overprinting. Even though Lu
likely still diffuses faster than Hf, Lu diffusion will—in
the vast majority of cases—be unable to significantly
affect Lu contents and Lu/Hf, and, by extension, Lu-Hf
ages of garnet. This validates the qualitative assessment
that the systematics of the Lu-Hf chronometer in garnet
is controlled by the daughter element Hf (Baxter &
Scherer, 2013; Scherer et al., 2000). Trace-element map-
ping provides a new avenue for testing the diffusive
behaviour of Lu in other minerals used in the Lu-Hf
chronology of terrestrial and planetary materials, and for
investigating complex mineral reaction and growth
mechanisms that may not—or may no longer—be
reflected in major element compositions. This approach
thus provides an essential new tool for the empirical test-
ing of solid-state mass transfer in and among metamor-
phic minerals.
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