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Abstract
Zircon is widely used to date metamorphic processes, particularly due to slow cation diffusion under crustal conditions. 
Here, we present laser-ablation depth profiling data that demonstrate rapid U diffusion in partially altered, high-pressure 
zircon. The zircons are hosted in metagabbros that underwent eclogite-facies (~ 550 °C, ~ 2.6 GPa) recrystallization dur-
ing subduction of the Monviso meta-ophiolite. One metagabbro contains only newly grown zircons (50.2 ± 1.1 Ma); two 
coarser-grained samples exhibit thin metamorphic rims on igneous cores. Most profiles in the coarse-grained samples record 
discrete  PbC-rich and Pb*-, U-, Th-, and trace-element poor rims in the outermost ≤ 5 µm of each grain, but U shows apparent 
diffusion profiles that extend ~ 10–15 µm into zircon crystals and correlate with U–Pb date resetting. The data define three 
populations (cores, diffusively reset rims, and newly precipitated rims) that form two two-component mixtures, indicating 
that recrystallization was everywhere coupled with U addition. Data from fully equilibrated rims form a single age popula-
tion (51.1 ± 0.4 Ma) within error of the newly grown zircon and compatible with ~ 1 My fluid–rock interaction timescales. 
We interpret the U profiles as evidence of inward U diffusion associated with fluid-induced resorption, and systematically 
exclude other mechanisms for their formation. However, calculated diffusivity estimates are > 20 orders of magnitude faster 
than predicted by experiments. The absence of zircon lattice damage, and the propagation of diffusion inward of a reaction 
front, indicates a link between fluid-saturated zircon alteration and fast U diffusion in zircon. Our results emphasize that–-
-even at low temperature–-zircon U–Pb systematics may be affected by parent and/or daughter diffusion over length scales 
large enough to affect laser-ablation or ion microprobe spot analyses.
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Introduction

Zircon  (ZrSiO4) provides an unparalleled record of meta-
morphic processes (Rubatto 2017). It often preserves mul-
tiple stages of growth, recrystallization, and/or radiation 
damage (e.g., Rubatto et al. 2011; Pidgeon 2014; Gauthiez-
Putallaz et al. 2016); it may undergo growth, recrystalliza-
tion, or alteration at all stages along the metamorphic path 
from diagenesis to anatexis (e.g., Vavra et al. 1999; Spandler 
et al. 2004; Harley et al. 2007; Rubatto 2017); it is a sensitive 
recorder of fluid- and melt-rock reactions (e.g., Tomaschek 
et al. 2003; Geisler et al. 2007; Soman et al. 2010); and as 
the principal sink for Zr in metamorphic rocks (e.g., Rubatto 
and Hermann 2003), it crystallizes in a wide range of bulk 
compositions (Belousova et al. 2002). Zircon is particularly 
useful because of slow rates of thermally activated volume 
diffusion of Pb, U, Th, rare-earth elements (REE), Hf, and O 
under most crustal metamorphic conditions (Cherniak et al. 
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1991; Cherniak et al. 1997a, b; Lee et al. 1997; Watson and 
Cherniak 1997; Cherniak and Watson 2001). This nominally 
prevents disturbances to zircon U–Pb-Hf–O isotopes and 
trace elements once recrystallization or growth has ceased, 
and makes zircon a faithful recorder of metamorphic reac-
tions (e.g., Gauthiez-Putallaz et al. 2016), even in ultrahigh-
temperature metamorphic rocks (e.g., Taylor et al. 2017).

However, there have been many reported cases of iso-
tope and trace-element decoupling in zircon over a wide 
range of metamorphic conditions. Several of these examples 
result from low-T (< 200 °C) saline fluid interaction with 
metamict zircon ("diffusion–reaction": Geisler et al. 2002, 
2003a, b), in which partial to complete U–Pb date resetting 
due to diffusive U or Pb gain or loss is correlated with the 
diffusion of non-stoichiometric components (e.g., Ca, Al) 
into damaged or amorphous zircon (cf. Geisler et al. 2007; 
Seydoux-Guillaume et al. 2015). Another common recrystal-
lization mechanism involves dissolution-reprecipitation, in 
which trace-element-rich zircon domains dissolve in a fluid 
or melt, and a new trace-element-poor zircon is precipitated 
(Pidgeon 1992; Tomaschek et al. 2003; Putnis et al. 2005; 
Geisler et al. 2007; Putnis 2009; Soman et al. 2010). Such 
alteration rims are often clearly identified in cathodolumi-
nescence (CL) images (Rubatto and Gebauer 2000) and may 
exhibit incompletely to fully reset U–Pb dates, εHf, δ18O, 
and trace elements, along with micropores, low zircon Th/U 
(≤ 0.1), and exsolved Th- and U-rich phases (Tomaschek 
et al. 2003; Martin et al. 2008; Chen et al. 2010; Soman et al. 
2010; Rioux et al. 2015; Štípská et al. 2016). Micro- to nano-
scale investigations of zircon demonstrate that Pb mobility is 
the principal driver for zircon age perturbations and that its 
behavior is not necessarily correlated with that of other ele-
ments. Examples include the migration of Pb without U and 
Th mobility, leading to reverse discordance (Wiedenbeck 
1995; Kusiak et al. 2013), and the sequestration of zircon 
Pb in partial-melt related nanospheres (Kusiak et al. 2015), 
dislocation loops (Peterman et al. 2016), and composition-
ally distinct clusters (Valley et al. 2014).

Understanding the mechanisms by which zircon isotope 
and trace-element systematics are altered during metamor-
phism is important for relating U–Pb dates to petrogenesis 
(Rubatto 2017). In addition to Rutherford backscatter-
ing (RBS, e.g., Cherniak et al. 1997a) and secondary-ion 
mass spectrometry (SIMS) depth-profiling techniques (e.g., 
Grove and Harrison 1999), laser-ablation (LA) single-
shot and depth-profiling inductively coupled plasma mass 
spectrometry (ICPMS) methods (Cottle et al. 2009, 2012; 
Smye and Stockli 2014; Steely et al. 2014; Viete et al. 2015; 
Stearns et al. 2016; Lima et al. 2018; Rasmussen et al. 2019) 
have the potential to address these questions by facilitat-
ing analytical length scales intermediate between < 100 nm 
atom-probe tomography (APT) or transmission electron 
microscope (TEM) techniques and 15–30  μm sensitive 

high-resolution ion microprobe (SHRIMP) or LA-ICPMS 
spot analyses. Such length scales help relate the effects of 
nanoscale compositional textures to microscale isotopic 
measurements (cf. Valley et al. 2014).

With the intent of constraining timescales of eclogite-
facies metamorphism, and understanding zircon U–Pb and 
trace-element systematics during deep subduction, we per-
formed laser-ablation split-stream (LASS: Kylander-Clark 
et al. 2013) continuous depth profiling on metamorphic zir-
con rims from Fe-Ti metagabbros in the Monviso metaophi-
olite––an archetypal example of exhumed high-pressure 
(HP) oceanic crust. The data are augmented by observa-
tions from cathodoluminescence (CL) images, Raman spec-
troscopy, and nanoscale field-emission scanning electron 
microscopy (FE-SEM). Zircons from similar rocks at the 
same locality have been previously subjected to SHRIMP 
U–Pb, trace-element, and oxygen isotope measurements 
(Rubatto and Hermann 2003; Rubatto and Angiboust 2015), 
providing essential context for our work. Our dataset is con-
sistent with previous interpretations suggesting fluid-driven 
partial recrystallization over ≤ 1 My (Rubatto and Angiboust 
2015; Broadwell et al. 2019), but U–Pb age resetting occurs 
much further into each crystal than expected from the width 
of recrystallized rims. We attribute these data to elevated 
U (and potentially Pb) mobility in zircon, and discuss dis-
crepancies between our observations and experimentally 
measured data.

Geologic background and sample 
description

The zircons analyzed herein are from metagabbros in the 
Monviso metaophiolite, Western Alps (Fig. 1). Rocks in 
the Western Alps record the closure of a hyperextended rift 
margin (Lagabrielle and Lemoine 1997; Lagabrielle et al. 
2015), involving the subduction and collision of the Euro-
pean Plate beneath Africa (Coward and Dietrich 1989; Bel-
trando et al. 2010). The Monviso metaophiolite is part of 
a ~ 300 km belt of blueschist- to eclogite-facies ophiolitic 
material detached from the downgoing oceanic slab, rep-
resenting sedimentary, mafic, and ultramafic remnants of 
the subducted Ligurian-Piemontese Ocean (Lagabrielle 
and Cannat 1990; Lagabrielle and Lemoine 1997; Agard 
et al. 2001, 2009; Angiboust et al. 2009; Vitale Brovarone 
et al. 2011; Lagabrielle et al. 2015). The ophiolite consists 
of two relatively coherent thrust sheets juxtaposed during 
exhumation: the overturned, upper Monviso Unit (MU) is 
composed of Mg–Al metagabbros, pillow basalts, and sedi-
ments, with the upright Lago Superiore Unit (LSU) con-
sisting of serpentinized peridotites, Mg–Al and Fe-Ti gab-
bros, pillow basalts, and sediments (Lombardo et al. 1978; 
Angiboust et al. 2012b). Peak pressure–temperature (P–T) 
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conditions determined by pseudosection and conventional 
thermobarometric techniques are consistent within each 
unit (Angiboust et al. 2012b), with the LSU reaching ~ 26 
kbar, ~ 550 °C and the MU achieving ~ 22 kbar, ~ 480 °C 
(Groppo and Castelli 2010; Angiboust et al. 2012b; Loca-
telli et al. 2018). A prograde path calculated from P–T and 
T-fO2 pseudosection modelling of a lawsonite eclogite in the 
LSU documents a significant pressure increase (from ~ 17 to 
25 kbar) and reduction in oxygen fugacity over a narrow T 
interval (from ~ 450 to 550 °C) (Groppo and Castelli 2010).

The LSU is transected by ductile shear zones that were 
active at peak, eclogite-facies conditions (Angiboust et al. 
2011, 2012b) and were accompanied by significant metaso-
matism, mass transfer, veining, and brecciation (Philippot 
and Kienast 1989; Philippot and Selverstone 1991; Spandler 
et al. 2011; Angiboust et al. 2014; Locatelli et al. 2018). 
Whereas the structurally higher Intermediate Shear Zone 
(ISZ; Fig. 1) records only locally derived fluids without 
brecciation (Angiboust et al. 2011, and references therein), 
the Lower Shear Zone (LSZ; Fig. 1)––separating gabbros 
and serpentinized peridotites––exhibits several cycles of 
eclogite-facies veining, brecciation, cementation, and fluid 
infiltration (Angiboust et al. 2012a; Locatelli et al. 2018; 
Broadwell et al. 2019). Trace-element and isotopic analyses 
of LSZ veins and eclogites implicate both locally sourced 

and external, serpentinite- and sediment-derived fluids 
(Philippot and Kienast 1989; Philippot and Selverstone 
1991; Spandler et al. 2011; Angiboust et al. 2014; Rubatto 
and Angiboust 2015; Locatelli et al. 2018).

Previous zircon geochronology at Monviso has focused 
on the timing of fluid flux and shear zone activity. Synchro-
nous SHRIMP dates from newly grown zircons from an 
eclogite-facies omphacite-garnet vein in the ISZ (45 ± 1 Ma) 
(Rubatto and Hermann 2003) and recrystallized zircons from 
a metasomatized gabbro block rind (45.8 ± 0.7 Ma) (Rubatto 
and Angiboust 2015) document short fluid–rock interaction 
timescales that were apparently synchronous across the ophi-
olite (further supported by major-element diffusion speed-
ometry on fractured garnets: Broadwell et al. 2019). In some 
cases these zircons show partial U–Pb date resetting of igne-
ous cores (163 ± 2 Ma: Rubatto and Hermann 2003) that 
retain inherited oxygen isotope compositions, whereas fully 
reset metamorphic rims (45 ± 1 Ma) have uniformly lower 
δ18O (Rubatto and Angiboust 2015). Several other studies 
have dated similar Fe-Ti gabbros from Monviso, yielding 
62 ± 9 and 60 ± 12 Ma garnet-omphacite Sm–Nd isochron 
ages and 41.6 ± 0.4 and 39.2 ± 0.8 Ma phengite-omphacite 
Rb–Sr isochron ages (Cliff et al. 1998), a 49.1 ± 1.2 Ma gar-
net-whole-rock Lu–Hf isochron age (Duchêne et al. 1997), 
and Ar/Ar phengite dates that span ~ 53–47 Ma (Monié and 
Philippot 1989).

Samples analyzed in this study are pervasively trans-
formed Fe–Ti-rich gabbros (cf. Philippot and Kienast 1989; 
Angiboust et al. 2012b) located within or adjacent to the 
LSZ (Fig. 1). Sample M17X731A01 (henceforth referred 
to as A01; 44.68888°N, 7.09804°E; IGSN: EXT00001N) 
is a fine-grained (average garnet grain size ~ 200 μm), com-
positionally banded grt-omph-chl-rt-ap (abbreviations after 
Whitney and Evans 2010) metagabbro collected from within 
the LSZ in the vicinity of Lago Superiore (Fig. 1). The rock 
also contains rare monazite and epidote-rimmed allanite. Zir-
con occurs as equant, prismatic grains included within both 
matrix and porphyroblast phases, with a maximum diam-
eter of ~ 80 μm. Samples M17S823B01 (B01; 44.66513°N, 
7.12946°E; IGSN: EXT0000DR) and M17S823C01 (C01; 
44.66473°N, 7.12995°E; IGSN: EXT0000DS) were taken 
from coarser-grained, folded, and banded eclogite blocks 
near Rifugio Alpetto (Fig. 1). These samples are from a 
structurally higher position than sample A01, in contact with 
more primitive Mg–Al gabbros in the uppermost part of the 
LSZ. Sample B01 contains peak assemblages dominated by 
garnet, omphacite, and rutile, with abundant ep-pg-chl-cpx-
qtz pseudomorphs after lawsonite (locally ≤ 2 mm in size) 
and rare talc, apatite, phengite, and sulfides. Sample C01 is 
texturally and mineralogically similar to B01 but phengite, 
talc, and former lawsonite are less abundant, clinozoisite 
occurs as isolated matrix grains, and the sample is crosscut 
by an albite + chlorite, greenschist-facies vein. Zircons in 
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Fig. 1  Lithologic map and schematic cross-section of the Monviso 
meta-ophiolite, modified from Angiboust et al. (2012b). Dashed black 
lines indicate major ductile shear zones that separate the overlying, 
lower-T Monviso Unit from the higher-T Lago Superiore Unit (LSU). 
Samples from this study (purple squares) are taken from Fe-Ti gab-
bro outcrops within or above shear zones along the gabbro-serpent-
inite contact of the ophiolite, in a similar structural position to those 
from previous studies (yellow squares). LSZ Lower Shear Zone, ISZ 
Intermediate Shear Zone, RH03 = Rubatto and Hermann (2003), 
RA15 = Rubatto and Angiboust (2015)
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these two samples are elongate (aspect ratios of 2 or 3:1), 
prismatic, but partially pitted and corroded. They occur as 
inclusions in all major rock-forming phases, with maximum 
diameters < 200 μm.

All samples in this study contain textural and composi-
tional features typical for eclogite-facies Monviso metagab-
bros, including compositional banding defined by variations 
in the modal abundance of major phases (primarily garnet 
and omphacite), atoll garnets (rare in B01 and common in 
C01 and A01), fractured/fluid-altered garnet chemical zon-
ing, and two coexisting omphacites (e.g., Lombardo et al. 
1978; Angiboust et al. 2012a, b)––suggesting that these 
samples followed a P–T–t evolution similar to rocks pre-
viously described in the literature. However, though such 
gabbros are often identified as mylonitic (Angiboust et al. 
2012b), elongate grains of all metamorphic phases are ran-
domly oriented across each thin section, and the only evident 
foliation is compositional. Any ductile strain was, therefore, 
accommodated before the final episode of mineral growth or 
recrystallization in these samples.

Analytical methods

Laser‑ablation split stream (LASS) depth‑profiling

Rock samples were disaggregated using high-voltage pulses 
with a SELFRAG fragmentation system at the Goethe Uni-
versity, Frankfurt; separates were washed, panned, magneti-
cally separated using a Frantz Isodynamic Separator, and 
picked in ethanol using a binocular microscope at Penn 
State. Zircon whole grains and fragments from each sam-
ple were mounted in epoxy with unpolished crystal facets 
exposed.

LASS depth-profiling was performed at the University 
of California, Santa Barbara. U–Pb isotopes and trace-ele-
ment data were collected simultaneously on the same spot 
(Kylander-Clark et al. 2013). Samples were ablated using 
a Photon Machines 193 nm excimer laser with a HelEx 
ablation cell coupled to a Nu Instruments Plasma 3D mul-
ticollector inductively-coupled plasma mass spectrometer 
(MC-ICPMS) for U–Pb measurements, and an Agilent 
7700X quadrupole ICPMS for trace-element analyses. 238U 
and 232Th were detected on Faraday cups whereas 202Hg, 
204Pb, 206Pb, 207Pb, and 208Pb were collected on Daly detec-
tors. Samples were run during the same session. Smaller 
(≤ 80 μm) zircons from M17X731A01 were analyzed with a 
25-μm spot size, whereas larger zircons from M17S823B01 
and M17S823C01 were run with a 50 μm spot size. The laser 
fluence at the sample surface was identical for all experi-
ments at ~ 1.5 J/cm2. The laser was first fired twice with a 
25–50 μm spot to remove surface contamination and this 
material was allowed to wash out for 15 s. Material was 

then continuously ablated for 150 shots (M17X731A01) or 
300 shots (M17S823B01 and C01) at a 2 Hz repetition rate, 
yielding total ablation times of 75 and 150 s, respectively. Pit 
morphologies and depths were characterized on a Nexview 
Zygo 3D Optical Profilometer at the Materials Characteri-
zation Lab at Penn State. All pits have steep, near-vertical 
walls and flat bottoms, with depths ~ 8 μm (M17X731A01) 
and ~ 15 μm (M17S823B01 and C01), yielding an abla-
tion depth per shot of ~ 50 nm. Analyses of unknowns were 
bracketed by analyses of matrix-matched zircon reference 
material (RM) 91500 (1062.4 ± 0.4 ID-TIMS 206Pb/238U 
date: Wiedenbeck et al. (1995)), which was used as the 
primary RM for U–Pb isotopic analyses. Zircon RMs GJ-1 
[601.7 ± 1.3 ID-TIMS 206Pb/238U date: Jackson et al. (2004); 
Kylander-Clark et  al. (2013)], Plešovice (337.13 ± 0.37 
ID-TIMS 206Pb/238U date: Sláma et  al. (2008)), and 
Piexe [564 ± 4 Ma ID-TIMS 206Pb/238U date: Dickinson 
and Gehrels (2003)] were used as secondary standards, 
with GJ-1 further serving as the primary trace-element 
RM. Using the same parameters and methods applied to 
unknowns, we obtained 207Pb/206Pb-corrected 206Pb/238U 
concordia dates of 602.8 ± 1.0 Ma for GJ-1, 335.9 ± 1.0 Ma 
for Plešovice, and 562.6 ± 1.2 Ma for Piexe during the zir-
con analytical session, which are accurate to ~ 0.2%, ~ 0.4%, 
and ~ 0.3% of their reference values, respectively. For trace-
element analyses, 90Zr (assuming ~ 43.14 wt. % Zr) was used 
as an internal standard, with measured peaks on the 7700X 
at 27Al, 28Si, 31P, 49Ti, 51 V, 89Y, 90Zr, 93Nb, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159 Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, and 178Hf. Iolite plug-in version 2.21 
(Paton et al. 2011) for the Wavemetrics Igor Pro software 
was used to correct measured isotopic ratios and elemen-
tal intensities for baselines, time-dependent laser-induced 
inter-element fractionation, plasma-induced fractionation, 
and instrumental drift. Downhole fractionation was mod-
eled using an exponential best fit. For all age and concordia 
calculations we used Isoplot v. 4.15 (Ludwig 2003).

Data were output for each integration recorded by the 
ICPMS systems. Profiles were manually screened for inclu-
sions; Tables S2–S3 include all data, whereas Table S4 (and 
Fig. 7) includes only inclusion-free data. To calculate errors 
for each isotopic ratio on the Plasma 3D, we considered two 
sources of uncertainty: (i) laser stability throughout each 
shot and each run and ii) measurement counting statistics at 
the detectors. The latter is important because the unknowns 
have significantly lower U, Th, and Pb than the secondary 
standards. To propagate laser-based uncertainties, we calcu-
lated the uncertainty in 238U/206Pb and 207Pb/206Pb required 
to make single age populations (MSWD = 1) for second-
ary RMs GJ1, Plešovice, and Peixe. Both laser and data 
sampling frequencies are 2 Hz, which ties each integration 
to each shot. Adding sufficient error to each 0.5-s integra-
tion individually requires > 10% individual errors in both 
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238U/206Pb and 207Pb/206Pb for all standards; we, therefore, 
averaged every three integrations (~ 150 nm), requiring a 
more modest 7% error in 238U/206Pb and 2% in 207Pb/206Pb 
(added in quadrature). Adding Poisson counting uncertain-
ties into each ratio magnifies the error in 207Pb/206Pb (12%) 
but does not significantly affect the 238U/206Pb error (8%), 
which reflects the minute Pb concentrations relative to U. 
207Pb/206Pb-corrected 206Pb/238U/ dates were calculated 
using the Stacey and Kramers (1975) model 207Pb/206PbC 
for 50 Ma (0.83 ± 0.01). Propagating all in-run and decay-
constant uncertainties into the date yields ~ 7% internal 
uncertainty in each reported U–Pb date. Long-term aver-
aged external uncertainties from the UCSB lab are lower 
than this (~ 2%: Kylander-Clark et al. 2013) and thus we 
quote the internal uncertainty only. Because U and Th counts 
decrease linearly with increasing pit depth, these elements 
were corrected using a linear downhole fractionation model. 
Pb concentrations were calculated from downhole-corrected 
U concentrations using the assumed isotopic composition of 
U (238U/235U = 137.818; Hiess et al. (2012)) and the meas-
ured 238U/206Pb, 207Pb/206Pb, and 208Pb/206Pb (cf. Holder 
et al. 2019). Due to low 204Pb counts, we do not report total 
Pb but rather report each Pb isotope abundance separately. 
Corrected 238U/206Pb, 207Pb/206Pb, U ppm, Th ppm, 206Pb 
ppm, 207Pb ppm, and 208Pb ppm for primary and secondary 
RMs are shown in Fig. S1. Maximum Poisson-based uncer-
tainties in U, Th, 206Pb, 207Pb, and 208Pb ppm are 0.2%, 0.4%, 
3%, 10%, and 4%, respectively.

A similar approach was taken for trace elements: 20–25% 
uncertainty is required to make M-HREE and Hf single 
populations for the secondary zircon standards, whereas 
counting statistics uncertainties are far lower than this 
(typically < 5%). We recognize that the secondary zircon 
standards are not necessarily homogeneous with respect to 
trace elements, and thus we consider ~ 20% a conservative 
maximum error. Data for several elements with low counts 
or high internal errors (e.g., Ti, Nb, LREE) were discarded 
and not considered further.

Cathodoluminescence (CL)

Subsequent to depth-profiling analyses, the zircon mounts 
were polished to expose approximate central sections of 
the analyzed grains. CL images of these polished zircons 
were collected on a Cameca SX100 equipped with a Gatan 
Mono-CL detector at Rennselaer Polytechnic Institute, using 
a 15 kV accelerating voltage and a 12-nA beam current.

Raman spectroscopy

Raman spectra were collected on polished zircon grains 
using a Horiba LabRam HR Evolution Vis–NIR optimized & 
AIST-NT Scanning Probe at the Materials Characterization 

Laboratory, Penn State. Spectra were excited using a 12-mW, 
633 nm ultra-low frequency laser focused with a 50X micro-
scope objective and a 25-μm confocal hole; the laser power 
was damped using neutral density filters to 50% of the maxi-
mum intensity at the sample surface. Raman-shifted light 
was diffracted using an 1800-groove/mm grating and col-
lected with an electron-multiplying (EM) CCD detector. The 
machine was calibrated to an Si wafer (520.70 cm−1) at the 
same conditions used to measure unknowns. Raman spectra 
shown in Fig. 9 are raw, uncorrected data; based on propa-
gated uncertainties from laser, sample, and machine sources, 
and several repeat 12-h measurements of the Si wafer with 
varying detector windows, the error in any peak position 
is ~ 0.3–0.4 cm−1. Raman spot analyses and linear transects 
were run on polished zircon grains with 2–3 accumulations 
of 10–60 s per spectral window, over the spectral range from 
-400–1100 cm−1 (i.e., both Stokes and anti-Stokes shifts).

Field‑emission scanning electron microscopy 
(FE‑SEM)

FE-SEM images were collected on polished zircon grains 
using a Thermo Scientific Verios XHR Field-Emission Scan-
ning Electron Microscope at the Materials Characterization 
Lab, Penn State. A 15-kV accelerating voltage and a beam 
current of 0.80 nA were used for all analyses; coarse images 
(> 1 μm resolution) were performed in field-free mode, 
whereas finer images (< 1 μm resolution) were performed 
in immersion mode.

Results

CL images

Zircons from fine-grained gabbro A01 have a sector-zoned, 
“soccer-ball” appearance with sharp boundaries between 
individual CL-bright and CL-dark zones (Fig.  2a); all 
grains have identical zoning. In contrast, zircons from 
coarser-grained samples B01 and C01 have CL-bright, 
sector- to oscillatory-zoned cores with uncommon, thin 
(typically < 5  μm, but locally up to 50  μm), CL-dark 
rims (Fig. 2b–e). Some of the zircon cores show patches 
of extreme CL brightness that are unevenly distributed 
throughout the grain (e.g., Fig. 2d). Most zircons preserve 
at least one flat crystal facet, but exhibit lobate or pitted rims 
where the CL-dark zones preferentially occur (Fig. 2b, c). 
If present, CL-dark rims are often patchily distributed and 
only rarely mantle the entire grain; rims are thicker and more 
abundant in sample C01 than B01. Some rims exhibit oscil-
latory zoning, but it is not contiguous with similar zoning 
observed in the zircon cores (Fig. 2e).
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U–Pb and trace‑element data

M17X731A01

Depth profiles from A01 (n = 23) are homogeneous with 
respect to REE, Hf, and Th, with some zoning in U and Pb. 
U–Pb dates are within uncertainty across nearly all profiles, 
and Th/U is uniformly low (≤ 0.1). We therefore calculated 
integrated values for each profile before pooling the age and 
trace-element data for the entire population. These data are 
shown in Fig. 3 and Table S1. A least-squares fit discordia 
line through the data yields a U–Pb date of 50.2 ± 1.1 Ma 
(MSWD = 2.1) with a highly radiogenic upper 207Pb/206Pb 
intercept (~ 0.3). Fixing the upper intercept to the Stacey 
and Kramers (1975) model 207Pb/206Pb intercept at 50 Ma 
(~ 0.83) provides a statistically poorer fit that does not form 
a single population (MSWD = 3.1), but yields a U–Pb date 
within uncertainty of the unconstrained fit (51.6 ± 0.9 Ma). 
All spots exhibit flat, chondrite-normalized HREE slopes 
with low absolute REE abundances (Fig. 3, inset).

M17S823B01 and M17S823C01

Approximately sixty zircons were analyzed from each sam-
ple; representative, inclusion-free depth profiles are shown 
in Fig. 4. The complete dataset––with both inclusion-free 
and inclusion-bearing profiles––is contained in Tables 
S2–S3. From the edge to the interior of each zircon grain, 
the majority of depth profiles for both B01 and C01 exhibit 
the following: (i) a Hf-rich and U-, Th-, and REE-poor out-
ermost rim that may exhibit either elevated or depleted total 
Pb relative to the rest of the grain; (ii) an increase in U, 
Th, and REE and a decrease in Hf inward of the outermost 
rim; (iii) a peak or plateau in U, followed by an exponential 
decrease in U toward the grain core; and (iv) a sharp knick-
point in slope for all other elements at or slightly inward of 
the U peak, followed by flat or smoothly varying profiles 
toward the grain interior (Fig. 4a-–d). Uranium abundances 
are heterogeneous among grains, with average concentra-
tions ≤ 40 ppm for zircon cores and up to ~ 200 ppm at U 
peaks. Th/U mirrors the behavior of U, smoothly increas-
ing from ~ 0.1 to ~ 0.5–0.6 over the rim-to-core interval, and 
reaching a plateau along the flattest portion of the U profile. 
Though most Th profiles roughly parallel other trace-element 
distributions, rare Th profiles show exponentially increasing 
or decreasing concentrations from rim to core (e.g., Fig. 4d). 

Fig. 2  Cathodoluminescence (CL) images of zircon from M17X731A01 
(a), M17S823B01 (b, c), and M17S823C01 (d, e). White bars in each 
figure are 50 μm (depth profile spot size) and blue bars are 15 μm (pit 
depths). Yellow arrows identify recrystallized, CL-dark metamorphic 
rims. Red lines in b, d indicate the location of the Raman spectroscopic 
transects in Fig. 9

▸
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Lead frequently exhibits linear or gently curved profiles that 
generally mimic U (206Pb, 207Pb) and Th (208Pb) variations. 
In contrast, trace elements are more systematic, with flat, 
gently sloping, or concave-down rim-to-core profiles man-
tled by abrupt rim decreases (P, REE) or increases (Hf). The 
outermost rims typically have lower total REE concentra-
tions, higher Dy/Yb, and higher Eu/Eu*. The rims defined 
by all elements except U are typically only a few microns 
thick, whereas U exponentially decreases to a minimum over 
longer scales (up to 15 μm). Rare grains exhibit thicker rims 
that occupy the entirety of the depth profile (i.e., > 15 μm). 
Such rims (Fig. 4e) have elemental abundances (high Hf, 
low P-REE-Th) and U–Pb dates (exclusively ~ 50 Ma; see 
below) that match thinner rims on other grains, and exhibit 
complex U zoning––either increasing or decreasing toward 
the core––with unzoned trace elements. Another set of rare 
profiles (e.g., Fig. 4f) has solely old U–Pb dates (~ 160 Ma) 
with elevated trace-element concentrations matching other 
zircon cores; no elements in these profiles are zoned.

207Pb/206Pb-corrected 206Pb/238U dates were calculated 
for each integration by fixing the upper intercept to the Sta-
cey and Kramers (1975) value for 50 Ma (0.84 ± 0.01). The 
resulting profiles yield continuous U–Pb arrays from rim to 
core, typically mimicking the Th/U topology. 208Pb/232Th 
dates for the same profiles are highly imprecise (e.g., ± 100s 
of Ma) and thus cannot resolve core-rim age differences in 
any grains. To identify endmembers from the profiles, we 

first examined each profile separately, and extracted U–Pb 
isochron (rim) or weighted-mean dates (cores) and average 
trace-element concentrations for rim and core single age pop-
ulations (MSWD ~ 1). Results are shown in Fig. 5. Figure 5a 
shows that––even for U–Pb isochrons and weighted means 
defined by ≥ 10 integrations (≥ 15 s, or ≥ 1.5 μm)––there is 
a discontinuous spread in calculated date from ~ 160 Ma to 
nearly ~ 45 Ma. These trends are matched by a gradual evolu-
tion in trace-element composition (Fig. 5b) with lower Th/U, 
lower total REE, and a more positive Eu anomaly for ≤ 65 Ma 
zircon. Many intermediate U–Pb dates occur in zircon cores 
that have single-population U–Pb dates and are homogene-
ous with respect to trace elements. For example, Fig. 4a–d 
shows profiles with broad core zones (~ 5 μm) with flat age 
and trace-element zoning, but systematically younger dates 
(~ 135 Ma) than the established Tethyan igneous crystalliza-
tion age for the Monviso metagabbros (163 ± 2 Ma: Rubatto 
and Hermann 2003; Rubatto and Angiboust 2015). Likewise, 
rim isochrons among low Th/U-spots yield apparent dates as 
old as ~ 80 Ma – significantly older than garnet-whole rock 
Lu–Hf (Duchêne et al. 1997) and U–Pb zircon dates (Rubatto 
and Hermann 2003; Rubatto and Angiboust 2015) that indi-
cate metamorphism at ~ 50–45 Ma.

To more precisely determine the mechanisms and tim-
ing of rim age resetting, we compiled aggregate depth-
profiling data for samples B01 and C01. This compilation 
includes all data used to calculate the rim and core dates in 
Fig. 5 as well as all inclusion-free depth profiles, resulting 
in n = 2550 integrations for B01 and n = 2770 for C01 (see 
Table S4 for compiled data). The compositional data are 
plotted against U–Pb date––serving as a normalized proxy 
for profile depth––in Fig. 6. Though there is significant scat-
ter with numerous outliers, the amassed trace-element data 
indicate apparent two-component mixing, with points hyper-
bolically distributed between endmembers. Th/U and total 
REE (using Y as a proxy) generally decrease and Dy/Yb 
and Eu/Eu* generally increase toward grain rims, whereas 
Th/U decreases semi-continuously over the range of meas-
ured U–Pb dates, Y, Dy/Yb, and Eu/Eu* are similar for most 
dates and only change in the youngest population. A more 
extreme young compositional endmember is also observed 
in sample C01 compared to sample B01, as Th/U and Y 
are lower and Dy/Yb is higher for the ~ 50 Ma population, 
whereas Eu/Eu* follows a similar pattern in both samples. 
In contrast, the compiled U, Th, and Pb data exhibit more 
complex trajectories: with decreasing date, U concentrations 
increase to a maximum (≤ 200 ppm) at ~ 50 Ma, followed by 
a decline to lower values (~ 10 ppm) at the same date. Tho-
rium likewise increases (sample B01) or decreases (sample 
C01) at ~ 50 Ma but is otherwise uncorrelated with U–Pb 
date, and exhibits similar concentrations over the age array. 
The abundances of 206Pb and 207Pb are flat or increase gen-
tly from core to rim (cf. Fig. 4a–d), whereas 208Pb does not 
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Fig. 3  Tera-Wasserburg concordia figure and chondrite-normalized 
REE data for zircons from a fine-grained, foliated, eclogitic Fe-Ti 
metagabbro (M17X731A01; cf. Fig.  2a). Two isochrons are shown, 
the first with an unconstrained upper intercept that is a better sta-
tistical fit to the data (black), and a second calculated using a fixed 
207Pb/206Pb intercept of 0.83 ± 0.01 (gray; as in Fig. 4). Zircons from 
this sample yield a single age and trace-element population consistent 
with eclogite-facies growth
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Fig. 4  Selected LASS depth profiling results from coarse-grained 
Fe-Ti metagabbros M17S823B01 and M17S823C01. Each column 
represents a ~ 15  μm depth profile from a single grain. 207Pb/206Pb-
corrected 206Pb/238U dates (including all isochron dates in the first 
row of the figure) were calculated using a fixed 207Pb/206Pb intercept 
of 0.83 ± 0.01. Profiles a–c represent relatively typical depth profiles 
with sharp core-rim boundaries in trace elements and more gradual 
U and U–Pb age changes over the same interval, whereas profile d 
shows similar features but with an exponentially decreasing Th profile 
from rim to core. The distribution of isotopic data above concordia 
in profile c likely results from initial common Pb in the zircon core. 

Gray bars behind compositional data in a–d represent the location of 
rim–core transitions observed in P and Ce. In contrast, profiles e, f 
show single age populations (e = entirely metamorphic, f = entirely 
igneous) and lack clear core–rim relationships, although there is some 
U zoning in profile e. Because counts-based uncertainties (~ 3–4% for 
206Pb and 208Pb, ~ 10% for 207Pb, ~ 0.2% for U, ~ 0.4% for Th) may be 
underestimates, and depth profiling data are not exported with uncer-
tainties, we show the raw data only; however, we note that the scatter 
in individual profiles gives a rough estimate of the precision of each 
elemental analysis

first-order constraint on the diffusivity using the observed 
length scale over which U profiles vary. Diffusion coeffi-
cients were calculated from normalized concentration pro-
files using the following analytical solution to the diffusion 
equation (Crank 1975):

in which x is position, Cx is the concentration at position 
x, Cc and Cr are endmember core and rim concentrations, 
respectively, t is time, and D is the diffusivity. The raw U 
concentration profiles used in the inversions are shown in 
Fig. 8a, b; note the similarity in length scales of curvature 
between profiles with different U concentrations. All appar-
ently inclusion-free profiles that captured the full rim-to-
core compositional changes were compiled for the calcula-
tion, and only the portions of the profiles inward of each U 
spike––where U decreases occur in the absence of any other 
compositional changes (Figs. 4, 6, and 7)––were considered 
(Fig. 8a, inset). Endmember rim and core U concentrations 
were chosen for each profile using the peak U concentration 
and the minimum U concentration in the deepest part of 
the profile, respectively. DU was calculated for each grain 
from the slopes of the  erf−1 inverted profiles (Fig. 8c, d), 
which are proportional to D− 0.5. We used t = 1 My to cal-
culate D based on the evidence in this (see Discussion) and 
other studies (Rubatto and Angiboust 2015; Broadwell et al. 
2019) for ~ 1–2 My peak metamorphic timescales. Using 10 
My timescales reduces the calculated diffusion coefficients 
by an order of magnitude, whereas using shorter timescales 
increases them.

The first few microns inward of the U peak have higher 
inverted profile slopes (= lower DU) relative to more homo-
geneous grain interiors. This is observed in every measured 
grain regardless of U concentration, and occurs in regions 
outboard of the sharp trace-element rim, where U concentra-
tions are highest. Using the homogeneously sloped portions 
of the inverted profiles, the calculated average DU for the 
two samples is identical within uncertainty (DU ~ 10–24  m2/
sec). Stated uncertainties in DU in Fig. 8c, d (cf. Fig. S2–S3 
for individual profile fits) are two standard deviations of the 

erf −1
�

Cx − Cr

Cc − Cr

�

=

�

1
√

4Dt

�

x.

vary significantly; however, the youngest population exhibits 
increases (B01 and C01) and decreases (C01 only) in all Pb 
isotopes relative to cores.

Notably, sample C01 exhibits a U-, Th-, and REE-poor, 
high Dy/Yb-Eu/Eu* zircon population that is less apparent 
in sample B01 (Fig. 6). These data exhibit the flattest chon-
drite-normalized REE patterns and consistently youngest 
U–Pb dates (Fig. 7a). Isolating this population yields a sin-
gle-population isochron date (51.1 ± 0.4 Ma; MSWD = 1.2, 
n = 96) (Fig. 7b) within uncertainty of that from sample A01 
(Fig. 3).

Diffusion modeling

Remarkably, once profiles with obvious mineral inclusions 
are filtered from the dataset, the U concentration profiles 
observed in samples B01 and C01 (e.g., Fig. 4) resemble 
stranded diffusion profiles observed in natural metamor-
phic crystals, in which elements liberated during resorption 
partition back into the relict crystal and drive inward diffu-
sion (e.g., Carlson 2012). Even those profiles that contain 
inclusions show similar, apparently diffusive topologies in 
their inclusion-free portions. Similar U profiles are obtained 
experimentally for zircon implanted in U-rich media that 
underwent no resorption (Cherniak et al. 1997a). If the 
measured U concentration profiles arise from inward dif-
fusion, such diffusion must be fundamentally different 
than that measured experimentally; using the activation 
energy (726 ± 83  kJ/mol) and pre-exponential constant 
(0.212 ± 2.440  m2/s) from Cherniak et al. (1997a) for U dif-
fusion in zircon yields characteristic length scales of ≤ 1 fm 
(≤ 10–15 m) for 1–10 My at 550 °C, whereas apparent dif-
fusive length scales observed here are up to ~ 10–15 μm and 
are similar between grains.

To estimate the diffusivity of U through zircon required 
to account for the observed depth profiles, we first took the 
approach of Stearns et al. (2016) and modeled isotropic, 
constant-diffusivity, tracer diffusion into a semi-infinite 
medium with a constant rim U concentration and a uni-
form initial U concentration in the host zircon. This fixed-
boundary approach models the endmember case of external 
addition of U to zircon grain boundaries and provides a 

▸
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sample-averaged DU; Poisson-based counting uncertainties 
in U concentration are negligible (~ 0.2%) and thus uncer-
tainties in individual slope fits are far higher than the uncer-
tainty on the average.

Recognizing the abundant textural and chemical evi-
dence for zircon resorption (Figs. 2, 4), we performed an 
additional coupled diffusion–dissolution model, following 
the kinetic model presented in Smye et al. (2017). Our 
model solves the conservative form of the diffusion equa-
tion, discretized across the radial dimension of an indi-
vidual zircon crystal:

 in which rj is the radial index, R is the crystal radius, tj is the 
time index, Ci

s
 . is the concentration of U in the zircon, and γ 

reflects the radial dependence of volume and area in 

�

�t
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j
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)

+
�

�r

(
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j
FcC

i
s

)

= 0 on Ωs ∈
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]

×
[

0, tj
]

,

cylindrical and spherical coordinates; γ was set as 1 (cylin-
drical) for all calculations in this study. The terms r�

j
Ci
s
 and 

Fc represent the accumulation and diffusive flux of U, 
respectively. A Neumann symmetry condition was imple-
mented at the crystal center ( rj = rmin) , whereas a mass-
balance partitioning constraint was employed at the crystal 
interface ( rj = R) , accounting for both dissolution and diffu-
sion of U between zircon and a grain boundary fluid reser-
voir of fixed volume. Zircon dissolution was implemented 
by re-gridding at each timestep, conserving the number of 
cells, and motion of the interface was simulated using a 
power-law relation (n = 2). We assumed the same timescales 
for dissolution and diffusion (t = 1 My) as for the fixed-
boundary model (above), with dissolution assumed to propa-
gate in even steps over this duration. The relevant equations 
were solved numerically using a fully implicit finite-volume 
discretization, following the approach presented in Hesse 
(2012). Goodness of fit was assessed using the L2 norm 
(root sum of squared residuals) between observed and mod-
eled profiles, run over a grid of  DU and initial zircon radius 
values. Though we report individual best-fit DU and initial 
zircon radii for each profile, the residual output over the 
minimization grid forms an error ellipse with significant 
covariance (cf. Fig. S4), reflecting a correlation between the 
amount of zircon dissolution and the required rate of U dif-
fusion to match the depth profiles.

Several other variables serve as inputs for the calcula-
tion, and parameter sensitivity tests were performed for 
the most uncertain of these. Final zircon radii were meas-
ured directly from the unpolished zircon mounts, with 
the shortest dimension used for the calculation. Initial 
U concentrations in zircon cores were determined from 
the minimum U concentration in each depth profile; vary-
ing this parameter affects the predicted amount of zircon 
resorption by ≤ 20 μm, but has a negligible effect on the 
calculated  DU. Uranium was assumed to strongly partition 
into zircon (Kd >  > 1000) to match the observed length 
scale of resorption features and metamorphic rims in CL 
images of our samples (~ 2–20 μm; e.g., Fig. 2). Experi-
mental zircon/fluid partition coefficients are significantly 
lower than this (~ 1: Ayers and Peters 2018), but these 
experiments were run at slightly more oxidized conditions 
(NNO buffer) than our samples likely experienced (QFM 
buffer; see Discussion). Although changing the zircon/
fluid Kd(U) to the experimental values has a significant 
effect on the amount of zircon resorption required to 
match the profiles by several hundred microns––yielding 
an unrealistic initial zircon size–it has little effect on the 
calculated DU (Fig. S4). Therefore, our use of an extreme 
zircon/fluid Kd should be considered as the endmember 
case in which all U is sourced from pre-existing zircon, 
in contrast to the fixed-boundary model (above) in which 
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Fig. 5  Compiled isochron and weighted mean data for sam-
ples M17S823B01 and M17S823C01; see Tables S2–S4 for raw 
data. Isochrons were calculated for rim zones in which sequential 
laser shots yielded single, Stacey and Kramers (1975) corrected 
207Pb/206Pb-corrected 206Pb/238U age populations. Weighted mean 
dates were likewise calculated for zircon cores with obvious age pla-
teaus; these were not calculated as isochrons due to the limited spread 
in 207Pb/206Pb. a Ages and Th/U recorded by samples with isoch-
rons defined by more than 30 integrations (~ 1.5 μm). The data form 
a continuous spread of both protolith and metamorphic dates, with 
metamorphic trace elements occurring for dates from ~ 60 to 50 Ma. 
b Th/U, Y, and Eu/Eu* zircon averages for all isochron and weighted 
mean dates, with a notable shift in composition at ~ 60–65 Ma. The 
gray bars denote Lu–Hf garnet dates (D97: Duchêne et  al. 1997) 
and U–Pb zircon dates (RH03: Rubatto and Hermann 2003; RA15: 
Rubatto and Angiboust 2015) determined for Monviso metagabbros
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all U is sourced externally. Parameter sensitivity tests on 
other model variables (dr, dt, grid spacing for the mini-
mization routine, etc.) yield slight changes in model fits, 
but ultimately result in variations in  DU that are less than 
one-tenth of an order of magnitude.

Results from this model are shown in Fig.  8e–f, 
with individual profile fits in Figs. S5–S6. As for the 

fixed-boundary model, stated uncertainties in DU are 
two standard deviations of the sample-averaged DU. The 
calculations suggest almost identical but slightly higher 
diffusivities to those calculated with the fixed-boundary 
model, and both samples are within uncertainty of each 
other, reflecting the nearly congruent length-scales of 
diffusion required for small fractions of resorption. The 

Fig. 6  Aggregate Pb, Th, U 
and trace-element data vs. 
Stacey and Kramers (1975) 
207Pb/206Pb-corrected 206Pb/238U 
date for each zircon integra-
tion from M17S823B01 (a; 
n = 2550) and M17S823C01 (b; 
n = 2770). Each datum repre-
sents the average of three inte-
grations (approximately three 
laser shots). Data were extracted 
from all inclusion-free depth 
profiles, and all points used 
to construct the isochron data 
in Fig. 5 (i.e., inclusion-free 
portions of inclusion-bearing 
profiles; see Table S4 for raw 
data). The youngest dates (left) 
correspond to rims in depth pro-
files, whereas the oldest dates 
(right) correspond to cores. 
Endmembers identified in the 
text are marked in the U data for 
C01. Note that—although each 
sample shows a similar trace-
element vs. age evolution—C01 
shows a more significant transi-
tion to eclogite-facies U-Th-Pb 
and trace-element signatures
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range of model results obtained in this study are displayed 
in Fig. 8g relative to those obtained experimentally by 
Cherniak et al. (1997a), extrapolated to the temperatures 
experienced by our samples (Angiboust et al. 2012b).

Raman data

Core-to-rim Raman spectroscopic transects on sample B01 
and C01 were performed to determine the role of zircon 
lattice damage on the compositional results. Transects were 
done over recrystallized rim boundaries and CL-bright 
grain edges without CL-dark rims, and extended over scales 
relevant to pit depths (≤ 15 μm; see Fig. 2 for representa-
tive transect locations). Equant, sector-zoned zircons from 
M17X731A01 were analyzed for comparison.

Representative Raman data are shown in Fig. 9, with spot 
data from different grains in M17X731A01, and transects 
from M17S823B01 and M17S823C01. Measurements from 
all samples show several diagnostic peaks from unmodified 
crystalline zircon, including stretching modes at ~ 1008 
and ~ 975 cm−1 and bending modes at ~ 439 and ~ 356 cm−1 
(Nasdala et al. 1995; Zhang et al. 2000; Kolesov et al. 2001; 
Schmidt et al. 2013). The relative intensity of each peak 
varies between grains from a single sample, but all meas-
ured zircons (regardless of sample) exhibit the same peak 
positions. There are no significant changes along any of the 
core-to-rim transects; each rim spectrum exhibits nearly con-
gruent peak positions and widths with their associated cores. 
Several grains—including whole grains from M17X731A01 
and zircon cores from M17S823C01—exhibit a weak, nar-
row peak at ~ 640 cm−1 and a broader band at ~ 820 cm−1 
that always occur in concert with each other. Though 
the ~ 640 cm−1 peak can result from tetragonal  ZrO2 formed 

after metamict zircon (Zhang et al. 2000), other peaks asso-
ciated with this phase are not observed, and a weak band 
observed at 641 cm−1 may arise from an additional zircon 
bending mode (Kolesov et al. 2001).

FE‑SEM data

High-resolution FE-SEM images––including secondary-
electron and backscattered-electron images––were collected 
to determine the potential role of micro- to nano-scale frac-
turing or porosity in explaining the observed U profiles, 
particularly because these features are often present in dis-
solved and reprecipitated zircon (e.g., Geisler et al. 2007). 
The imaging was performed for the same textural settings 
and length scales (~ 5–50 μm) analyzed by depth profiling 
and Raman spectroscopy, including the same zircons for 
which Raman data are presented in Fig. 9. These images are 
presented in Figs. S7–S8. Although there are minor cracks 
and pits related to polishing, these are randomly distributed 
and none are geometrically associated with grain or reaction 
boundaries. Additionally, there are no observable pores at 
any scale.

Interpretations and discussion

Discriminating distinct zircon populations 
and processes

The laser-ablation, CL, and Raman data indicate several 
zircon populations among the three samples. The salient 
features of each of these are reviewed with the intent of 
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connecting compositional, textural, and mineralogical data; 
a graphical summary of this discussion is shown in Fig. 10.

A01: metamorphic neocrystallization

The equant, sector-zoned zircons in sample A01 (Fig. 2a) 
constitute a population separate from zircons in the other two 
samples. These zircons typically have high U (> 100 ppm) 
with HREE-depleted trace elements compatible with a 

garnet signature (Rubatto and Hermann 2007; Taylor et al. 
2017). We interpret these zircons as neocrystallized eclog-
ite-facies metamorphic grains. M17X731A01 occupies a 
structural position distinct from the other two samples; it 
was collected from the core of the LSZ, which experienced 
significant eclogite-facies metasomatism (Angiboust et al. 
2011, 2014). The distinct textures and geologic context thus 
indicate that these zircons precipitated from the metamor-
phic fluid at 50.2 ± 1.1 Ma. Though the Tera-Wasserburg 

Fig. 8  Zircon U profiles 
from M17S823B01 (a) and 
M17S823C01 (b), with 
accompanying fixed-boundary 
inversions (c = B01, d = C01) 
and moving-boundary, coupled 
dissolution-diffusion modeling 
results (e = B01, f = C01) for 
uranium-in-zircon diffusivity 
for the same transects; colors 
in (a, b) correspond to those in 
(c, d, e, and f). The inset in a 
shows the selected portions of 
the profiles in a and b used to 
calculated DU in all models. The 
insets in (c, d), and the entirety 
of panels (e, f), show the cal-
culated DU for each individual 
profile, with the calculated 
average and 2 SD in a black 
line and gray box, respectively. 
The black dashed lines in (c, 
d) delineate higher slopes (dif-
fusivities) in the fixed-boundary 
model towards the rim of zircon 
grains. g plots the observed 
results from this study (gray 
box) relative to those obtained 
in high-temperature experiments 
(Cherniak et al. 1997a), with the 
range of measured data in black 
and extrapolation to low-T as 
a gray dashed line. See text for 
additional calculation details, 
and Figs. S2–S3 and S5–S6 for 
individual fixed-boundary and 
moving-boundary model fits 
superposed on the raw data
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discordia upper intercept for these zircons (207Pb/206Pb ~ 0.3) 
is more radiogenic than the Stacey and Kramers (1975) value 
for ~ 50 Ma (207Pb/206Pb ~ 0.84)—potentially suggesting Pb* 
inheritance from a precursor U-bearing phase – there is no 
textural evidence for this in the zircon CL images. If present, 
any such phase was entirely resorbed prior to or during the 
Alpine event.

B01 and C01: igneous cores

Most depth profiles through B01 and C01 zircons sample 
an endmember consistent with igneous crystallization in the 
protolith gabbro (Fig. 10). We restrict our interpretation of 
these cores to zones with flat age and trace-element plateaus 
in the deepest part of the profiles; zones with continuously 
varying age are discussed below. This endmember is richest 
in REE with the lowest Dy/Yb, the highest Th concentrations 
with Th/U up to 0.6, and a pronounced negative Eu anomaly 
(Figs. 4, 6). Rubatto and Hermann (2003) and Rubatto and 
Angiboust (2015) identified protolith zircons with similar 
trace-element signatures, and measured a crystallization date 
of 163 ± 2 Ma. Though some zircons were clearly altered, 
other zircon analyses on visibly unaltered grains exhibited 
partially reset dates (≤ 80 Ma) but with unmodified proto-
lith δ18O (Rubatto and Angiboust 2015). Likewise, though 
the zircon cores analyzed here form flat age plateaus with 
no apparent evidence for U–Pb, trace-element, or structural 
(cf. Fig. 9) modification, only some of the single-population 
weighted mean dates for zircon cores match the 163 ± 2 Ma 
igneous crystallization date (e.g., Fig. 4f). Dates for similar 
Alpine Tethyan gabbros range between ~ 170 and 150 Ma 
across the Western Alps and Corsica (Manatschal and Mün-
tener 2009; Li et al. 2015) but homogeneous zircon core 
dates in this study are as young as ~ 80 Ma. Notably, these 
younger dates occur even for cores with nearly homogene-
ous U concentrations, in contrast to the asymptotic profiles 
developed toward grain edges. However, it is possible that 
minute U increases affected even the deepest parts of most of 
our ~ 15 μm depth profiles; for an igneous zircon that crystal-
lized at 163 Ma with 15 ppm U (the average core concen-
tration measured in our study), the addition of 1–2 ppm U 
is sufficient to alter U–Pb dates by 5–15 My. Finally, rare 
profiles with exclusively old U–Pb dates (Fig. 4f) show 
nearly flat U concentration profiles. Because the maximum 
counting statistics uncertainties on U using our methods are 
exceedingly low (0.2%), these data suggest that magmatic 
zircon was not zoned in U at the sub-ppm level.

B01 and C01: igneous cores with U–Pb dates reset by U 
gain ± recrystallization

Several noteworthy changes are recorded within ~ 5 μm 
of grain rims. From core to rim, trace elements remain 

relatively homogeneous but U achieves a maximum, 
Th/U and U–Pb date are progressively reset toward ~ 0.1 
and ~ 50 Ma, respectively, and there is typically REE and 
P loss with Hf gain where U concentrations are highest 
(e.g., Figs. 4, 10). Though some outer zircon rims appear 
to contain  PbC increases, and are more discordant in Tera-
Wasserburg space (Figs. 4, 6), others show decreases in all 
Pb isotopes, suggesting radiogenic Pb* loss. Likewise, some 
profiles show Th decreases while others show increases, 
and rare profiles show similar diffusion-like Th profiles to 
U (e.g., Fig. 4d). Given the location of this material in the 
depth profiles, it likely represents material straddling the 
CL-bright and CL-dark boundaries.

The synchronicity and sharpness of the rims defined 
by all elements excluding U (Figs. 4, 10) suggest that 
the trace-element knickpoint in each profile is a frozen 
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reaction boundary, attained during fluid-induced dissolu-
tion of the grain rim. Resorption textures are apparent in 
the CL data and include pitted, concave grain bounda-
ries and truncated core zoning. Further, both samples 
contain hydrated eclogite-facies minerals (e.g., phengite, 
talc, chlorite, former lawsonite) testifying to fluid-present 
conditions during peak metamorphism. According to this 
interpretation, material rim-ward of the reaction bound-
ary was recrystallized or reprecipitated, whereas material 
core-ward of the reaction boundary appears to have faith-
fully preserved most protolith trace elements (excluding 
U). The loss of REE, P, and sometimes Pb and Th suggests 
that these elements were partitioned into the fluid or into 
other metamorphic phases (e.g., allanite, monazite); more 
uncommon profiles with Pb or Th increases at the grain 
rim suggest the additional influence of local equilibrium.

In contrast, the correlated and population-wide rim-to-
core evolution of U, Th/U, and U–Pb date is compatible 
with inward U diffusion ahead of the reaction front, lead-
ing to an exponential array of ages without systematically 
affecting other elements. In interpreting that the U profiles 
arise are diffusive, we acknowledge that there are several 
non-diffusive processes that could theoretically produce 
similar U topologies. Each of these is addressed below:

1. Downhole fractionation corrections Incorrect modeling 
of downhole inter-element fractionation could yield U 
profiles conforming to an error function. However, the 
secondary zircon reference materials––measured and 

treated identically to unknowns––yield flat U, Th, and 
Pb concentration profiles (Fig. S1), suggesting no obvi-
ous errors in our downhole correction method.

2. Analytical mixing Mixing during laser-ablation analy-
sis––either along a curved or tortuous core-rim bound-
ary, or by previously excavated or laser pit wall material 
falling back into the laser pit––is unlikely for several 
reasons. First, simple mixing models (Fig. S9) can test 
the influence of a curved core-rim boundary on depth-
profile elemental topologies. The models show that 
although there are geometric configurations that could 
produce the observed U profile, such mixing would be 
resolvable in any other species that differed in concen-
tration between the core and rim, which is the case for 
numerous elements (e.g., Fig. 4). It would further require 
that every U profile in every inclusion-free depth pro-
file resulted from nearly identical core-rim curvature in 
every measured zircon grain. Such mixing models also 
exclude the resampling of previously-sampled material 
higher in the laser pit, which is supported by the obser-
vation that the final pits have near-vertical walls and flat 
bottoms (see Methods). Finally, there are several profiles 
in which monotonically decreasing rim-to-core U con-
centrations occur where Y + HREE switch from para-
bolic increases to decreases (Fig. 4a, c), firmly excluding 
mixing as a mechanism to produce the U profiles.

3. Uranium growth zoning and/or Pb* loss Though rare, 
unaltered, igneous zircon grains suggest that the proto-
lith zircons were not zoned in U at the sub-ppm level 
(Fig. 4f), magmatic U zoning has been documented else-
where (e.g., Pidgeon et al. 1998). If the U profiles were 
to represent relict growth zoning, any age perturbations 
must have resulted solely from Pb* loss, which is com-
monly appealed to as an age resetting mechanism. There-
fore, to assess the potential significance of U growth zon-
ing and/or Pb* diffusion on depth profile topology, we 
used data from the profile in Fig. 4b, which contains an 
apparent U diffusion profile but flat Th zoning inward 
of the reaction front, permitting use of the 208Pb profile 
to assess the role of Pb* loss. Using the observed core 
concentrations of U and Th, we calculated U–Pb isotopic 
and age profiles for four scenarios, each involving igne-
ous crystallization at 163 Ma, diffusive Pb* loss and/or 
U gain at the grain rim at 50 Ma, and neglecting common 
Pb. These models are not intended to exactly reproduce 
our measured depth profiles, but rather permit exami-
nation of representative concentration and age profile 
topologies that would result from U growth zoning and 
Pb* loss. Model results are shown in Fig. 11. In the case 
of Pb* loss without any U gain (Fig. 11a), U–Pb date 
topologies match the depth profiles, but Pb concentration 
profiles show parallel, downward-sloping arrays over the 
entirety of the depth profile, which is nowhere observed 
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in our data. In the case of a curved protolith zircon U pro-
file coupled with Pb* loss at ~ 50 Ma (Fig. 11b), the mod-
ern-day 206Pb and 207Pb profiles are flatter, but without a 
Th increase, 208Pb profiles show characteristic decreases 
with age resetting that would be resolvable outside of 
our method uncertainties. For example, from the core 
to reaction front of Fig. 4b, there is a ~ 40 My decrease 
in 207Pb/206Pb-corrected 206Pb/238U date, which––under 
a pure Pb* loss regime––would be associated with 
a ~ 30–40% decrease in 208Pb over the same interval. In 
contrast, the models with only diffusive U gain (Fig. 11c) 
or diffusive U gain coupled with Pb* loss (Fig. 11d) pro-
duce topologies most similar to our data, including flat to 
increasing 206Pb and 207Pb and incomplete age resetting 
at some rims. Therefore, though we cannot rule out some 
contribution from Pb* loss, these models confirm that the 
age and U concentration data require some metamorphic 
U gain.

4. Seafloor processes Rocks and sediments exposed at 
the seafloor––particularly in anoxic settings––often 
undergo U enrichment due to redox processes (Brum-
sack 2006). However, given the absence of evidence 
for (i) other elemental gains or losses over the same 
length scales as U and (ii) decrepitation of the zircon 
lattice, we consider such low-T seawater scavenging of 
U highly unlikely. Further, although the dates recorded 
by diffusionally modified rims do not coalesce around 
a single date, they approach the metamorphic age 
recorded by fully recrystallized grains (below) – sug-
gesting that the addition of U to zircon did not occur 
prior to eclogite-facies metamorphism. The incomplete 
resetting to the eclogite-facies date can be explained 
as a consequence of the amount of U required to fully 
reset magmatic zircon dates, rather than suggesting an 
array of older seafloor alteration dates. Because a zero-
age zircon has an essentially infinite 238U/206Pb*, reset-
ting a 163 Ma, 10-ppm U igneous grain to 60 Ma (at 
50 Ma) requires the addition of ~ 100 ppm U; resetting 
it to 55 Ma requires nearly ~ 200 ppm U. The maximum 
zircon U contents measured in this study are ≤ 200 ppm, 
suggesting that full resetting was rarely achieved in zir-
con grains subject to U diffusion, and thus the youngest 
inner rim dates approach but may not reach the true 
metamorphic date.

5. Other non-diffusive processes Other potential expla-
nations for the profiles could relate to fluid introduc-
tion along microcracks or nanopores, or fast diffusion 
through metamict zircon (e.g., Geisler et al. 2002). How-
ever, there is no CL (Fig. 2), Raman (Fig. 9), or FE-SEM 
evidence (Figs. S7–S8) for lattice damage, fluid inclu-
sions, microcracks, or significant porosity, and even the 
most U-rich igneous zircon cores (~ 40 ppm) will only 

become metamict on > 10 Gy timescales (Meldrum et al. 
1998).

Therefore, though it is impossible to entirely rule out a 
non-diffusive process for U gain, we find arguments against 
it less viable. There are also several arguments firmly in 
favor of diffusive U gain, particularly that the diffusive 
length-scales of the U profiles are strikingly similar among 
different grains within the same sample and between two dif-
ferent samples that experienced the same metamorphic his-
tory, independent of concentration (Fig. 8)––a fundamental 
prediction of Fickian diffusion theory. Even under alterna-
tive diffusion scenarios not considered here––e.g., relaxation 
of former step function in U concentration between core 
and rim – the calculated diffusion coefficients would be less 
than an order of magnitude lower than those calculated with 
our fixed-boundary model, because the characteristic length-
scales of required diffusion (and thus the time-integrated 
magnitude of diffusion, Dt) would be nearly identical. In 
contrast, if there was propagation of U past the deepest 
parts of the depth profiles (see above), the calculated dif-
fusivities represent minima. Likewise, the relatively sharp 
U “peaks” in the outermost few microns of each of the U 
profiles are similar to natural examples attained during a 
changing external boundary condition (i.e., in-diffusion fol-
lowed by out-diffusion; cf. Spear et al. 2012) and do not 
significantly alter our calculated diffusivities. Though sev-
eral modeled profiles have additional, small spikes consist-
ent with micro-inclusions or crystal defects, we emphasize 
that these are uncommon features (cf. Figs. S2–S3), and that 
such anomalies reflect the activity of a natural, stochastic 
diffusion process.

Finally, these rims document the “partial recrystalliza-
tion” reported elsewhere in spot data (e.g., Martin et al. 
2008; Chen et al. 2010; Štípská et al. 2016) in which U–Pb, 
trace-element, and Hf–O isotopic systematics in zircon are 
decoupled during metamorphism. In the Monviso samples, 
we are able to clarify that this decoupling involves com-
positional heterogeneity both ahead of and behind a reac-
tion front, occurs over distinct length scales for different 
elements, and only roughly conforms to textural boundaries 
observed in CL.

B01 and C01: fully equilibrated metamorphic rims

The final zircon population—CL-dark metamorphic rims 
(Figs. 2, 10)— has the lowest REE, Th, U, and P, highest 
Hf, and flattest REE slopes, with highly variable Pb contents 
(Fig. 6). These rims are manifested texturally as oscillatory 
to unzoned precipitates (e.g., Fig. 2d–e), but in most grains 
this population is observed as a compositional endmember at 
the outermost rim, with apparent mixing between it and the 
zircon at the reaction front (e.g., Fig. 4, 10). We interpret this 
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endmember as the equilibrium compositional complement 
to the dissolved/resorbed zircon (Fig. 2). Such replacement 
of trace-element rich zircon by a trace-element poor vari-
ety is commonly observed during hydrothermal alteration 
(Tomaschek et al. 2003; Spandler et al. 2004). New zircon 
precipitation did not fully balance old zircon dissolution, 
because many pitted and resorbed zircon surfaces lack physi-
cal rims (Fig. 2).

Precipitated zircon rim Th and U are lower than in zir-
con cores, but have a similar Th/U to zircon inner rims that 
experienced apparent U gain without Th loss (e.g., Fig. 6). In 
addition to the bulk depletion of REE, the relatively greater 
depletion of HREE suggests that precipitation occurred in 
the presence of metamorphic garnet, firmly tying zircon rims 
to eclogite-facies conditions. Many of these rims are domi-
nated by apparent Pb decreases relative to cores, but some 
have Pb increases associated with more discordant isotopic 
data, consistent with the incorporation of  PbC during rim 
precipitation. Anomalous ratios during the first few laser 
ablation pulses have elsewhere been attributed to incomplete 
laser-sample coupling, fluctuations in laser energy, or mod-
ern Pb contamination (e.g., Cottle et al. 2012; Steely et al. 
2014). However, such signals persist after cleaning shots and 
often penetrate all the way to reaction boundaries. Further, 
other eclogite-facies metamorphic zircons from the same 
locality contain common Pb (Rubatto and Hermann 2003). 
Piston–cylinder experiments also suggest that common Pb is 
readily incorporated into zircon during hydrothermal growth 
(Watson et al. 1997).

For many of the depth profiles, this fully recrystallized 
metamorphic endmember forms an apparent mixing line 
with the diffusively reset inner rims (Figs. 4, 10). These 
mixtures may reflect analytical mixing of material from 
the CL-dark rims with material from the edge of CL-bright 

diffusionally modified cores, especially given the patchiness 
of precipitated rims and the tortuosity of core–rim bounda-
ries (Fig. 2). They may also record a geologically significant 
process, i.e., the progressive reaction-induced loss of trace 
elements (REE, U, Th, Pb, P) from grain cores as the recrys-
tallization front progressed, and the grain rims approached 
their equilibrium composition with or without any new pre-
cipitation—a process that likely went to completion in rare 
depth profiles with entirely young dates (Fig. 4e). Finally, 
as noted above, they may also reflect minor out-diffusion of 
U. Discriminating between these processes would require 
higher-precision analyses of the outermost few microns of 
the depth profiles to better characterize their topology, e.g., 
by SIMS depth profiling (cf. Grove and Harrison 1999) or 
TEM analysis (cf. Harlov et al. 2011). Regardless of their 
origin, the mixing lines yield apparent isochrons with met-
amorphic trace-element signatures (esp. Th/U) and U–Pb 
dates that span between true igneous and metamorphic dates 
(e.g., Figs. 4a, 5). However, it is clear that any individual 
“isochron” date is geologically meaningless; there are no 
clear cut-offs in the individual depth profiles (either U–Pb 
date or trace-element signatures) that divide igneous crystal-
lization from metamorphic recrystallization (Fig. 5). This 
is not recognizable from any one profile but requires the 
population-scale data to clarify. In contrast, the isolation 
of the most endmember, low-U rim data yields a single age 
population for the CL-dark rims of 51.1 ± 0.4 Ma (Fig. 7a, 
b), within uncertainty of the neocrystallized grains in sample 
M17X731A01 (Fig. 3) and consistent with the short, ≤ 1 My 
fluid–rock interaction timescales determined in other stud-
ies of the Monviso metaophiolite (Rubatto and Angiboust 
2015; Broadwell et al. 2019). Because the diffusively reset 
inner rims approach this metamorphic date, we suggest that 
inward U diffusion was fundamentally coupled to resorption 
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Fig. 11  Pb* loss and U gain models for age resetting in Monviso zir-
cons. Shown are calculated modern rim-to-core profiles for U, 206Pb, 
207Pb, 208Pb, and 207Pb/206Pb-corrected 206Pb/238U age for a 163 Ma 
igneous zircon with 20  ppm Th that a experienced partial diffusive 
Pb* loss at 50  Ma, with no U gain; b experienced partial diffusive 
Pb* loss at 50 Ma, with an undisturbed (igneous) U profile increas-
ing toward the rim; c experienced no Pb* loss, but experienced meta-

morphic U gain at 50 Ma; and d experienced coupled, partial diffu-
sive Pb* loss and U gain at 50 Ma. Profiles are shown for both 50 Ma 
and the present. The model shows that small perturbations in U–Pb 
date (~ 10–20 My) caused by Pb* loss may not be resolvable in the 
depth profiling data, but that the age resetting in most grains cannot 
be ascribed solely to Pb* diffusion without yielding distinct Pb profile 
topologies
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and recrystallization. In contrast, the absence of mixing lines 
between the low-U, fully recrystallized rims and low-U, 
unaltered igneous cores (e.g., Fig. 6) shows that new zircon 
precipitation always occurred on previously altered grains.

Our U–Pb dates (50 ± 1  Ma [A01] and 51 ± 1  Ma 
[C01]) yield a significant absolute age offset from previous 
SHRIMP zircon U–Pb dates (45 ± 1 Ma: Rubatto and Her-
mann 2003; 45.8 ± 0.7 Ma: Rubatto and Angiboust 2015) for 
the timing of peak, eclogite-facies metamorphism at Mon-
viso. Importantly, both methods yield internally consistent, 
reproducible dates, and both sets of studies date the same 
textural occurrence of zircon at distinct locations within the 
field area. Though many studies exhibit agreement between 
LA-ICPMS and SHRIMP U–Pb zircon dates, other studies 
have documented differences between these methods that 
may relate to matrix effects, particularly the trace-element 
composition of analyzed zircon (e.g., Black et al. 2004). We 
note that (i) the same laser-ablation methods were applied 
to three well-characterized secondary zircon standards dur-
ing the course of this study, and each yielded a date within 
0.5% of their accepted ages (see Methods), and (ii) our laser-
ablation zircon dates are within uncertainty of a two-point 
Lu–Hf garnet-whole rock isochron date determined for a 
Monviso metagabbro (Duchêne et al. 1997), and further 
align with Ar/Ar dates from the field area (Monié and Philip-
pot 1989). However, though our preferred interpretation is 
that this age difference is methodological, we cannot rule out 
that the discrepancy is geologic, which would require that 
zircon (re)crystallization at Monviso occurred over a more 
significant time interval (≥ 5 My) than has been previously 
interpreted (e.g., Rubatto and Angiboust 2015).

Low‑T U incorporation and diffusion in zircon

Two points require resolution: first, whether the U that par-
titioned into resorbed zircon was internally or externally 
sourced, and second, why U diffusion was so rapid in the 
Monviso zircons.

The incorporation of U during dissolution-reprecipitation 
likely reflects the prevailing fluid composition, oxidation state, 
and mineralogy. Fluids in equilibrium with ~ 2.6 GPa, ~ 550 °C 
subduction-zone metabasalts are typically alkaline (several pH 
units above neutral: Galvez et al. 2016), which causes zircon 
resorption (Ayers et al. 2012). At the same time, prograde 
dehydration reactions experienced by the Monviso metagab-
bros caused the loss of oxidized rock components and a reduc-
tion in oxygen fugacity (Groppo and Castelli 2010; Angiboust 
et al. 2012b; Locatelli et al. 2018). Reduced U as  U4+ is rela-
tively insoluble in aqueous fluids (Langmuir 1978; Murphy 
and Shock 1999) and readily substitutes for  Zr4+ in magmatic, 
metamorphic, and hydrothermal zircon (Finch and Hanchar 
2003; Burnham and Berry 2012; Ayers and Peters 2018). 
On the other hand,  U6+ is soluble in aqueous and especially 

carbonate-bearing fluids (e.g., Murphy and Shock 1999), and 
there is experimental and natural evidence that magmatic zir-
cons preferentially exclude  U6+ (Bacon et al. 2007; Burnham 
and Berry 2012). Further, most minerals that contain  U6+ do 
so as a uranyl ion,  UO2

2+ (Burns et al. 1997).
To understand the oxidation state of U during eclogite-

facies metamorphism of the Monviso gabbros, we calcu-
lated the relative stabilities of U complexes in aqueous 
fluids at 25 kbar and 550 °C (Fig. 12). Thermodynamic 
properties at high pressure and temperature were predicted 
using the Deep Earth Water model (Sverjensky et al. 2014) 
and the reference free energies, entropies and volumes esti-
mated by Shock et al. (1997). The position of the quartz-
fayalite-magnetite (QFM) buffer was calculated using the 
phase properties of Berman (1988). Species formulae fol-
low the convention used by Shock et al. (1997) by remov-
ing  H2O molecules, e.g.,  UO2 is more properly described 
as U(OH)4 (aq). Considering the broad pH and redox con-
straints on eclogite-facies gabbros afforded by fluid spe-
ciation models (Galvez et al. 2016) and oxybarometry on 
natural rocks (Tumiati and Malaspina 2019, and references 
therein) (Fig. 12), U is likely to be present predominantly as 
 U4+ in hydrous eclogitic fluids and thus relatively insoluble. 
In contrast, fluids in equilibrium with mantle serpentinite at 
these conditions have a similar pH (Galvez et al. 2016) but 
may be more oxidized (Debret and Sverjensky 2017; Iaco-
vino et al. 2020) (although cf. Piccoli et al. 2019), which 
would facilitate greater U removal from the zircon reaction 
rim. Given the scarcity of other U-bearing phases in these 
rocks, the local derivation of Monviso metagabbro fluids 
suggested by oxygen isotope analyses (Rubatto and Angi-
boust 2015), and the absence of mineralogical evidence for 
infiltration of serpentinite-derived fluids in samples B01 
and C01 (in contrast to abundant chlorite in sample A01), 
the most likely source of the added U was from the outer 
consumed zircon layer, as assumed in the moving-boundary 
diffusion model. In this case,  U4+ liberated during zircon 
consumption accumulated at the grain boundary rather than 
partitioning into a reduced fluid and created a chemical 
potential gradient that drove diffusion ahead of the bound-
ary (Fig. 10). We cannot rule out some U contributions from 
an external fluid (e.g., Angiboust et al. 2014), but they are 
not required. Importantly, either scenario yields the same 
diffusivity within uncertainty (Fig. 8). Finally, these results 
are consistent with U isotopic data from Izu arc volcanic 
rocks, which suggest that U loss from the deep mafic por-
tions of subducting slabs is facilitated by oxidized fluid 
flushing from dehydrating serpentinites (Freymuth et al. 
2019).

Regarding U diffusion, we note that the calculated diffu-
sivities are remarkably faster than experimental values: DU 
for the Monviso zircons is > 20 orders of magnitude higher 
than the parameters from high-T U diffusion experiments of 
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Cherniak et al. (1997a) extrapolated to the 550 °C metamor-
phic temperatures experienced by these rocks (DU ~ 10–46 
 m2/s) (Fig. 8g). They further exceed U diffusion parameters 
determined by Lee et al. (1997) that Cherniak et al. (1997a) 
argued were enhanced by recrystallization. Most strikingly, 
they are faster than estimated U and Th diffusion through 
metamict zircon at ~ 175 °C (DU ~ 10–25  m2/s) (Geisler et al. 
2002). Even if we consider significantly longer diffusive 
timescales for our zircons (~ 10 My), our results only change 
by an order of magnitude, and still differ significantly from 
the extrapolated experimental data.

Ultimately, quantitative diffusion parameters depend on a 
significant number of factors well beyond the scope of this 
paper and the ability of our analytical techniques to detect 
(cf. Cherniak and Watson 2003; Zhang 2010; Smye et al. 
2018; Dohmen et al. 2019). We can rule out some variables 
based on our data alone: i) there is no apparent lattice dam-
age (Fig. 9); ii) the zircon composition does not strongly 
deviate from the  ZrSiO4 endmember and thus the role of 
solid solution is likely to be minimal (cf. Holder et al. 2019); 
and iii) there are no subgrains or major structural irregulari-
ties evident at the scale of CL analyses (Fig. 2), suggesting 
limited grain-boundary or pipe diffusion. Considering the 
confines of our data, we suggest several other possible expla-
nations (and their limitations) for our observations:

1. A concentration-dependent diffusion mechanism (e.g., 
Bloch et al. 2015) is potentially viable—given the sig-
nificant offset between U concentrations in this study 
relative to the U diffusion experiments of Cherniak et al. 
(1997a)— although similar effects should be observed 
for geochemically analogous elements with similarly 
low concentrations (e.g., Th). Uncommon apparent Th 
diffusion profiles (e.g., Fig. 4d) may suggest that Th dif-
fusion did occur, but is less frequently observed because 
Th rarely partitioned back into the resorbing zircon, and 
thus chemical potential gradients in Th were rarer. How-
ever, a concentration-dependent mechanism is improb-
able because cation diffusion in zircon likely occurs by 
an intrinsic vacancy mechanism (Cherniak and Watson 
2003).

2. Zircons exposed to high-P, silica-undersaturated solu-
tions dissolve incongruently to produce aqueous  SiO2 
and residual baddeleyite  (ZrO2) (Ayers et al. 1991). It 
is therefore conceivable that the zircons in this study 
produced a transiently porous rim in contact with a low-
αSiO2 fluid— fostering fast U in-diffusion— that later 
transformed to zircon as the silica activity of the fluid 
increased. However, there is no textural (Fig. 2, Figs. 
S7–S8) or Raman (Fig. 9) for relict porosity or badde-
leyite, requiring complete and total back-transformation. 
Further, if active, this mechanism was not recorded by 

any other measured element, and cannot explain appar-
ent U diffusion in advance of the defined reaction front.

3. The high fluid pressures experienced by the Monviso 
samples could implicate a role for  H+ solubility in the 
zircon lattice, which facilitates enhanced oxygen iso-
tope diffusion in zircon (Watson and Cherniak 1997) 
and faster cation diffusion in mantle phases (e.g., oli-
vine: Wang et al. 2004; ferropericlase: Demouchy et al. 
2007). However, the oxygen isotopic effects occur by a 
mechanism distinct from cation diffusion (Watson and 
Cherniak 1997), and rates for wet and dry Pb diffusion 
in zircon have been shown to be indistinguishable within 
uncertainty (Cherniak and Watson 2001).

4. A final potential explanation relates to metamorphic 
pressure: because some cases of U–Pb and trace-ele-
ment decoupling involve high-P zircons (e.g., Chen 

Fig. 12  Calculated U speciation in an aqueous fluid at eclogite-facies 
P–T conditions. Fields show the most prevalent U species in solu-
tion at 25 kbar and 550 °C, as a function of log(fO2) and pH. Bold 
lines indicate changes in U oxidation state. Each panel at the bottom 
of the figure demonstrates the prevalence of a particular U oxidation 
state, as indicated in the top left corner of each panel, by the density 
of shading. The color scale is logarithmic and spans three orders of 
magnitude. Red dashed lines document neutral pH and the position of 
the quartz-fayalite-magnetite (QFM) buffer at the calculated P–T con-
ditions. Subduction-zone pH and redox conditions for mafic eclogite 
(blue shaded regions in top panel) and serpentinite (green shaded 
regions in top panel) reflect both modelled (Galvez et  al. 2016; 
Debret and Sverjensky 2017) and measured constraints (Tumiati and 
Malaspina 2019, and references therein)
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et al. 2010; Štípská et al. 2016)—whereas U-in-zircon 
diffusion experiments were run at atmospheric pressure 
(Cherniak et al. 1997a)—our observations may relate 
to changes in activation volume for the experimentally 
measured U diffusion mechanism. However, where it has 
been investigated experimentally, pressure has a negligi-
ble effect on zircon cation diffusion rates (Cherniak and 
Watson 2001).

Without the ability to identify the atomic-scale mecha-
nisms responsible for U diffusion during recrystallization, 
we can only note that this diffusion was rapid, led to sig-
nificant age perturbations independent of Pb* loss (Fig. 11), 
occurred under fluid-saturated conditions, and is inconsistent 
with previous determinations of slow U diffusion in zircon. 
However, our results should not be interpreted as evidence 
for universally fast U diffusion in zircon; rather, our repro-
ducible results from two distinct eclogite-facies metagab-
bros at Monviso suggest that such diffusion occurs in certain 
rocks under geologically relevant conditions, which requires 
further high-precision work to constrain.

Depth profiling and metamorphic zircon 
petrochronology

Our results show that the spatial resolution afforded by laser-
ablation depth profiling can reveal endmember zircon age 
populations (cf. Vorhies et al. 2013; Viete et al. 2015; Lima 
et al. 2018; Rasmussen et al. 2019), but more importantly 
can also identify the geologic processes that relate them. 
Correct interpretation of the depth profiling data, however, 
requires examining individual profiles (Fig. 4) within the 
broad context afforded by aggregate data (Fig. 6). For exam-
ple, the apparent isochrons present in most samples in this 
study (Fig. 5) are not meaningful, but this is not apparent by 
examining any single or even combination of depth profiles. 
Rather, the extrication of the most endmember metamorphic 
rims in this study yields a concise U–Pb date for fluid-rock 
interaction; such population identification, and avoidance 
of spurious U–Pb date interpretations, can be assisted in 
future depth-profiling studies by rigorous statistical exami-
nation of the aggregate data. We also find complex zircon 
compositional zoning that does not necessarily correlate 
with CL (e.g., the U profiles), and occurs even in regions 
with single age populations (e.g., Fig. 4e). This observation 
emphasizes that LA-ICPMS or SHRIMP spot analyses may 
mask age and trace-element heterogeneity not evident in CL 
images. If the U diffusion determined here is applicable to 
other zircon datasets, it would be manifested in spot data 
with effects similar to those inferred for Pb* loss, i.e., as 
a spread of concordant to discordant U–Pb isotopic data, 
depending on the absolute duration between crystallization 
and metamorphism. A final unexpected result from our study 

is the recognition of “resorption ages” – those zircon rims 
with partially to fully reset U–Pb dates driven solely by U 
in-diffusion. Regardless of whether or not zircon rim reset-
ting is caused by Pb* or U mobility, pooling of depth pro-
filing analyses on altered or partially resorbed zircon may, 
therefore, allow recognition of lower-T fluid rock interaction, 
even where new zircon metamorphic rims are not present.

Conclusions

1. Zircons from eclogite-facies Monviso metagabbros 
experienced a spectrum of responses to metamorphism, 
including diffusional modification of igneous cores, 
dissolution-reprecipitation recrystallization, and in one 
sample, new grain growth. For partially recrystallized 
grains that exhibit complex age spectra, we discriminate 
three endmember populations that exhibit a series of 
two-component mixing arrays – indicating that resorp-
tion, recrystallization, and diffusion were fundamentally 
coupled. These mixing arrays form apparent isochrons, 
but yield erroneous dates.

2. Length-scales of dissolution-reprecipitation recrystal-
lization are typically short (≤ 5 μm), but apparent dif-
fusional length-scales for U are up to ~ 15 μm. The con-
tinuous range of ages observed in the dataset is ascribed 
primarily to U mobility in otherwise unaltered zircon, 
although we cannot rule out some Pb* loss.

3. The inward diffusion of U into zircon cores decoupled 
U–Pb and trace-element systematics in zircon rims. 
However, dates from the most recrystallized zircon sug-
gest short-duration fluid-rock interaction at peak meta-
morphic conditions, consistent with previous studies.

4. Calculated U diffusion parameters for the Monviso zir-
cons are significantly faster than predicted experimen-
tally, suggesting a diffusion mechanism distinct from 
that measured experimentally. There is some evidence 
for Th diffusion at the same conditions, but P, REE, and 
Pb were effectively immobile throughout recrystalliza-
tion. Our data therefore record a previously unrecog-
nized age resetting process in metamorphic zircon.
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