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Abstract. An eclogite-facies orthogneiss and host paragneiss from a quarry near Tavagnasco in
the Lower Aosta Valley were studied in order to refine the protolith, provenance and meta-
morphic ages of the Eclogitic Micaschist Complex of the Sesia Zone. The orthogneiss contains
jadeite with quartz+ phengite+K-feldspar± garnet+ rutile+ zircon, whereas the paragneiss hosts gar-
net+ jadeite+ phengite± glaucophane+ epidote+ rutile+ quartz. Phase diagram modeling of two represen-
tative samples yields minimum equilibration conditions of 550± 50 ◦C and 18± 2 kbar. Cathodoluminescence
images of zircon from the orthogneiss show oscillatory-zoned cores that are embayed and overgrown by com-
plex, oscillatory-zoned rims. Four concordant secondary ion mass spectrometry analyses from the cores give a
weighted mean 206Pb / 238U age of 457± 5 Ma. The cores have Th/U= 0.1 and negative Eu anomalies indicative
of an igneous protolith, which we interpret to have crystallized in the Ordovician at 780 ◦C, based on Ti-in-zircon
measurements. Zircon rims yield a range of 206Pb / 238U dates from 74 to 86 Ma, and four concordant analyses
define a weighted mean 206Pb / 238U age of 78± 2 Ma. The rims are interpreted to have grown in the eclogite fa-
cies based on their lower Th/U (0.01), less negative Eu anomalies and steeper heavy rare earth element (HREE)
patterns at < 600 ◦C. The paragneiss yielded a detrital zircon population with major peaks at 575–600, 655 and
765 Ma; minor older components; and a maximum depositional age of approximately 570 Ma. The prominent
Neoproterozoic zircon population and Ediacaran depositional age suggest derivation from the Gondwana mar-
gin. The metamorphic zircon is consistent with the oldest eclogite-facies event in the Sesia Zone; it does not
show evidence of multiple periods of rim growth or any pre-Alpine (e.g., Variscan) metamorphism.

1 Introduction

The arcuate Western Alps record the oblique collision and
continental subduction of the European plate beneath the
Adriatic plate from the Late Cretaceous onwards (Dal Piaz,
2001; Beltrando et al., 2010a; Handy et al., 2010). Recent
profiles based on seismic tomography depict a fossil sub-
duction channel (Malusà et al., 2021; Paul et al., 2022)
left over from the Alpine collision in which fragments of

the ultrahigh-pressure (UHP) metamorphic units of Euro-
pean plate affinity (e.g., Dora-Maira) and Piemonte–Liguria
Ocean (e.g., Lago di Cignana) were formed and exhumed.
Adria, the overriding plate in the Western Alps, exhibits
an older – sometimes called early Alpine – high-pressure
(HP) metamorphic history starting in the Cretaceous, with
blueschists and eclogites common in the thrust sheets of the
Dent Blanche–Sesia tectonic system (Angiboust et al., 2014;
Manzotti et al., 2014a). The Sesia Zone and Dent Blanche
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units are thought to be derived from the distal margin of
Adria, where most authors view them as fragments of hyper-
extended continental crust (Beltrando et al., 2010b, 2014).
High-pressure metamorphism occurred during eastward sub-
duction of some of these rifted fragments (Manzotti et al.,
2014a) and/or subduction erosion of the distal Adriatic mar-
gin (Polino et al., 1990; Angiboust et al., 2014).

The timing of early Alpine HP metamorphism in the con-
tinental units of Adria spans at least 25×106 years (Manzotti
et al., 2014a), with eclogite formation occurring between 85–
60 Ma in the Sesia Zone alone. Unraveling the age of the
HP metamorphism is important to reconstructing the tectonic
evolution of subduction in the Alps. Timing is complicated
by having different slices metamorphosed at different times
(e.g., Regis et al., 2014), as well as some slices metamor-
phosed in multiple subduction–exhumation cycles (e.g., Ru-
batto et al., 2011). Although mapping is incomplete, progress
is being made to identify individual tectonic slices based on
recognizing the shear zones that bound them (Angiboust et
al., 2014; Giuntoli and Engi, 2016), as well as the different
fabrics within them (Babist et al., 2006). The Sesia Zone pro-
vides a clear example that the long time span of HP metamor-
phism is punctuated by episodic events recording complex
flow within a subduction channel that requires a concentrated
geochronological effort to solve.

This study focuses on the earliest eclogite-facies event
recorded in the Western Alps by continental crust of the
Sesia Zone, specifically a jadeite-bearing orthogneiss hosted
by jadeite-bearing paragneiss. Pressure–temperature (P–T )
conditions for the peak P assemblage are estimated with the
aid of isochemical phase equilibrium models. We utilize sec-
ondary ion mass spectrometry (SIMS) U–Pb dating of zir-
con to refine earlier estimates (Liermann et al., 2002) of the
age of the protolith and subsequent HP metamorphism of a
jadeite-bearing orthogneiss that were obtained with thermal
ion mass spectrometry (TIMS) methods. We also present de-
trital zircon ages from the eclogite-facies schist that forms
the host rock to the orthogneiss. The results elucidate the
depositional and plutonic history of the protolith, as well as
bolster the ages of eclogite-facies metamorphism from con-
tinental crust of Adria.

2 Geological setting

The Sesia Zone (Fig. 1) is a composite unit dominated by a
late Paleozoic crystalline basement that is traditionally di-
vided into three main map units based on lithology and
metamorphic grade: the Eclogitic Micaschist Complex, the
Gneiss Minuti Complex and the Second Diorite–Kinzigite
Zone (Compagnoni et al., 1977). Other structural divisions
that identify separate thrust slices are also in use (e.g., Man-
zotti et al., 2014b; Giuntoli and Engi, 2016). The Sesia Zone
is bound to the east by the Canavese Zone and the Ivrea Zone,
consisting of thin slices of mantle-derived and crustal rocks

that escaped the Alpine overprint. Units belonging to the
Piemonte–Liguria Ocean lie directly to the south and west.
The Dent Blanche unit is a large klippe of Adrian continental
crust that overlies the oceanic rocks and is part of a tectonic
unit that includes the Sesia Zone (Manzotti et al., 2014a).
Map units below and to the west of the Piemonte–Liguria
Ocean (Fig. 1a) are affiliated with the European plate.

The rocks in this study are from the Eclogitic Micaschist
Complex, which consists of a polydeformed and polymeta-
morphic basement comprised of mica schist and paragneiss,
minor metamafic rock (now eclogite), orthogneiss, and im-
pure marble. This basement was intruded by abundant Car-
boniferous to Permian granitoids, such as the Monte Mu-
crone granitoid (Compagnoni and Maffeo, 1973), and mi-
nor gabbros (Bussy et al., 1998; Rubatto, 1998). Older
Silurian–Devonian intrusives of leucomonzogranitic compo-
sition have also been recognized (Liermann et al., 2002). A
Mesozoic sedimentary cover – with paragneiss, carbonate
schist and locally manganiferous impure quartzite – has been
reported from the central part of the Eclogitic Micaschist
Complex (Venturini et al., 1994). During the Alpine orogeny,
the Eclogitic Micaschist Complex variably recrystallized un-
der quartz eclogite-facies conditions at peak P < 20 kbar
and T < 600 ◦C (Tropper et al., 1999; Zucali et al., 2002).
A pervasive greenschist-facies retrogression overprints the
eclogite-facies parageneses near the contact with the Gneiss
Minuti Complex (Compagnoni et al., 1977, 2013), but much
of the HP metamorphism in the Eclogitic Micaschist Com-
plex is very well preserved.

The age of early Alpine HP metamorphism in the Eclogitic
Micaschist Complex is bracketed between ca. 85–65 Ma
(Regis et al., 2014) with different ages of peak P recognized
in different parts of the Sesia Zone. Older ages (85–75 Ma)
are prevalent in the east, while younger cycles of eclogite-
facies metamorphism occur from 75–65 Ma in the west (Ru-
batto et al., 2011; Regis et al., 2014). These ages are brack-
eted by an older phase of HP metamorphism (110–85 Ma)
in the Austroalpine nappes of Switzerland and Austria, also
thought to be part of Adria, and the younger HP and UHP
metamorphism of the Zermatt–Saas units belonging to the
Piemonte–Liguria Ocean (Manzotti et al., 2014a, and refer-
ences therein). The pattern shows a clear younging of HP
metamorphism towards the European continent during the
Alpine collision.

3 Sample description

We studied jadeite-bearing samples collected near
Tavagnasco in the Lower Aosta Valley (Fig. 1b) in or-
der to improve on the ages obtained by TIMS for the
leucomonzogranitic magmatic protolith and the HP meta-
morphism of the orthogneiss (Liermann et al., 2002). The
jadeite-bearing orthogneiss is exploited in two quarries and
marketed with the trade name Verde Argento, which trans-
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Figure 1. Simplified geological maps showing (a) the Western Alps and (b) the sample location near the village of Tavagnasco within the
Sesia Zone. Maps adapted from Compagnoni et al. (2013).

lates to silvery green (Fiora et al., 1999). The orthogneiss
forms a whitish layer up to a few tens of meters thick that is
isoclinally folded with a horizontal axial plane (Compagnoni
et al., 2013). The two quarries are separated across the Aosta
Valley by 2.5 km, but they are part of the same coherent
orthogneiss layer. A typical hand sample of the orthogneiss
contains white K-feldspar and quartz, pale green jadeite,
and flakes of dark green phengite (Fig. 2). In other places,
especially near the orthogneiss selvages, the jadeite forms
rounded porphyroclasts up to 5 cm in diameter, giving the
gneiss an augen-like texture or conglomeratic appearance,
with perhaps the best example exposed on Le Colme
mountain (Andreoli et al., 1976). Orthogneiss sample 15-1

consists mainly of quartz, jadeite, K-feldspar and phengite
(Fig. 3) with minor glaucophane and garnet; accessory
Al-rich titanite; metamict allanite, zircon and apatite; and
local fluorite, calcite and Fe sulfide. Jadeite is commonly
rimmed by a retrograde corona of albite and thin flakes of
paragonite (Fig. 3a, b). Tropper et al. (1999) used this rock
to calibrate the jadeite–K-feldspar–quartz barometer, which
is useful for determining P in eclogite-facies metagranitoids
and metapelites.

Jadeite-bearing paragneiss hosts the leucomonzogranitic
intrusions. The paragneiss is compositionally layered on the
centimeter to decimeter scale, with layers recognized by
the abundance or scarcity of white mica (Fig. 2c, d). Sam-
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Figure 2. Outcrop photographs. (a) The quarry west of Tavagnasco; arrow marks the location of sample 15-1. (b) The Verde Argento
leucocratic orthogneiss; the green mineral is jadeite. (c) The metasedimentary host rocks (paragneiss) beneath the orthogneiss in the quarry.
Sample 15-2 was taken at the hammer. (d) Close-up of phengite–jadeite–quartz schist sample 15-2. Coin is 2.3 cm in diameter.

ple 15-2, collected for provenance analysis on the road be-
low the quarry, is an extremely zircon-rich mica schist. The
paragneiss consists of the eclogite-facies assemblage: quartz,
phengite, small atoll-like garnet, poikiloblastic jadeite, epi-
dote, accessory rutile and retrograde albite (Fig. 3c). A sec-
ond paragneiss sample, VA1, was collected from the same
quarry as 15-1 because it contained glaucophane in addition
to jadeite (Fig. 3d) and hence was more amenable to thermo-
dynamic modeling.

4 Analytical methods

Samples collected for zircon U/Pb geochronology were pro-
cessed at the University of Iowa to obtain heavy mineral sep-
arates by standard crushing, density and magnetic separation
techniques. U–Th–Pb isotopes and trace elements in zircon
from the igneous sample were analyzed by SIMS using the
sensitive high-resolution ion microprobe with reverse geom-
etry (SHRIMP-RG) instrument at the Stanford-USGS Micro-
Analysis Center, Stanford, California. U–Th–Pb data from
detrital zircon in the metasedimentary sample were obtained
by laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) at the Arizona LaserChron Center, Tuc-
son, Arizona.

Table 1. Bulk rock chemistry.

XRF bulk (wt %) Model bulk (mol %)

Sample VA-1 15-1 VA-1 15-1
SiO2 68.43 74.98 74.99 83.30
TiO2 0.84 0.07 0.69 0.06
Al2O3 13.35 13.39 8.62 8.76
Fe2O3 5.44 1.28 – –
FeOtot – – 4.49c 1.07c

MnO 0.09 0.03 0.08 –
MgO 2.22 0.09 3.63 0.16
CaO 1.93a 0.46a 2.02b 0.07b

Na2O 2.94 3.38 3.12 3.63
K2O 2.26 4.09 1.58 2.90
P2O5 0.16 0.31 – –
LOI 1.21 0.88 – –
O – – 0.79d 0.05d

Total 98.87 98.96 100.00 100.00
XFe3+ – – 0.35e 0.10e

a Whole-rock CaOtot.
b Corrected for P2O5 in apatite (=CaOtot

− 3.33×P2O5).
c FeOtot is total Fe expressed as FeO.
d 0.5 FeO1.5.
e XFe3+ = 2×O/FeOtot

= Fe3+/(Fe3+
+Fe2+).
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4.1 Bulk rock and mineral chemistry

Whole-rock bulk composition was determined by X-ray
fluorescence (XRF) using a Bruker Pioneer S4 XRF instru-
ment housed at the NAWI Graz Geocenter, University of
Graz (Table 1). Fusion discs were prepared from whole-rock
powders following standard procedures. Analyses were cal-
ibrated using approximately 60 international reference sam-
ples; reference material GSP-2 was routinely analyzed as a
precision monitor.

Backscattered electron (BSE) images and mineral com-
positions were acquired using a JEOL JXA-8530Fplus Hy-
perProbe electron probe microanalyzer (EPMA), equipped
with one energy dispersive and five wavelength dispersive
spectrometers, located at the NAWI Graz Geocenter, Univer-
sity of Graz. Analyses were obtained with a 15 kV acceler-
ation voltage, 10 nA probe current and a 1–5 µm spot size.
Counting times were 5 s for background and 10 s for all ele-
mental peaks. A range of synthetic and natural mineral stan-
dards were used for element calibration. Mineral formulae
were calculated with the software PET 7 (Dachs, 1988). Key
mineral chemistry data are reported in Table S1 in the Sup-
plement. Mineral abbreviations follow Whitney and Evans
(2010).

4.2 SIMS U–Pb geochronology

Zircon from sample 15-1 was mounted in epoxy with
geochronology reference materials R33 (420 Ma; Black et
al., 2004; Mattinson, 2010) and MAD-559 (3940 µg g−1 U;
Coble et al., 2018) for U/Pb fractionation and concentration
corrections. The mount was polished to expose the grain in-
teriors and imaged by cathodoluminescence (CL) using an
in-house detector mounted on a JEOL 5600 scanning elec-
tron microscope (SEM) at Stanford University to guide spot
placement in uniform domains. U–Th–Pb and rare earth el-
ement (REE) analysis using a spot size of 20 µm and trace
element analysis using a 15 µm spot followed routines out-
lined in Barth and Wooden (2006, 2010). The systematic er-
ror including uncertainty in 206Pb / 238U calibration based on
repeated measurements of R33 was 1.7 % (2σ standard devi-
ation). The 206Pb / 238U ages were corrected for common Pb
using the 207Pb method (see Williams, 1998). Initial com-
mon Pb isotopic composition was approximated from Stacey
and Kramers (1975). Data reduction and ages were calcu-
lated using the programs of Ludwig (2008, 2009). Trace ele-
ment concentrations were calibrated against the zircon refer-
ence material MAD-559 (Coble et al., 2018). The estimated
errors (1σ) for trace elements based on repeated analysis of
MAD-559 are 3 %–10 %. Titanium had an estimated error of
4 % based on analysis of MAD-559. U/Pb data were plot-
ted on Tera-Wasserburg diagrams using Isoplot 3.6 (Ludwig,
2008). Analytical results are presented in Table S2.

4.3 LA-ICP-MS detrital zircon analysis

Zircon for analysis at the Arizona LaserChron Center was
mounted in epoxy with natural zircon reference materials
SL (558 Ma, 518 µg g−1 U and 68 µg g−1 Th; Gehrels et al.,
2008), R33 (420 Ma; Black et al., 2004; Mattinson, 2010)
and FC (1099 Ma; Paces and Miller, 1993) and polished to
expose the grain interiors. All samples were imaged with CL
at the University of Iowa using a Gatan ChromaCL system
mounted on a Hitachi 3500N SEM to see zonation and relict
cores in individual grains and guide spot location. Mounts
were cleaned prior to analysis with a 2 % HNO3–1 % HCl
solution. Grains were analyzed for U–Th–Pb isotopes us-
ing a Photon Machines Analyte G2 excimer laser with a
HelEx ablation cell coupled with a Thermo Scientific El-
ement 2 single collector HR-ICP-MS following analytical
procedures outlined in Gehrels et al. (2008) and Gehrels and
Pecha (2014). Analysis of reference materials SL, R33 and
FC was used to determine U/Pb fractionation and concen-
tration corrections. Analytical conditions and results of un-
knowns and reference materials with analytical or random
uncertainties including the contributions from the measure-
ment of 206Pb / 238U, 206Pb / 207Pb and 206Pb / 204Pb are re-
ported in Table S3. The common Pb composition was esti-
mated from Stacey and Kramers (1975). The systematic un-
certainties, including contributions from analysis and age of
reference materials and decay constants for 238U and 235U,
are reported for the sample and added in quadrature to each
analysis. Data reduction and plotting were done using pro-
grams at the Arizona LaserChron Center and Isoplot (Lud-
wig, 2008).

Detrital zircon analyses with > 10 % uncertainty (2σ ana-
lytical error) in the 206Pb / 238U date, > 10 % uncertainty in
the 207Pb / 206Pb date for > 700 Ma and > 25 % uncertainty
in the 207Pb / 206Pb date for < 700 Ma are not included in
the assessment of provenance or maximum depositional age
(MDA). Analyses with> 10 % discordance or> 5 % reverse
discordance are not included, with discordance based on the
ratio 206Pb / 238U date and 206Pb / 207Pb date and analyti-
cal error propagated at the 2σ level following equations in
Gibson et al. (2021). Obtained dates are interpreted as ages
of individual grains in a detrital population. The “best age”
is determined from the 206Pb / 238U date for analyses with
a 206Pb / 238U date < 1200 Ma and from the 206Pb / 207Pb
date for analyses with a 206Pb / 238U date > 1200 Ma. The
MDA is estimated from the median value of the youngest
age population calculated using the TuffZirc method (Lud-
wig, 2008), which also provides an evaluation of potential Pb
loss based on the number of youngest grains excluded from
the youngest population (Gehrels et al., 2020).
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Figure 3. Photomicrographs of the jadeite-bearing orthogneiss and paragneiss. (a) Prismatic jadeite (Jd) with two cleavages at 90◦ partially
replaced by a corona of albite + paragonite, cross polarized light (XPL), sample 15-1. (b) A more retrogressed part of the same thin sec-
tion with large deformed phengite in dynamically recrystallized quartz. Jadeite is completely replaced by fine-grained albite+ paragonite
pseudomorphs (at arrows), XPL. (c) Jadeite porphyroblast contains atoll garnet in paragneiss 15-2. Fractures are filled with retrograde albite
and paragonite, XPL. (d) Jadeite + glaucophane paragneiss VA1 in plane polarized light. Mineral abbreviations follow Whitney and Evans
(2010).

5 Pressure–temperature estimates

5.1 Phase equilibrium modeling

Isochemical P –T phase diagrams (i.e., pseudosections) were
computed using THERMOCALC v3.47 (Powell and Hol-
land, 1988) and an updated version of the Holland and Pow-
ell (2011) dataset (file tc-ds62.txt, created 6 February 2012).
The activity–composition models used are clinoamphi-
bole and clinopyroxene (Green et al., 2016), muscovite–
paragonite (White et al., 2014a), garnet (White et al., 2014b),
plagioclase–K-feldspar (Holland and Powell, 2003), and epi-
dote (Holland and Powell, 2011). We employed the om-
phacite model of Green et al. (2016), which allows for order–
disorder on sites designed to simulate coexisting sub-solvus
clinopyroxenes (i.e., diopside, omphacite, jadeite). The alu-
minosilicates, rutile, albite, quartz and H2O are assumed to
be pure phases. Phase abundances were calculated as mole
fractions, with each phase normalized to one oxide sum total
to approximate volume percent.

For the jadeite-glaucophane paragneiss (sample VA1),
the whole-rock analysis was converted to the 11-component
MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–
TiO2–O2 (MnNCKFMASHTO) model system. The model
system for jadeite orthogneiss 15-1 omitted MnO, as this

component is negligible in the garnet-absent rock. Of
the total Fe, approx. 35 % is assumed to be Fe3+ for the
paragneiss and 10 % for the orthogneiss. The Fe3+ values
were chosen to roughly reproduce the measured XFe of the
main silicates of the inferred equilibrium assemblage. Water
saturation was assumed. Total CaO was reduced based on
the amount of P2O5 that would sequester Ca in apatite.
The model composition used in the calculations is given in
Table 1. Pseudosections, calculated between 500–600 ◦C
and 15–22 kbar, are presented in Fig. 4.

The inferred equilibrium assemblage of paragneiss
VA1 is garnet+ glaucophane+ jadeite+muscovite (phen-
gite)+ epidote+ rutile+ quartz+H2O, which is con-
strained by the disappearance of epidote towards high T

and its replacement by lawsonite at high P , covering a large
P –T range (Fig. 4a). At the lowest P –T considered, two
sub-solvus clinopyroxenes coexist. The modeling predicts
the stability of minor paragonite (∼ 4–8 vol %), which is
inconsistent with petrological observations. The absence
of paragonite in metapelites has been attributed to H2O
undersaturation (Massonne and Sobiech, 2007), which
appears unlikely in this sample because of the abundance
of hydrous minerals. The lack of paragonite may instead be
due to imperfections in the predicted element partitioning
between amphibole and clinopyroxene (Forshaw et al.,
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Figure 4. Pseudosections. (a) Estimate for Pmax recorded by garnet–glaucophane–jadeite paragneiss VA1 and (b) jadeite orthogneiss 15-1.
The inferred equilibrium assemblage is highlighted in bold white lines and shading. Dashed blue lines in (a) are contours for XFe in garnet.
The kyanite-in curve is shown. The red box in (b) is the overlap of the most plausible P –T conditions recorded by both samples.

2019). Similarly, the measured mineral compositions (Ta-
ble S1) are only poorly reproduced by the calculations. We
therefore base our estimate of the potential equilibration
conditions on the calculated stability field of the thin section
assemblage. The respective demise and appearance of
epidote and lawsonite, refined using isopleths for the XFe
[= Fe2+ / (Fe2+

+Mg)] of garnet rims and small grains
(0.82–0.88), yield conservative equilibration conditions of
T = 530–580 ◦C and P ≤ 20 kbar for paragneiss VA1.

Orthogneiss 15-1 contains the inferred equilib-
rium assemblage jadeite+muscovite (phengite)+K-
feldspar+ rutile+ quartz+H2O, existing over a large
P –T range and limited variability in mineral composition
(Fig. 4b). The lower P limit of the stability field is marked by
the introduction of albite, and no strong constraints on T are
available. Using the calculated j (cpx) [=Na / (Na+Ca)]
of ∼ 0.99 as indicative of P , the possible equilibration
conditions of the orthogneiss are estimated using n (ksp)
[=Na / (Na+Ca+K)] of K-feldspar= 0.03–0.04. Over-
lapping the refined stability fields of the two samples yields
P –T conditions of 550± 50 ◦C and 18± 2 kbar, assuming
standard uncertainties.

5.2 Ti-in-zircon temperature

Ti-in-zircon temperatures were calculated using Ferry and
Watson (2007), assuming the activity of SiO2 is equal
to 1 (aSiO2 = 1) and activity of TiO2 is approximately 0.7
(aTiO2 = 0.7) for rutile-absent siliceous melts (Hayden and
Watson, 2007). Uncertainties inherent in the Ti-in-zircon T
estimates are roughly± 50 ◦C (Watson et al., 2006). As de-
scribed below, zircon from orthogneiss 15-1 shows clear core
and rim domains in CL images. The core domains give Ti-in-

zircon T estimates of approximately 780 ◦C. Estimates for
the rims are approximately 590 ◦C, consistent with the ther-
modynamic models for the metamorphic assemblage.

6 SIMS geochronology of zircon in the orthogneiss

Zircon from orthogneiss 15-1 displays lower U (188–
1700 µg g−1), CL-bright, oscillatory-zoned cores that are em-
bayed and overgrown by higher U (1700–7462 µg g−1), CL-
dark rims with oscillatory and convolute zoning (Fig. 5).
The multi-faceted grain morphology and textural evidence
for embayment and dissolution at the boundary between core
and rim domains were interpreted to reflect fluid-assisted
zircon overgrowth at high-pressure, low-temperature condi-
tions (Liermann et al., 2002). U/Pb trace element analysis
targeted specific CL domains to establish protolith versus
metamorphic age populations. Of the seven core analyses
(Table S2), five overlapping concordant analyses from the
cores give a weighted mean 206Pb / 238U age of 457± 5 Ma
(2σ ; MSWD= 0.1), and two core analyses gave younger
dates interpreted to record core–rim mixtures or domains
with Pb loss (Fig. 5). The cores have Th/U= 0.1 and
negative Eu anomalies (Eu/Eu∗ = 0.01) typical of igneous
zircon. An Ordovician crystallization age is inferred for
the protolith. The rim analyses define a range of 207Pb-
corrected 206Pb / 238U ages from 74 to 86 Ma. Four concor-
dant analyses define a weighted mean 206Pb / 238U age of
78± 2 Ma (2σ ; MSWD= 2.7). The rims have lower Th/U
(0.01), less negative Eu anomalies (Eu/Eu∗ = 0.1–0.2) and
steeper heavy REE (HREE) patterns (Yb/Gd= 112–157)
that largely reflect depletion of light REEs (LREEs) with the
exception of Ce. These trends are consistent with metamor-
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phic zircon rim growth in the absence of garnet and presence
of plagioclase in the assemblage at T = 590 ◦C.

7 Detrital zircon geochronology of the paragneiss

Paragneiss 15-2 yielded abundant elongate to equant zircon
with rim–core relationships similar to zircon from the ad-
jacent orthogneiss. Cores are euhedral to rounded, typically
oscillatory zoned and overgrown by 1 to 30 µm thick rims
that have coarse oscillatory and convolute zoning in CL im-
ages (Fig. 6). Variation in CL textures in many of the grains
records multiple periods of rim growth. The rims impart a
multi-faceted subrounded external morphology to the grains.
Spot placement guided by CL imaging targeted 105 cores
for provenance evaluation and 5 rims or grains with CL zon-
ing typical of the rims to determine the age of metamorphic
overgrowths. A total of 48 out of 105 core analyses pass ac-
ceptance criteria based on discordance and uncertainties of
both the 206Pb / 238U and 207Pb / 206Pb dates. Three anal-
yses that are younger than orthogneiss 15-1 are interpreted
to record Pb loss or mixed ages due to metamorphism. The
remaining ages range from 520 to 2610 Ma and define ma-
jor peaks at 570–600, 655 and 765 Ma with minor peaks at
875, 985 and 2005 Ma. The youngest group of analyses de-
fines a TuffZirc 206Pb / 238U age of 584± 19 Ma (n= 10)
which is interpreted as the maximum depositional age for
the sedimentary protolith (Fig. 6b). Discordant analyses are
consistent with this pattern but suggest older components
as well (Fig. 6d). Strongly discordant analyses define lin-
ear arrays with 207Pb / 206Pb ages as old as 3.3 Ga. The ob-
served discordance is interpreted to reflect the combined ef-
fects of Pb loss in the original detrital grains and analysis of
mixed metamorphic and detrital domains. The four youngest
rim analyses are mutually overlapping and concordant with
206Pb / 238U dates ranging from 78 to 83 Ma (Fig. 6c). The
large (> 25 %) 2σ uncertainty in calculated 207Pb / 206Pb
dates is typical of young (< 100 Ma) grains analyzed by LA-
ICP-MS. Accepting this limitation, the rim analyses define
a weighted mean 206Pb / 238U age of 81± 4 Ma (Fig. 6c)
that is consistent with the SHRIMP age of 78± 2 Ma for HP
metamorphic rims on zircon in the adjacent orthogneiss.

8 Discussion and conclusions

8.1 Sedimentary provenance

Neoproterozoic sedimentary protoliths of the Sesia Zone,
representing the western Southern Alpine domain of Adria,
are inferred to lie within a belt of peri-Gondwanan terranes
stretching along the northern Gondwana margin (Nance
et al., 2008; Linnemann et al., 2008; von Raumer et al.,
2015; Arboit et al., 2019). The minimum depositional age
of 585 Ma for paragneiss 15-2 overlaps with representative
ages of the Pan-African and Cadomian orogens (e.g., Lin-

nemann et al., 2008). The broad array of peaks is consis-
tent with derivation from Gondwanan basement sources in-
cluding the West African Craton, Trans-Saharan belt, Saha-
ran Metacraton and Arabian–Nubian shield (Avigad et al.,
2015; Meinhold et al., 2021; Žák et al., 2022). Although
the zircon signatures are significantly disturbed by metamor-
phism, the new results from the Sesia Zone are similar to
provenance ages from other portions of Adria (e.g., Sirevaag
et al., 2016; Siegesmund et al., 2023) and confirm the as-
sumed ties between the Sesia Zone and the Neoproterozoic
Gondwana margin. Future study of detrital zircon age and
chemical characteristics for paragneiss units in the Eclogitic
Micaschist Complex may help us to refine the paleogeo-
graphic affinities of, and tectonic boundaries between, vari-
ous tectono-metamorphic slices proposed for the Sesia Zone.

8.2 Ordovician magmatism

The age of most igneous protoliths in the Western Alps
has long been assumed to be Carboniferous–Permian on
the basis of the widespread occurrence of granitoids and
metagranitoids associated with Variscan orogenesis (e.g.,
Finger et al., 1997). However, Ordovician–Silurian (480–
450 Ma) ages have been recognized in many parts of the
pre-Mesozoic basement of the Alpine realm (Schaltegger
and Gebauer, 1999; von Raumer et al., 2013, and references
therein). Ordovician magmatism documented in the Sesia
Zone is limited. Rb/Sr whole-rock ages of ∼ 450 Ma from
the Monte Emilius klippe provided the first evidence (Hun-
ziker, 1974). The jadeite-bearing orthogneiss found in the
quarries near Tavagnasco (Fig. 1b) subsequently gave up-
per intercept U/Pb TIMS ages of 435± 8 and 396± 21 Ma
from samples HPG1 and HPG2, respectively, of Liermann et
al. (2002). The new SIMS age of 457± 5 Ma from this study
refines the earlier estimate from HPG1. Chen et al. (2023)
re-examined the jadeite-bearing orthogneiss at the Argentera
quarry, where HPG2 was collected, and produced a range of
concordant SIMS dates from 436± 6 to 480± 7 Ma on zir-
con cores. They assign a protolith age of 459± 5 Ma to the
sample based on coupled LA-ICP-MS U–Pb and trace ele-
ment analysis. The intrusive age of the leucomonzogranitic
protolith to the orthogneiss dated here (15-1) and by Chen
et al. (2023) is consistent with the timing of Early Ordovi-
cian arc magmatism on the northern Gondwana margin (von
Raumer et al., 2013; Zurbriggen, 2015). The results confirm
the presence of coeval felsic magmatism from the Sesia Zone
to the external basement massifs in the Western Alps. In addi-
tion, the results highlight the ongoing difficulty in resolving
protolith ages from crystalline rocks subjected to continental
subduction.
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Figure 5. SIMS results from zircon in orthogneiss: (a) Tera-Wasserburg plot for analyzed zircon from sample 15-1 with an inset for the
igneous cores. (b) Trace elements for zircon cores and rims. (c) Representative CL images of zircon showing clear distinction between core
and rim domains, as well as analytical spot locations; t signifies trace element spot.

8.3 Variscan metamorphism

Paleozoic and older units preserved in the Alps are generally
expected to have experienced medium- to high-grade meta-
morphism related to the Variscan orogeny (e.g., von Raumer
et al., 2013). Basement units in the Western Alps also expe-
rienced widespread high-temperature metamorphism in the
Permian (Kunz et al., 2018). The samples examined in this
study do not record the Carboniferous–Permian metamor-
phism. Igneous and detrital protolith grains appear to be di-
rectly overgrown by Alpine eclogite-facies rims. The lack of
preserved Paleozoic metamorphic zircon in the Sesia Zone
has been documented by several studies (Rubatto et al.,
2011; Regis et al., 2014) despite the numerous examples of
Carboniferous–Permian zircon rims in samples of eclogitic
mica schist. Detrital zircon from metasedimentary samples
across the Eclogitic Micaschist Complex show the growth of
single or multiple Permian rims with ages of 290–280 Ma
that are in some cases overgrown by Cretaceous outer rims
(Kunz et al., 2018; Vho et al., 2020). Regis et al. (2014)
observed limited zircon rim growth at 354± 18 Ma prior to
more voluminous Alpine rim growth. The absence of older
rims does not establish a lack of Variscan metamorphism in
the protolith because the preservation of older zircon rims is
demonstrably local.

8.4 Conditions and timing of early Alpine HP
metamorphism

Rubatto et al. (2011) provide clear evidence of two cycles
of HP metamorphism and exhumation recorded by a single
mica schist sample based on multiple generations of allanite,
zircon, white mica and garnet. These authors obtained the
oldest age for HP metamorphism in the Eclogitic Micaschist
Complex – a SIMS 206Pb / 238U age of 78.5± 0.9 Ma – from
zircon containing inclusions of HP minerals in zones de-
fined by CL images and trace element patterns, which is
the preferred method to tie dates to the P –T path (McClel-
land and Lapen, 2013). Regis et al. (2014) subsequently ob-
tained a 232Th / 208Pb age on allanite of ca. 85 Ma from HP
chloritoid-kyanite-garnet mica schists that corroborates an
older phase of HP metamorphism in the Sesia Zone. The
age of the zircon rims from orthogneiss 15-1 compares well
with the 78.5 Ma HP rims from Rubatto et al. (2011). Both
samples show steep HREE patterns but differ in the persis-
tence of a slight negative Eu anomaly in the orthogneiss.
Rims from another mica schist give an age of 76.8± 0.9 Ma
and have flat HREE patterns consistent with HP growth (Ru-
batto et al., 2011). New data from an orthogneiss sample
collected in the Argentera quarry suggest that zircon rims
grew at 76.0± 1.0 Ma under UHP conditions (Chen et al.,
2023). These authors link newly discovered coesite preserved
in garnet with a flattened HREE pattern in zircon that shows
a decrease in Yb and Lu. Steeper HREE patterns in zircon
from their orthogneiss sample are similar to those observed
in sample 15-1 but give an age of 74.1± 1.9 Ma (Chen et
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Figure 6. Sample 15-2. (a) Concordia diagram of detrital zircon showing analyses that pass (black ellipses) or fail (gray ellipses) the
discordance and uncertainty filters and locations for plots in (b) and (c). Errors shown at the 2σ level in all plots. (b) Concordia plot showing
transition from < 10 % (black) to > 10 % (gray) discordant data in relation to the orthogneiss age of 457± 5 Ma. Inset shows analyses
(n= 10) included in the calculation of the maximum depositional age using the TuffZirc method (Ludwig, 2008). (c) Concordia plot of
young analyses that gives a metamorphic age of 81±4 Ma. (d) Probability density plot of the detrital zircon population. The filled curve was
calculated with n being the total number of analyses that were < 10 % discordant and < 5 % reversely discordant. Note the change in scale
at 1200 Ma. (e) CL images of representative zircon with detrital cores and four grains with metamorphic dates.

al., 2023). Younger rims (73.7± 0.9 Ma) are also observed
on zircon from a mica schist, but they have a well-developed
negative Eu anomaly that Rubatto et al. (2011) attribute to
rim growth at lower-P conditions. The outermost rims of the
mica schist zircon show variable flattening of HREE patterns
with dates of 77–62 Ma (Rubatto et al., 2011). The observa-
tions from zircon suggest that, although the timing of older
(78–76 Ma) rim growth may be similar, the trace element sig-
nature among samples varies significantly, largely reflecting
differences in bulk composition and fluid availability.

Current petrochronologic data from the Eclogitic Micas-
chist Complex clearly indicate a complicated subduction and
exhumation history for the Sesia Zone (Vho et al., 2020).
Multiple subduction cycles recorded in single samples have
been documented at several localities for peak conditions
up to 620 ◦C and 22 kbar (Rubatto et al., 2011; Regis et
al., 2014), which are slightly higher than the P –T estimates
obtained here. Domains with differing P –T paths and tim-
ing estimates have been proposed as well (Giuntoli et al.,
2018). Chen et al.’s (2023) recent report of coesite in the
jadeite-bearing orthogneiss, located in the quarry approxi-
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mately 2.5 km east of the locality discussed here, raises the
additional caveat that portions of the Sesia Zone have expe-
rienced UHP conditions at 78–76 Ma. Our conservative esti-
mate for equilibration at 550± 50 ◦C and 18± 2 kbar is con-
sistent with the literature (Tropper et al., 1999; Regis et al.,
2014), and we have not found evidence for UHP conditions
in our samples. However, in light of the high values of mea-
sured Si in phengite of ∼ 3.38 a.p.f.u. (atoms per formula
unit) and j (jd) of ∼ 0.90 in clinopyroxene (sample VA1;
Table S1), our numbers may be regarded as minimum P –
T estimates, without excluding a potential UHP stage pre-
ceding the conditions recorded by our samples. In general,
the observed variability in metamorphic conditions and ages
for the Eclogitic Micaschist Complex is consistent with the
structural interpretation that the Sesia Zone consists of nu-
merous tectonic slices separated by shear zones (e.g., Babist
et al., 2006; Angiboust et al., 2014; Manzotti et al., 2014a, b;
Giuntoli and Engi, 2016). Additional mapping and dating are
needed to define the size and extent of individual tectonic
slices which are expected in a subduction channel environ-
ment.
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