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Abstract Metasediments are common constituents of exhumed lower-to-mid-crustal granulite terranes;
understanding their emplacement is significant for the assembly and tectonic evolution of deep continental
crust. Here, we report a monazite U-Th-Pb petrochronological investigation of the Variscan Ivrea-Verbano
Zone (IVZ) (Val Strona di Omegna section)—an archetypal section of lower crust. Monazite Th-Pb dates from
11 metapelitic samples decrease with structural depth from 310 to 285 Ma for amphibolite-facies samples to
<290 Ma for granulite-facies samples. These dates exhibit a time-resolved variation in monazite trace-element
composition, dominated by the effects of plagioclase and garnet partitioning. Monazite growth under prograde
to peak metamorphic conditions began as early as 316 + 2 Ma. Amphibolite-facies monazite defines a trend
consistent with progressively decreasing garnet modal abundances during decompression and cooling starting
at ~310 Ma; the timing of the onset of exhumation decreases to ~290 Ma at the base of the amphibolite-facies
portion of the section. Structurally lower, granulite-facies monazite equilibrated under garnet-present pressure-
temperature conditions at <290 Ma, with monazite (re)crystallization persisting until at least ~260 Ma.
Combined with existing detrital zircon U-Pb dates, the monazite data define a <30 Myr duration between
deposition of clastic sediments and their burial and heating, potentially to peak amphibolite-to-granulite-facies
conditions. Similarly brief timescales for deposition, burial and prograde metamorphism of lower crustal
sediments have been reported from continental magmatic arc terranes—supporting the interpretation that the
IVZ represents sediments accreted to the base of a Variscan arc magmatic system >5 Myr prior to the onset of
regional extension and mafic magmatism.

Plain Language Summary Metamorphosed sediments are persistently presentin tracts of
high-temperature rock that once formed the continental lower crust. The tectonic processes responsible

for entrainment and metamorphism of these rocks in the lower crust are uncertain and yet significant for
understanding how the continents are stabilized. We present a detailed investigation of the metamorphic
evolution of an archetypal section of former continental lower crust- the Ivrea-Verbano Zone in NW Italy. Using
the age and composition of monazite growth determined for 11 metasedimentary samples along a transect, we
found that these former sediments were deposited, buried to more than ~20 km depth and heated to conditions
hot enough to melt in under 30 million years. Similarly short timescales for this sequence of events have been
reported from metamorphosed sediments exhumed from beneath continental volcanic arcs, implying that
continental arcs are important for the formation of metasedimentary lower crust.

1. Introduction

Earth's continental crust is andesitic to dacitic on average (57-66 wt% SiOz; e.g., Hacker et al,, 2015; Rudnick &
Gao, 2014; Rudnick et al.,, 2003; Taylor & McLennan, 1985). Though the composition and physical properties
of upper continental crust are well known (Rudnick & Gao, 2014; Rudnick et al, 2003, and references therein),
the compositions—and formative tectonic processes—of continental middle and lower crust remain enigmatic as
they can only be estimated from exhumed metamorphic terrains, xenoliths and geophysical data. The prevailing
paradigm is that lower crust is predominantly mafic, based on the compositions of xenoliths entrained from lower
crust and of granulite-facies terrains, inferred heat flow from lower crust, and lower crustal seismic wavespeeds
(e.g., Condie, 1999; Downes, 1993; Kay & Mahlburg-Kay, 1991; Rudnick et al., 2003; Rudnick & Gao, 2014;
Sammon et al,, 2020). However, each of these constraints is associated with appreciable ambiguity: for example,

(a) non-mafic xenoliths are preferentially assimilated during the eruption of mafic magmas, biasing the xenolith
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record toward mafic compositions (e.g., Halliday et al,, 1993), (b) the inferred heat flow from lower crust depends
on the assumed compositions and thicknesses of other crustal layers, and on mantle heat flow—each of which
are sufficiently unknown that existing heat flow constraints permit between 0% and 80% mafic rocks in the lower
crust (Hacker etal, 2011), and (c) seismic wavespeeds are only diagnostic of SiO2 content or rock type under
special circumstances (Behn & Kelemen, 2003; Rudnick & Fountain, 1995), and may only require ~20% of lower
crust to be mafic (Hacker etal.,, 2015).

In contrast to the xenolith and geophysical data, the ubiquitous presence of metasedimentary rocks in world-
wide granulite terranes (e.g., Hand et al,, 1994; Hart et al,, 1990; Heaman et al., 2011; Hermann et al., 1997;
Schenk, 1990; Truscott & Shaw, 1990) provides support for a more felsic lower crust, but also raises the ques-
tion: how are sediments incorporated into the continental lower crust? Several mechanisms have been proposed
for their emplacement: (a) burial of sediments by the combined action of sedimentation and volcanism on top
(e.g., Brown & Walker, 1993); (b) underplating of sediments by contractional juxtaposition of crustal sections,
with the lower plate becoming lower crust (e.g, Jacobson, 1997), and (c) relamination of buoyant slab-top sedi-
ments during subduction (Hacker et al,, 2011). Discriminating among these hypotheses requires knowledge of
the prograde pressure-temperature-time (P7f) path and peak metamorphic conditions of lower crustal metasedi-
ments—a task that is made challenging by the extreme temperatures attained in granulite terranes and the perva-
sively overprinted nature of exhumed rocks.

The purpose of this investigation is to derive PTt constraints on the prograde-to-peak metamorphic evolution of
an archetypal lower-crustal metasedimentary section—the Hercynian-aged Ivrea-Verbano Zone (IVZ), northwest
Italy. We report and systematically analyze a large monazite U/Th-Pb and trace-element data set collected along
a structural section that spans the structural thickness of the IVZ. These data provide key constraints on (a) the
duration over which pre-Permian clastic metasediments were deposited, buried, heated and assembled into the
continental lower crust, and (b) the timing of the onset and duration of decompression following regional amphi-
bolite-to-granulite metamorphism. We show that the timescales and heating rates associated with assembly of
the IVZ are similar to those derived from sediments underplated beneath continental magmatic arc systems,
suggesting that the incorporation of sediments into IVZ lower continental crust occurred during a late-stage,
subduction-to-collision system.

2. The Ivrea-Verbano Zone

The IVZ (NW Italy) is an archetypal section of Hercynian middle-to-lower continental crust (Figure 1; Boriani
& Villa, 1997; Burke & Fountain, 1990; Handy et al,, 1999; Quick et al,, 1995; Zingg et al,, 1990). It extends
~120 km along strike and is up to 14 km wide; tilted and faulted into its current position during the Alpine
collision; the IVZ is bounded to the northwest by the Insubric Line and to the southeast by the Cosseto-Mer-
gozzo-Brissago Line (CMB; Brodie et al, 1992; Fountain, 1976; Mehnert, 1975). The Insubric Line isa 1
km-thick Oligo-Miocene mylonite belt separating the Southern Alpine block, including the IVZ, from retro-
gressed greenschist-facies rocks that underwent Alpine high-pressure metamorphism (e.g., Babist et al., 2006).
The Permian-aged CMB line is a <6 km-wide transpressional shear zone that divides the lower-to mid-crustal
IVZ from the mid-to upper-crustal Serie dei Laghi section (Boriani et al., 1990; Schmid et al.,, 1987). Different
interpretations exist for the relationship between the IVZ and the Serie dei Laghi; some regard the two sections as
a coherent cross section through continental crust (Handy et al, 1999; Henk et al,, 1997; Quick et al, 2003; Zingg
etal, 1990), but Boriani et al. (2016) suggested that the two crustal sections are not related, and that the Serie
dei Laghi was transported into its current position by translational motion along the CMB in the early Permian.

2.1. Lithologies of the Ivrea-Verbano Zone

The IVZ comprises three dominant rock units: (a) supracrustal rocks of the Kinzigite Formation, (b) ultramafic
rocks, and (c) broadly gabbroic rocks of the Mafic Complex (Figure 1). The Kinzigite Formation is the focus of
this investigation and is dominated by siliciclastic metasediments of pelitic-to-psammitic composition (Redler
etal, 2012) with minor quartzite, calcsilicate and carbonate components (Figure 1). Metamorphic grade within
the Kinzigite Formation spans amphibolite-facies in the southeast to granulite-facies in the northwest, defining a
metamorphic field gradient perpendicular to the dominant planar fabric (Schmid & Wood, 1976). Previous work-
ers have subdivided the Kinzigite Formation into amphibolite- and granulite-facies domains; amphibolite-facies
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Figure 1. Geological map of the Ivrea-Verbano zone (panel A) around Val Strona di Omegna and Val d’Ossola. Modified
from Brack et al. (2010); the muscovite—K-feldspar isograd in sillimanite-bearing paragneisses and the orthopyroxene-in
isograd in mafic rocks are from Zingg (1980). Panel B shows sample localities along Val Strona di Omegna in order of
increasing (from top-to-bottom) metamorphic grade.

metasediments are colloquially termed “kinzigites,” whereas granulite-facies metasediments are termed “stronal-
ites” (Schnetger, 1994). Following Redler et al. (2012), we emphasize that both these terms are exclusively
applied to the metasedimentary rocks despite their intercalation with other rock types. All rocks are intruded
by the voluminous Mafic Complex—a regional gabbroic to dioritic intrusion (100 km along strike and up to
10 km wide) that was emplaced within the IVZ section some ~30 Myr after the thermal climax of regional
high-temperature metamorphism (Barboza & Bergantz, 2000; Barboza et al., 1999; Karakas et al,, 2019; Klotzli
etal, 2014; Quick et al,, 2003). Despite rift-related deformation and heating during the Triassic and Jurassic
(Handy et al, 1999) as well as Alpine collision, retrogressive overprinting is restricted to macroscale shear zones
(Schmid, 1993) and resetting of rutile U-Pb dates (Ewingetal., 2015; Smye etal., 2019).

The Kinzigite Formation is stratigraphically thick and well exposed along Val Strona di Omegna (Figure 1),
which is the geographic target of this investigation. Kinzigites and stronalites are predominately aluminous
metapelites (53-60 wt. % Si02), with subsidiary metapsammites (50-77 wt. % SiOz) and metagreywackes
(e.g., Redler et al,, 2012). From amphibolite-to granulite-facies conditions, the metamorphic field gradient
within the IVZ metapelites is defined by decreasing abundance of muscovite and increasing abundance of
alkali feldspar and garnet in metapelites; the onset of granulite-facies conditions is marked by a sharp decrease
(/increase) in biotite(/garnet) mode according to the generalized reaction: biotite + plagioclase + silliman-
ite + quartz = garnet + K-feldspar + rutile + water/melt. Sillimanite is common throughout the IVZ either
as fibrous mats associated with biotite in the amphibolite-facies portion of the section, or as prismatic mm-to
cm-sized crystals in the granulites (Schmid & Wood, 1976). Stronalite bulk compositions are restitic and consist-
ent with between 20 and 40 wt.% loss of a granitic melt component from kinzigite precursors (Schnetger, 1994).

In metabasic rocks of the Kinzigite Formation, increasing metamorphic grade in hornblende and plagioclase
bearing rocks results in the appearance of clinopyroxene + orthopyroxene at the expense of hornblende + plagi-
oclase at progressively deeper structural levels (Kunz & White, 2019; Zingg, 1980). Prismatic hornblende changes
from green to brown from amphibolite to granulite facies (Sills & Tarney, 1984). The changes in the mineralogy
of metabasic rocks are partly due to the metamorphic field gradient as well as changes in protolith composition
across the strike of the IVZ: metabasites near the Insubric Line are depleted in light rare earth elements (LREE),
consistent with a depleted N-MORB protolith, whereas metabasites at higher structural levels have enriched
LREE patterns compatible with an enhanced-MORB protolith (Mazzucchelli & Siena, 1986). The metabasites
also transition texturally from nematoblastic to granoblastic with increasing grade (Zingg, 1980).
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Ultramafic rocks are also present as hectometer-to-decameter scale lenses in the lowermost structural levels of
the Kinzigite Formation; they are dominated by spinel lherzolite and minor pyroxenite with several generations of
crosscutting pyroxenite dikes (Boriani & Giobbi, 2004; Quick et al., 2003; Sills & Tarney, 1984). These ultramafic
bodies are conventionally interpreted as tectonic slices incorporated into an accretionary prism prior to the intru-
sion of the Mafic Complex (Quick et al,, 1995) or differentiates formed in the upper mantle (Rivalenti, 1975).

Initial efforts to quantify metamorphic conditions focused on the application of garnet-biotite Fe-Mg exchange
thermobarometry to metapelites (Henk et al,, 1997; Schmid & Wood, 1976), but recently applied single-phase
solution thermometers (Zr-in-rutile, Ti-in-zircon) show that stronalites preserve peak metamorphic temperatures
between 850 and 1,000°C (Ewing et al.,, 2013; Luvizotto & Zack, 2009). Phase equilibria modeling constrains
peak PT conditions to ~3.5-6.5 kbar and 650°C-730°C in kinzigites from the top of the section to ~10-12 kbar
and 900°C-950°C in stronalites from the deepest structural levels (Redler et al.,, 2012), which is further supported
by thermobarometry on amphibolites intercalated throughout the section (Kunz & White, 2019). These data
corroborate previous work showing that the metamorphic field gradient is significantly attenuated relative to
undisturbed continental crust (~0.3 kbar/km; Burke & Fountain, 1990), implying that the section was thinned
following high-temperature metamorphism (Brodie et al,, 1989; Brodie & Rutter, 1987; Henk etal,, 1997).

2.2. The Mafic Complex

The Mafic Complex is a layered igneous intrusion of broadly gabbroic composition that was emplaced between
286 and 282 Ma (Guergouz et al,, 2018; Henk et al., 1997; Karakas et al,, 2019; Peressini et al., 2007), although
gabbroic magmatism in the IVZ is present as dikes and sills as old as ~315 Ma (Klotzli et al., 2014). It is exposed
along the length of the IVZ, and its thickness varies from hundreds of meters to ~10 km in Val Sesia (Figure 1;
Garuti, 1980). Quick et al. (2003) subdivided the intrusion into units dominated by amphibole gabbro, gabbro and
norite, and diorite. Metasedimentary septae in the Mafic Complex preserve mineral assemblages of antiperthitic
plagioclase, garnet, quartz, +sillimanite, rutile, +graphite, +corundum; these assemblages are indicative of
ultra-high metamorphic temperatures (<1,000°C; Quick et al.,, 1994; Sinigoi et al., 1996).

2.3. Geochronology of the Ivrea-Verbano Zone

Siliciclastic metasediments in the IVZ contain prismatic, <2.0 Ga detrital zircon grains interpreted to have been
derived from calc-alkaline igneous rocks (Ewing et al,, 2013; Guergouz et al., 2018; Kunz et al,, 2018; Peressini
etal, 2007; Vavra et al,, 1996; Vavra & Schaltegger, 1999). The youngest zircon cores have U-Pb dates between
~389 Ma and ~352 Ma (Kunz et al., 2018; Vavra et al,, 1996; Vavra & Schaltegger, 1999), implying that sedi-
ment deposition was underway by ~350 Ma at the latest and continued until the onset of regional metamorphism
at ~316 Ma (Ewing et al,, 2013). Regional amphibolite-to granulite-facies metamorphism—the source of the
extant metamorphic field gradient—initiated at 316 * 3 Ma (zircon U-Pb dates; Ewing et al., 2013), predating
the main intrusive phase of the Mafic Complex (~285 to 282 Ma; Karakas et al,, 2019) by 28-37 Ma. However,
Klotzli et al. (2014) reported zircon U-Pb dates from the gabbroic Monte Capio sill of 314 + 5 Ma, showing that
the regional metamorphic event was contemporaneous with local mafic igneous activity.

The regional thermal climax occurred either during or after construction of the IVZ crustal section, but there is
little consensus regarding the heat source. Conductive heating associated with intrusion of the Mafic Complex
can only explain the most recent high-T event, as it produced a 2 km-wide low-P metamorphic aureole with cord-
ierite, hercynite, and andalusite that texturally overprinted the earlier, higher-P amphibolite-to granulite-facies
metamorphism (Barboza & Bergantz, 2000; Barboza et al., 1999; Quick et al,, 1994; Schaltegger & Brack, 2007;
Snoke etal., 1999; Zingg et al.,, 1990). Peak contact metamorphic temperatures of 900°C-910°C were reached
shortly after emplacement of the Mafic Complex, and were followed by ~100°C-200°C of cooling by 284 + 3 Ma
and a further ~60°C-100°C cooling by 259 + 3 Ma (Ewing et al., 2015; Peressini et al., 2007).

The post-Permian (290-180 Ma) history of the IVZ was characterized by conductive cooling interspersed by
brief episodes of magmatic heating and hydrothermal activity (Ewing et al, 2015; Siegesmund et al., 2008; Smye
etal, 2019; Vavra etal, 1996; Vavra & Schaltegger, 1999). Local, late, small-volume magmatic activity has been
documented along the entire IVZ (Denyszyn et al., 2018; Galli et al., 2019; Zanetti et al., 2013). This record of
spatially restricted magmatism throughout the Triassic-Jurassic was accompanied by widespread hydrothermal
recrystallization of zircon and monazite, yielding U-Pb dates from ~260 Ma to ~200 Ma (Ewing et al,, 2013;
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Table 1
Summary of Mineral Assemblages and Peak PT Estimates for the Metapelitic Samples Investigated
Sample Location Major Phases? Accessory Phases P (kbar) T (°C)
Lower amphibolite-facies metapelites (Kinzigites)
MW23 N45.897563° E8.383018° pl-bt-ms-fi(sil)-qz ilm-mnz-zrn
MW25 N45.901280° E8.371999° pl-bt-qz ilm-mnz-zrn
MW20 N45.903929° E8.373885° pl-bt-qz ilm-mnz-rt-zrn-xtm
MW19 N45.904450° E8.357558° gt-pl-bt-ms-fi(sil)-qz ilm-mnz-zrn <6 <675
Upper amphibolite-facies metapelites (Kinzigites)
MWO04 N45.908236° E8.348736° gt-pl-kfs-bt-fi(sil)-qz ilm-mnz-rt-zrn 7.6-85  730-775
MWO03 N45.907703° E8.336062° gt-pl-kfs-bt-ms-fi(sil)-qz ilm-mnz-rt-zrn 6.8-7.1  680-720
AS22 N45.907703° E8.336062° pl-kfs-bt-ms-fi(sil)-qz ilm-mnz-rt-zrn <6.9 <675
MWO02 N45.907703° E8.336062° gt-pl-kfs-bt-ms-fi(sil)-qz ilm-mnz-rt-zrn

Granulite-facies metapelites (Stronalites)

AS13
AS07
AS06

N45.930966° E8.291926° gt-pl-kfs-bt-pris(sil)-qz ap-ilm-mnz-rt-ttn-zrn 7.1-10.5 790-830
N45.936811° E8.274740° gt-pl-kfs-pris(sil)-qz ap-ilm-mnz-rt-ttn-zrn 8.1-11 810-860
N45.934170° E 8.267480° gt-kfs-pris(sil)-qz ap-ilm-mnz-rt-ttn-zrn >8.2 >860

afib(sil) and pris(sil) denote fibrous and prismatic sillimanite, respectively.

Guergouz et al,, 2018; Vavra et al,, 1996; Vavra & Schaltegger, 1999). Despite textural equilibration during the
Permian high-temperature event, rutile U-Pb dates span ~220 to ~150 Ma (Ewing et al, 2015; Smye et al,, 2019;
Smye & Stockli, 2014) implying further diffusive resetting during Tethyan rifting. Combined, these constraints
support the interpretation that the IVZ underwent episodic magmatic heating and metasomatism in response to
mantle thinning following emplacement of the Mafic Complex (Ewing et al,, 2013; Morishita et al., 2008; Smye
etal, 2019).

3. Sample Petrography

We performed a dense sampling transect along Val Strona di Omegna, a 20 km long, NW-SE trending river
valley that exposes the widest portion of the IVZ section (Figure 1a). Here, we focus on a subset of 11 metapelite
samples (Figure 1b) selected according to the following criteria: (a) the presence of abundant dateable monazite,
(b) the absence of pervasive retrograde metamorphic phases and fabrics, and (c) structural position along the Val
Strona di Omegna transect. Samples are classified as belonging to the amphibolite- or granulite-facies according
to peak metamorphic paragenesis, listed in Table 1.

3.1. Amphibolite-Facies Samples (Kinzigites)

Amphibolite-facies metapelites are categorized into those belonging to the lower and upper amphibolite
facies. The lower amphibolite-facies metapelites MW19, MW20, MW23 and MW25a contain quartz + plagi-
oclase + ilmenite + biotite + muscovite * fibrous sillimanite + K-feldspar # rutile + garnet with accessory
monazite, zircon, apatite, and rare xenotime. Of the four lower amphibolite-facies metapelites investigated, only
MW19 contains garnet and has scarcer, smaller garnets than upper amphibolite-facies metapelites (Figures 2a
and 2d); these garnet crystals occur as small hypidioblastic crystals between 0.2 and 1 mm in diameter. Garnet
inclusions are predominantly quartz and minor oxides, and are mostly restricted to core domains. In samples
MW19 and MW?23, fibrous sillimanite forms rafts <2 mm in diameter associated with biotite and, less commonly,
muscovite. Together, biotite, muscovite and fibrous sillimanite define a schistosity that is more pronounced than
in higher-grade samples; outcrops are highly fissile, and hand samples and thin sections feature prominent 1-2
mm-wide bands of micas separating quartzofeldspathic segregations (Figure 2a).

Upper amphibolite-facies samples MW02, MW03, MW04 and AS22 contain quartz + plagioclase + K-feld-
spar + fibrous sillimanite + ilmenite + garnet + muscovite + rutile with accessory monazite, zircon and apatite
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Figure 2. Sample petrography. (a-c) photographs of hand-specimens of lower and upper amphibolite-facies and granulite-facies samples from Val Strona di Omegna;
(d-f) Backscattered electron images of the hand specimens directly above. (a), (d) muscovite and biotite-rich schist (MW19) with mats of fibrous sillimanite enveloping
small (<300 44m) garnet porphyroblasts. (b), (e) fine-grained, biotite-rich schist (MW04); sillimanite is predominantly fibrolite and muscovite is subordinate to

biotite. (c, f) garnet-rich, residual granulite (AS13) from the base of Val Strona di Omegna. Note the presence of rutile compared to lower-grade samples and the
biotite-rich and quartz + plagioclase-rich melanosomes and leucosomes, respectively; sillimanite is predominantly prismatic. Mineral abbreviations after Whitney and

Evans (2010).

(Figures 2b and 2e). These metapelites are distinguishable from their lower-grade counterparts by the prevalence
of biotite over muscovite, more abundant garnet, K-feldspar and fibrolitic sillimanite, and an intense crenulation
of the pervasive micaceous foliation. Rounded, poikiloblastic garnet crystals between 0.5 and 3 mm in diameter
are spatially associated with leucocratic seams of quartz and plagioclase, and contain inclusions of quartz with
minor oxides, rutile and sillimanite.

Monazite is common throughout the amphibolite-facies samples, principally as small (<200 um diameter)
subhedral to anhedral grains situated on grain boundaries between matrix biotite, quartz, muscovite and feldspar
(Figure 3). Monazite inclusions in garnet are rare; sample MW23—the shallowest sample investigated—contains
a single included grain. We do not observe the systematic decrease in monazite grain size within increasing
metamorphic grade that was noted by Bea and Montero (1999). Amphibolite-facies monazite is generally char-
acterized by irregular, patchy Y zonation with the majority of grains exhibiting Y-rich rims (Figure 4). Monazite
from sample MW20 is an exception and is characterized by lower Y concentrations and an absence of intragrain
zonation.

3.2. Granulite-Facies Samples (Stronalites)

Granulite-facies metapelites (samples AS06, AS07, AS13) are metatexites, comprising leucosome domains
(10-20 vol.%) of quartz, large, anhedral K-feldspar blasts (up to 6 mm), plagioclase, and prismatic silliman-
ite, within melanosomes (1-2 cm wide) dominated by garnet, rutile, ilmenite and minor biotite + muscovite
(Figures 2c and 2f). The boundaries between the leucosomes and melanosomes become more sharply defined
with increasing structural depth (see also Carvalho et al., 2019). Garnet in samples AS07 and AS13 occurs as
idio-to hypidioblastic poikiloblasts ranging in size from 0.4 to 5 mm in diameter, whereas garnet in the structur-
ally deepest sample (AS06) is xenoblastic and occurs as 2-3 mm bands that alternate with prismatic silliman-
ite-rich domains. Included phases in garnet are predominantly quartz and sillimanite, with subordinate rutile and
biotite. Monazite occurs as rare included grains within garnet and, more commonly, along grain boundaries of
major phases (Figures 3c and 3d). Monazite inclusions and a minor proportion of matrix monazite grains exhibit
similar habits and Y-zonation to amphibolite-facies monazite, comprising irregular grain boundaries and patchy
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Figure 3. Backscattered-electron images of monazite textures along Val Strona di Omegna. Panel (a) anhedral monazite included in garnet, monazite 7, AS13; (b)
anhedral monazite included in matrix biotite, monazite 6b, AS22; (c) rounded monazite grains included in rutile and K-feldspar blasts, sample AS07; (d) monazite
partially included in garnet, monazite 4, sample AS13; (e) monazite partially included in matrix quartz and biotite, monazite 6a, sample AS22; (f) matrix monazite
(monazite 3), sample MW04.

Y distributions (Figure 4). The majority of matrix monazite, however, is characterized by rounded to sub-angular
grain morphologies and homogenous Y zonation (e.g., sample AS07, Figure 4), and are typically associated with
sillimanite, K-feldspar and quartz.

4. Pressure-Temperature Conditions

To link monazite U-Th-Pb dates and trace element (TE) compositions to pressures (P) and temperatures (7) of
formation, we calculated a series of PT pseudosections that span 3-12 kbar and 600°C-950°C, for key mona-
zite-bearing samples. These PT estimates (Figure 5) are quantitatively similar to existing estimates of the Permian
metamorphic field gradient along Val Strona di Omegna (see Section 2.1). All calculations were undertaken in
the simplified chemical system MnO -Na,0 -CaO- K,0 - FeO-MgO- Al,0,- SiO,-H,0- TiO,-O (MnNCK-
FMASHTO) using Theriak-Domino (De Capitani & Brown, 1987) with the Holland and Powell (1998) database

Figure 4. Monazite size, morphology and yttrium zonation along Val Strona di Omegna. Panel shows Y maps for multiple monazite grains from samples arranged in
order of increasing metamorphic grade, from left-to-right.
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Figure 5. Summary of the inferred peak pressure-temperature (P7) conditions
for monazite-bearing samples along Val Strona di Omegna. Polygons
correspond to PT stability fields of peak mineral parageneses derived from
pseudosection calculations. Dashed lines represent metamorphic field
gradients. See text for discussion.

Bulk compositions used for modeling and the resultant peak PT estimates
are presented in Table 2. Peak metamorphic PT conditions were constrained
using the inferred peak mineral assemblage for each sample (Figure 5). We
avoided the use of phase compositions for thermobarometry because granu-
litic phases typically undergo post-peak chemical re-equilibration (e.g, Frost
& Chacko, 1989; Pattison et al,, 2003). A summary of the peak PT stability
fields is presented in Figure 5 and salient results are presented below.

The primary constraints on maximum and minimum metamorphic pressures
by metapelitic phase relations along Val Strona di Omegna are the presence
of sillimanite, not kyanite, and the absence of spinel. Peak temperatures are
constrained by phase relations among muscovite, biotite, plagioclase, K-feld-
spar and melt. In lower amphibolite-facies metapelites, coexisting muscovite
and biotite and the absence of abundant K-feldspar + rutile constrains peak
conditions to <700°C at <6 kbar. Garnet-absent phase assemblages are not
predicted in pseudosections for samples MW20 and MW25a, implying that
either garnet was consumed during decompression, or that the MnO concen-
tration of the XRF bulk does not accurately represent the effective bulk
composition. The presence of K-feldspar, garnet and coexisting muscovite

and biotite in upper amphibolite-facies metapelites constrains peak PT conditions to ~6.8 to 8.5 kbar at <775°C.
Specifically, the absence of garnet in sample AS22—located <200 m from samples MW02 and MW03—imposes
a broad range of peak PT conditions that are notably similar to those derived from lower amphibolite-facies

sample MW19, located ~1.5 km up-section. This apparent inconsistency in the progressive field gradient along

Val Strona di Omegna could be explained by the consumption of garnet during post-peak retrogression or by late

structural juxtaposition of these samples. Each of the granulite-facies metapelites experienced peak temperatures

Table 2
XRF Bulk-Rock Compositions (wt.%)

MW25 MW20 MW19 MWO04 AS22 MWO03 AS13 AS07 AS06
Sio, 62.37 62.90 56.29 53.71 54.96 51.81 57.27 49.52 4692
TiO, 0.90 0.83 1.27 1.18 1.24 1.38 141 2.60 1.92
Al 0, 15.96 17.45 22.80 25.41 24.34 23.04 20.75 21.66 2691
Fe,03? 8.65 493 10.22 844 10.76 14.12 11.43 14.31 16.18
MnO 0.12 0.07 0.19 0.11 0.07 0.58 0.12 0.23 0.14
MgO 4.00 421 2.85 1.57 2.94 3.02 4.02 4.52 4.81
CaO 1.86 371 0.58 2.00 0.13 0.71 1.20 2.34 0.46
Na,0 2.60 3.39 1.28 1.95 0.08 1.02 0.71 348 bdl
K,0 2.99 2.54 4.04 5.37 3.89 3.87 2.53 0.90 1.94
P,0; 0.18 0.21 0.18 0.16 0.08 0.19 0.11 0.12 1.94
Total 99.63 100.24 99.70 99.90 98.49 99.74 99.53 99.66  99.29
LOI 1.87 1.30 2.26 2.06 151 2.73 0.47 0.34 0.71
3All Fe as Fe,05; bdl is below detection limit.
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in excess of the muscovite-out reaction that limits minimum 7 to ~800°C at >8.5 kbar. Finally, the absence of
biotite and the presence of a ternary K-feldspar in sample AS06 provides a maximum P7 constraint along the Val
Strona field gradient of >8.2 kbar and >860°C.

The progressive increase in peak metamorphic P7 conditions derived from monazite-bearing metapelites along
Van Strona di Omegna defines a metamorphic field gradient between ~10 and ~17°C/km (calculated assuming
a crustal density of 2,750 kg/m3). Such a gradient is consistent with the modeled field gradient proposed for
Val Strona di Omegna by Redler et al. (2012) (8-16°C/km) and Kunz and White (2019), as well as the regional
pattern of increasing metamorphic grade toward the Insubric Line observed throughout the IVZ.

5. Analytical Methods
5.1. Electron Microscopy (SEM and EPMA)

All analyses were performed on polished thin sections to link U-Pb dates and TE concentrations to the monazite
textural context within the sample. Monazite grains were identified, located and imaged using energy-dispersive
spectroscopy and back scattered electrons on FEI Quanta 200 and FEI Quanta 250 scanning electron microscopes
(SEMs) located in Pennsylvania State University's Materials Characterization Laboratory. Zoning in Y, Na, Ce,
K, La, Sr, Mg, Nd, Ca, Th, Al, Si, U, P, and Fe in monazite was assessed qualitatively with X-ray maps on a
Cameca SXFive electron probe microanalyzer (EPMA) at Penn State using an accelerating voltage of 20 keV, a
beam current of 30 nA, a step size of 0.2 pm and a dwell time of 25 ms per spot. Quantitative analyses of garnet
major-element compositions were conducted on the same instrument using an accelerating voltage of 15 keV, a
beam current of 30 nA, and on-peak count-times of 10-30 s.

5.2. Monazite U-Th-Pb and Trace-Element Measurements by Laser Ablation Split Stream Inductively
Coupled Plasma Mass Spectrometry (LASS-ICP-MS)

Monazite U-Pb and Th-Pb dates and TE abundances were analyzed at the UC Santa Barbara LASS-ICP-MS
facility. All monazite grains were analyzed in thin sections so that the monazite U-Pb dates and trace-ele-
ment abundances could be linked to specific metamorphic textures and parageneses, and U-Pb and trace-ele-
ment data were collected simultaneously from the same spots. A Photon Machines 193 nm excimer laser and
HelEx sample cell were used in connection with a Nu Plasma HR MC-ICPMS (U-Th-Pb isotopes) and an
Agilent 7700S quadrupole ICPMS (TEs). The analyses were obtained with an 8 pm-diameter laser spot, using
a frequency of 3 Hz, a 25 s ablation time, and a fluence of ~1-2 J/cm2. Two cleaning shots were performed
prior to each analysis; a ~15 s pause for washout was followed by 75 analytical shots, with a 20 s delay between
analyses. Analyses of IVZ monazite grains were interspersed with analyses of the monazite reference stand-
ards 44069 (424.9 + 0.4 Ma SHRIMP 206Pb /238U-207Ph /235 concordia age, Aleinikoff et al.,, 2006) and Stern
(~512.1 £ 1.9 Ma ID-TIMS 206Ph /238U age, Palin et al.,, 2013); 44069 was the primary standard for U-Pb analy-
ses and Stern was the primary standard for TE analyses. Monazites FC (55.7 + 0.7 Ma ID-TIMS 206Pb /238U age,
Horstwood et al,, 2003), Trebilcock (272 + 3.2 Ma ID-TIMS 207Pb /235U age, Tomascak et al.,, 1996), and Manan-
gotry (555 + 1.6 Ma ID-TIMS 206Pb /238U age, Horstwood et al,, 2003) were used as secondary standards to moni-
tor data accuracy. This investigation obtained mean 206Pb-238U dates of 512.7 * 1.3 Ma for Stern, 56.8 + 0.3 Ma
for FC, 276.0 = 1 for Trebilcock, and 562.1 + 3.4 Ma for Manangotry; these ages are accurate to within 0.1%,
1.3%, 1.5%, and 1.9% of the reference values, respectively. 208Pb-232Th ratios for primary U-Pb standard 44,069
have not been determined by isotope dilution methods, but assuming U-Th-Pb isotopic concordance yields aver-
age 208Pb-232Th dates of 497.8 + 7.1 Ma for Stern and 54.3 * 0.4 Ma for FC-1, both within 2% uncertainty of
published U/Pb dates; we obtained 208Pb-232Th dates of 256.1 + 2.3 Ma for Trebilcock and 526.4 + 4.5 Ma for
Manangotry, but note that these reference materials are unreliable Th/Pb secondary standards (e.g., Horstwood
etal, 2016; Kohn & Vervoort, 2008; Paquette & Tiepolo, 2007). Data reduction was performed using the Iolite
plug-in v. 3.7 (Paton et al., 2011) for the Wavemetrics IgorPro software and U-Pb Concordia were plotted using

IsoPlotR (Vermeesch, 2018). The U-Th-Pb data reduction strategy and common-Pb (Pb_) correction procedure
followed the methods in Garberetal. (2020). Due to the possibility of individual spot dates to be affected by
analytical mixing between discrete chemical domains, our interpretation of monazite spot dates is concentrated
on the average ages of statistically significant peaks identified using kernel density spectra and Gaussian decon-
volution (Figure 6).
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Figure 6. Monazite Th-Pb dates. From left to right, columns show individual analyses plotted on 208Pb /232Th-206Pb /238U concordia and shaded according to Th/U (error
bars represent 2o uncertainty), KDE's with labeled population peaks and spot date distributions superimposed on Y concentration maps of individual monazite grains
(scale bars represent 100 pm). Each of these plots present 207Pb-corrected 28Pb/232Th spot dates that are <5% discordant from 28Pb /232Th-206Pb /238U concordia.
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5.3. Garnet Trace-Element Measurements by LA-ICP-MS

Laser-ablation inductively coupled plasma mass spectrometry (LA-ICPMS) for garnet TEs was performed at
the LionChron facility at Penn State. Samples were ablated in thin section using a Teledyne /Photon Machines
Analyte G2 excimer laser ablation system with a Helex2 ablation cell, coupled to a Thermo Scientific iCAP-RQ
ICPMS system for TEs. The total Ar gas flow for the experiment was 1.01 L/min, with total He gas flows from
the laser at 0.44 L/min. All samples were run during the same session, with a 35 um spot, 10 Hz repetition rate,
300 shots, and a laser fluence at the sample surface of 3.66 ] /cm?, yielding pit depths on the order of ~10 to
15 pm. The laser was first fired thrice with the same spot size to remove surface contamination, and this mate-
rial was allowed to wash out for 20 s. Analyses of unknowns were bracketed by analyses of whole-rock glasses
from the Max-Planck-Institut (Jochum et al., 2006) spanning a range of major-element compositions, including
Gorgona Island komatiite G128-G, Kilauea basalt KL2-G, Alpine quartz diorite T1G, and Mt. St. Helens ande-
site StHs6/80-G. T1G was used as the primary reference material for all analyses. For trace-element quantifica-
tion, 27Al (assuming ~11.5 wt. % Al, using an EPMA-based average) was used as an internal standard, with meas-
ured peaks on the iCAP-RQ at 29Sj, 31P, 43Ca, 45Sc, 49Ti, 51V, 52Cr, 59Co, 66Zn, 87Sr, 89Y, 99Zr, 93Nb, 139La, 140Ce,
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169 Tm, 172Yb, 175Lu, 178Hf, 181Ta, 182W, and ZU.
Iolite version 4 (Paton et al, 2011) was used to corrected measured isotopic ratios and elemental intensities for
baselines, time-dependent laser-induced inter-element fractionation, plasma-induced fractionation, and instru-
mental drift. The mean and standard error of the measured ratios of the backgrounds and peaks were calculated
after rejection of outliers more than two standard errors beyond the mean. Using the same methods as applied to
unknowns, and treating all whole-rock glasses besides T1G as secondary reference materials, this routine yielded
values accurate to within 5% for REE, 10% for HFSE and transition metals, and 20% for all other elements.

5.4. X-Ray Fluorescence

Bulk rock compositions were determined by XRF at Franklin and Marshall College using a Malvern PANalytical,
Inc. Zetium XRF vacuum spectrometer. Difference in sample weight before and after heating to 950°C for 1.5 hr
was used to determine LOI. All oxide uncertainties are <1%.

6. Results
6.1. Monazite U-Th-Pb and Trace Element Data

Monazite 208Pb/232Th dates are reported for all samples because these dates avoid any problems with thorogenic
Pb on 206Pb /238U dates (Scharer, 1984) and because the presence of common Pb - albeit minor (Figure S1) - has
a negligible effect on 208Pb/232Th ratios. However, we discarded all Pb.-corrected 208Pb/232Th spot dates that are
>5% discordant from 208Ph/232Th-206Ph /238U concordia. Individual Pb.-corrected 208Pb/232Th monazite dates and
TE concentrations obtained for each of the samples are provided in Table S1; raw Tera-Wasserburg plots and
Pbc-corrected 208Pb/232Th-206Pb /238U concordia plots are presented for each sample in Figure S1 and Figure 6,
respectively. The data set is characterized by: (a) protracted intra-sample dispersion in Pb.-corrected 208Pb/232Th
spot dates, encompassing spreads of ~15 to 130 Myr; (b) a predominance of spot dates between 270 and 300 Ma,
and (c) few dates older than 300 Ma.

Monazite isotopic data from lower amphibolite-facies samples spanning the uppermost ~3 km of Val Strona
di Omegna (MW23, MW25a, MW20 and MW19) show a significant spread in monazite dates, from ~320 to
~240 Ma, the vast majority of which are concordant (Figure 6). The structurally shallowest sample (MW23) is
the only sample with a significant fraction of Th-Pb dates >300 Ma (76/101); the 10 monazite grains analyzed
yield a continuous range of dates spanning ~50 Myr, from 327 + 7 Ma to 278 + 6 Ma, and do not define a single
age population (weighted mean age = 304.3 + 0.3 Ma, MSWD = 2.8, n = 101). Notably, Th-Pb dates >300 Ma
are preserved in matrix monazite grains. On a kernel density estimation (KDE) plot (Figure 6) these dates define
two partially resolved peaks at ~308 and ~302 Ma, respectively, and a minor peak at ~285 Ma; as none of the
peaks define a coherent population, we did not calculate weighted mean ages. Sample MW25a yields a spread
of concordant spot dates between 303 + 7 and 280 + 7 Ma (weighted mean age = 292 + 1 Ma, MSWD =2.7,
n =40).0n a KDE plot these dates define a major peak with a weighted mean age of 294 + 1 Ma (MSWD =14,
n=30) and a minor peak at ~282 Ma. For sample MW20, dates spread between 293 + 7 Maand 268 + 6 Ma
(weighted mean age = 280 + 1 Ma, MSWD = 3.4, n = 39); partially resolved KDE peaks are present at ~281 Ma
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and ~273 Ma. Dates from sample MW19 span ~50 Myr, from 307 + 7 to 255 # 6 Ma and the majority of dates
are <300 Ma (94/104). The KDE spectrum for these dates is characterized by a prominent peak with a weighted
mean age of 290 + 1 Ma (MSWD = 0.6, n = 49/104) and a partially resolved peak at 296 Ma (Figure 6).

These lowest-grade monazite grains show a systematic compositional variation with spot date. Chondrite-nor-
malized REE patterns (REE,) from samples MW23, MW20 and MW19 define a trend of higher heavy rare earth
element (HREE)) values with decreasing age (Figure S2); Y concentrations are <2.5 wt.% and define a similar
trend, with the lowest concentrations corresponding to older spot dates (Figure S3). These data are consistent
with monazite Y maps from samples MW19 and MW25 that exhibit discrete low-Y cores surrounded by high-Y
mantles (Figures 4 and 6). Spot dates from each domain correspond to the two dominant age peaks recognized
in the KDE plots (Figure 6). Eu/Eu* also decreases with decreasing spot dates in monazite arrays from each of
the samples, albeit with more scatter than the Y data (Figure S4). Arrays of Th/U are characterized by significant
dispersion in Th/U from 0.8 to 9.5, but the data do suggest a general increase from minimum values of at ~300 Ma
to higher values by 285 Ma; this trend is particularly apparent in monazite from sample MW25a (Figure S5).

Upper amphibolite-facies samples MW02, MW03, MW04 and AS22 exhibit a similar spread in Pb.-cor-
rected 208Pb/232Th dates to the lower amphibolite-facies samples. Sample MW04 yields an array of concord-
ant spot dates between 301 + 7 and 265 + 6 Ma that do not conform to a single population (weighted mean
age = 287 + 1 Ma, MSWD = 5.7, n = 43). Gaussian deconvolution confirms the ages of two well-defined KDE
peaks at 297 + 1 Ma (MSWD = 0.3, n = 11) and 286 + 1 Ma (MSWD = 0.4, n = 19), and a partially resolved
peak at ~278 Ma. Sample MWO03 yields concordant spot dates between 300 + 7 and 263 + 6 Ma (weighted mean
age = 285 + 1 Ma, MSWD = 7.3, n = 30), with a dominant age peak at 292 + 1 Ma (MSWD = 0.86, n = 14)
and a subordinate peak at 277 + 1 Ma (MSWD = 0.99, n = 11). Sample AS22, exhibits a protracted spread in

concordant 207Pb-corrected 208Pb /232Th dates between 305 * 10 and 270 + 8 Ma (weighted mean age =289 + 1
Ma, MSWD = 4.3, n = 33) that define a KDE spectrum with a broad age peakat 295-290 Ma and a minor peak
at 278 + 1 Ma (MSWD = 1.66, n = 8). The small number of concordant dates (n = 5) from sample MWO02 range
between 298 + 8 and 266 + 6 Ma and preclude any meaningful statistical analysis.

Values of REE,, Eu/Eu* and Th/U from the upper-amphibole facies monazite defines similar temporal trends
to monazite from the lower amphibolite-facies samples. In particular, monazite from samples MW04 and AS22
exhibit well-defined increases in Y (<0.5 wt.% ~300 Ma to ~2 wt.% at ~280 Ma) and HREE values and a
concomitant decrease in Eu/Eu* with decreasing spot date. Th/U ranges from 0.5 to 17.4 in all samples within
this sub-group; sample MWO02 is the only sample to yield a resolvable decrease in values, from peak Th/U of ~6.5
at ~298 Ma, to <4 by ~262 Ma.

Monazite from granulite-facies samples AS06, ASO7 and AS13 yield a protracted spread of 207Pb-cor-
rected 208Pb/232Th dates with almost uniformly younger ages than amphibolite-facies monazite. In order of
increasing structural depth: sample AS13 exhibits the greatest spread in monazite spot dates of the entire data set,
from 322 + 9 to 186 + 6 Ma, and yields a complex KDE spectrum defined by a dominant age peak at 273 +1
Ma (MSWD = 1, » = 18) and a minor but statistically significant peak at 316 + 2 Ma, (MSWD = 0.8, n = 6).
This older monazite population is defined by a majority of spot analyses from a monazite grain included within
garnet (monazite grain VII; Figures 3a and 4). Sample AS13 also yields a small group of concordant spot dates
that give a mean age of 197 + 1 Ma (MSWD = 0.1, n = 5). Concordant monazite spot dates from sample AS07
spread between 283 + 7 and 251 + 7 Ma and define a KDE spectrum with a well-resolved and dominant age peak
at 276 + 1 Ma (MSWD = 1.0, n=17) in addition to a minor peak at 265 + 1 Ma (MSWD = 1.0, n = 9). Sample
ASO06, the highest-grade sample investigated, has a continuum of spot dates from 291 + 7-260 * 7 Ma with two
KDE peaks; the strongest age peak has a weighted mean age of 288 + 1 Ma (MSWD = 0.2, » = 9) and a partially
resolved peak is present at ~274 Ma.

Monazite from granulite-facies samples has significantly elevated Th/U (majority of analyses have Th/U between
20 and 166) and lower Y concentrations (<0.4 wt.%) and Eu/Eu* (<~0.5) compared to amphibolite-facies mona-
zite. Sample AS13 preserves a temporal variation in monazite composition defined by a progressive increase in
MREE,/HREEy and Th/U, and decreasing Y concentration and Eu/Eu* with decreasing spot date (Figures S2-
S5). This progression in HREE concentrations is opposite to that observed in amphibolite-facies monazite. There
is no resolvable temporal variation in TE concentrations in monazite from samples AS07 and AS06.
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1 6.2. Garnet Major and Trace Element Compositions
+
pl Major element concentrations were collected from garnet from three samples
05 oYk & that span the entire range of metamorphic grades: MW19 (lower amphibo-
g‘ 0 e % Sl L lite facies), MW04 (upper amphibolite facies) and AS13 (granulite facies).
§ Y E(“> o OnpyHo O TE concentrations were collected from these three samples, as well as
ol O 2 coo hs(r?] . Tb U UR’ sample MW03. The raw major and TE concentration data are presented in
° g LaCePrid Th Table S2 and Table S3, respectively, and trace-element data are displayed in
‘g Figures S6-S9.
w [-0.5
Garnet from sample MW19 is principally an almandine-spessartine solid
X (87%) + gt solution. Individual porphyroblasts are homogenous with respect to Fe,
-1 ! Mg and Mn, but exhibit core domains with maximum Ca concentrations
(alm,,Sps,,prpggrs,) surrounded by a low-Ca mantle (alm,,sps,,prpsgrs,).
Figure 7. Trace element (TE) weightings on the dominant principal Y and HREE concentrations conform to a similar pattern of zonation as

component (X;). Red line corresponds to a zero weighting. Strong positive
weightings for the MREE + HREE and Y, implies that monazite with elevated
X, scores equilibrated under the influence of cogenetic plagioclase; in

Ca, defined by enriched core domains, low-concentration mantles and thin,
high-Y rims (Figure S6). Garnet from sample MW04 is homogenous in major

contrast, analyses with negative JX; scores imply the influence of garnet on TE elements (almg,Spssgpy,grs), but exhibits complex TE zonation (Figure S7).

composition. See text for further discussion.

Y + HREE concentrations display three distinct zones: small (<100 um diam-
eter) core domains with 200-400 ppm Y that smoothly transition into lower-Y
mantles (<200 ppm) that, in turn, are surrounded by high-Y + HREE rims
(400-600 ppm Y). Garnet from sample MWO03 displays core domains with internally homogenous Y + HREE
concentrations (200-250 ppm Y), surrounded by high-Y + HREE annuli (250-350 ppm Y; Figure S8). Garnet
from granulite-facies sample AS13 displays homogeneous major element zonation (almg;pys,grsspss;) and bell-

shaped core-to-rim Y + HREE concentration profiles that are surrounded by thin (<50 um), high-Y + HREE rims

(200-250 ppm Y; Figure S9).

7. Principal Components Analysis of Monazite Composition

To identify temporal trends in monazite chemistry and the geological processes responsible for them, we reduced
the dimensionality of the aggregate monazite trace-element data set (rn = 427) with a principal components anal-
ysis (PCA; Aitchison, 1983). PCA is a basic ordination method that is particularly useful for trace-element data,
as it facilitates the examination of intercorrelated trends among all measured elements simultaneously. Raw TE
concentrations were transformed using a centered log-ratio transformation, and a constant-sum constraint was
imposed by addition of a residual for each sample (see also Garber et al,, 2017); the PCA was performed using
the princomp function in MATLAB®.

The PCA reveals two principal components that collectively explain >90% of the total variance of the data set.
The first principal component, X;, accounts for ~87% of the total variance and is thus the dominant signal in the
data set. Figure 7 presents the factor loadings of the standardized TEs for X; and shows that monazites with high
Xi scores are correlated with higher Y + MREE + HREE + U (Figure S10), whereas lower X; scores are corre-
lated with higher Sr and Th abundances as well as slightly more negative Eu anomalies. These elemental group-
ings broadly describe the role of garnet (Y + MREE + HREE) and plagioclase (Eu/Eu*), and thus we interpret
X as a proxy for the coexistence of garnet or plagioclase at the time of monazite equilibration. We note, however,
that additional phases influenced the composition of monazite from granulite-facies samples AS07 and AS13 that
exhibits a positive correlation between Eu/Eu* and X; scores, in contrast to amphibolite-facies samples in which
monazite Eu/Eu* and X; are anticorrelated, as expected if monazite chemistry is controlled predominantly by
plagioclase/garnet modes (Figures S10 and S11). As the rocks investigated generally lack xenotime but contain
apatite, we assume that Y + MREE + HREE(+P) partitioning between garnet, plagioclase and monazite occurred
by the net-transfer reaction identified by Pyle etal. (2001):

Y3ALAIO12(YA - garnet)+ Cas (POs)s (OH)(OH - apatite) + 25/4Si0> = 5/4CazAl2SisOn(Ca-
garnet) + 5/4CaAl,Si,Os(Ca — plagioclase)+ 3YPOLY - monazite) + 1/2H,O
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Figure 8. Sample X scores versus Th-Pb spot dates. From top-to-bottom,
sample data plots are arranged in order of increasing peak metamorphic grade
and structural depth. Shaded gray bar represents the timing of emplacement
of the Mafic Complex (286-282 Ma, Karakas et al,, 2019); dashed lines
correspond to the KDE age peaks identified in Figure 6. Typical error bar
for 208Ph-232Th spot dates shown for reference.

Under this scheme, monazite analyses with high X} scores represent growth
under “garnet-poor, plagioclase-rich” conditions—leading to higher mona-
zite HREE concentrations —and vice versa. As the second principal compo-
nent, X>, accounts for only ~5% of the total variance, it is statistically insignif-
icant above random, implying that variation in IVZ monazite TE composition
almost solely reflects the competing roles of garnet and plagioclase.

8. Monazite Age Interpretation

Figure 8 shows the variation of X, score with 207Pb-corrected 208Pb-232Th
date for individual monazite spot analyses from each of the samples consid-
ered. Arranged in order of increasing structural depth, this presentation of
the PCA results illustrates both intra- and inter-sample variations of the
magnitude and timing of plagioclase/garnet influence on monazite chemis-
try. Inspection of the figure reveals a primary difference in the distribution of
X1 scores between the amphibolite- and granulite-facies samples, consistent
with the smaller grain sizes, subhedral grain morphologies and distinct chem-
ical zonation of amphibolite-facies monazite.

8.1. Amphibolite-Facies Monazite

Monazite data from six of the eight amphibolite-facies samples define a
curvilinear increase in X; score from variable minimum values to a maximum
of ~6. The core-rim Y zonation observed in monazite grains from samples
MW25a, MW19, MW03 and AS22 imply that this trend is caused by analyti-
cal mixing of core and rim domains characterized by low and high X; scores,
respectively. This interpretation draws support from plots of Y versus Eu/
Eu* (Figure S11) on which spot dates for samples MW23, MW25a, MW19
and MWO04 broadly decrease along a linear array between end-members
with high-/low-Eu/Eu* and low-/high-Y. Accordingly, we interpret the age
of the oldest resolvable KDE peak for each of these samples to represent the
timing of monazite core growth. Such core growth ages broadly decrease
with increasing structural depth from 308 to 302 Ma for MW23, 296 Ma
for MW19, 292 Ma for MWO03 to 290-295 Ma for AS22; samples MW19
(296 Ma) and MWO04 (297 Ma) represent exceptions to this trend.

The low-X; scores and elevated Eu/Eu* values characteristic of monazite
core domains are consistent with the interpretation that core growth occurred
under garnet-present conditions. As garnet primarily grew in IVZ metasedi-
ments according to the reaction (Schmid & Wood, 1976):

biotite + plagioclase + sillimanite + quartz = garnet +K — feldspar

+rutile + melt,

It is reasonable to interpret that this monazite population equilibrated under
suprasolidus conditions, consistent with the observation that monazite cores
from samples MW23 and AS22 exhibit weakly oscillatory bands and sectors
that are common to melt-derived monazite (e.g, Hermann & Rubatto, 2003;
Rubatto et al.,, 2013; Vavra & Schaltegger, 1999). The absence of concordant
monazite dates >330 Ma indicates that any detrital or inherited monazite
that may have been present during prograde metamorphism was consumed,
presumably through interactions with a melt/fluid phase. Such an inference
is supported by the elevated solubility of monazite in granitic melts at meta-
morphic conditions relevant to the amphibolite-facies portion of the IVZ; for
example, the solubility expression of Stepanov et al. (2012) predicts that a
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granitic melt can dissolve >200 ppm LREE at 750°C at 7 kbar, exceeding typical bulk-rock values for kinzigites,
between ~140 and 200 ppm (» = 3, data from Bea & Montero, 1999). Of course, whether this results in partial
or complete monazite dissolution is dependent on the degree of partial melting. It is worth noting that subsolidus
metamorphic fluids have also been shown to dissolve inherited and detrital monazite during prograde metamor-
phism (e.g, Harlov et al, 2011; Rasmussen & Muhling, 2007).

The elevated X scores preserved by high-Y monazite rim domains imply equilibration under a stronger(/weaker)
influence of plagioclase(/garnet) relative to core domains. Given the inverse correlation of garnet and plagioclase
modes in these samples with P and 7, this can broadly be termed an “exhumation trend”. Based on a broad corre-
lation between spot position and date (Figure 6), we interpret the youngest resolvable KDE peak for each sample
as recording the timing of rim growth; such ages span ~17 Myr, from 290 Ma for MW19, to 273 Ma, for MW20.
The scalloped and lobate shape of core-rim boundaries, combined with the idiomorphic habit of monazite rims
(Figure 4) is indicative of monazite (re)crystallization during a fluid-mediated dissolution-precipitation process
(e.g,, Putnis & Putnis, 2007). This process must have operated in an environment in which HREE and Y were
readily available to the growing or recrystallizing monazite rims.

8.2. Granulite-Facies Monazite

Monazite from the three granulite-facies samples AS13, AS07 and AS06 are anhedral, largely unzoned in Y
and yield major age components that are similar to the age of monazite rims from amphibolite-facies samples,
indicating progressive replacement of prograde and/or peak monazite across the amphibolite-to-granulite-facies
transition. The composition of granulite-facies monazite has two distinct characteristics relative to amphibolite-fa-
cies monazite: (a) elevated Th/U, implying that monazite crystallized from a zircon-saturated melt (e.g, Rubatto
etal, 2006), and (b) a restricted range of low X7 scores, generally between -2 and -6, and a more muted depend-
ence on spot date (Figure 8), consistent with co-crystallization of monazite and garnet over a protracted time period
(288-265 Ma) that spans emplacement of the Mafic Complex. It is interesting to also note that the “exhumation
trend” documented in amphibolite-facies monazite is not apparent in monazite from the granulite-facies samples.

Monazite from sample AS13 is particularly notable as spot analyses from an included monazite grain within
garnet (monazite VII) and core domains of a matrix grain (monazite III) yield the oldest coherent age population
of the data set (316 * 2 Ma). Compared to the predominant 273 Ma monazite age population and monazite from
samples AS07 and AS06, this age population is characterized by higher Y concentrations (mean value of 2,048
ppm, n = 6), lower values of Th/U (mean Th/U value of 6; Figure S12), and higher X; scores. These observations
support the interpretation that the 316 Ma age population records the timing of prograde metamorphism prior to
significant garnet growth. Further support is drawn from the presence of rutile inclusions within monazite VII
(AS13); petrographic, phase equilibria, and trace-element observations from numerous other IVZ metapelites
show that rutile formed during the prograde breakdown of high-Ti biotite and concomitant melt production
(Luvizotto & Zack, 2009).

9. Correlation of Garnet and Monazite Domains

To further constrain the PT evolution of IVZ metapelites, we used monazite-garnet HREE partitioning to deter-
mine which garnet and monazite domains coexisted (e.g., Buick et al, 2006; Hacker et al,, 2019; Hermann &
Rubatto, 2003; Jiao et al,, 2021; Mottram et al,, 2014; Pyle et al, 2001; Rubatto et al, 2006; Warren et al, 2019).
Given the expected temperature dependence of this partitioning (e.g., Hacker et al.,, 2019) and the absence of
experimentally derived monazite-garnet partition coefficients (D), we used the empirically derived partition
coefficients from Hermann and Rubatto (2003) to identify monazite and garnet zones that record chemical equi-
librium. This approach is advantageous because these D values were derived from a Variscan lower crustal
metapelite from Val Malenco, Northern Italy, that experienced notably similar metamorphic conditions to granu-
lite-facies samples of the IVZ (~10 kbar and 650-750°C). For each sample we calculate D, using the average
monazite composition of each of the age populations identified in Section 8 in combination with all garnet analy-
ses; arrays of D, are then compared to D,,, from Hermann and Rubatto (2003). A summary of these compar-
isons is displayed in Figure 9, while a complete set of monazite-garnet D,,,,, arrays is presented in Figure S13.

Values of D, ;, calculated for monazite from the 290 Ma age population of sample MW19 are in good agree-
ment with those from Hermann and Rubatto (2003) for all garnet compositions, excluding three of the outermost
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Figure 9. Garnet trace element compositions and garnet-monazite partitioning. Panels show Y concentrations (a, €) and chondrite-normalized REE patterns shaded for
Y concentration (b, f) along rim-to-rim transects across garnet 4, MW04 and garnet 2, AS13, respectively. Panels c and d and g-h show arrays of D, ., calculated for
various monazite age populations and the garnet compositional profiles shown in A and E, respectively. Red and blue markers correspond to partitioning arrays from
Hermann and Rubatto (2003) and Buick et al. (2006), respectively.

garnet rim compositions. This implies that garnet growth occurred in this sample around 290 Ma; in contrast,
monazite from the older, 296 Ma age population yield values of D,, ,, that are systematically lower than those
from Hermann and Rubatto (2003), consistent with monazite core equilibration prior to the onset of garnet
core growth. The absence of a garnet population that coexisted with HREE-fractionated monazite core domains
implies that either such garnet was resorbed during cooling prior to growth of the monazite rim domains at
~290 Ma, or that the temperatures of monazite core-garnet equilibration were significantly different to those from
which the Hermann and Rubatto (2003) D values are derived.

For sample MW04, the observed rimward increase in garnet Y + HREE concentrations corresponds to best-fit
D, between garnet core compositions and the 297 Ma monazite age population, whereas garnet rims appear to
have equilibrated with the 286 Ma monazite age population (Figures 9a-9d). The smooth increase in Y + HREE
concentrations toward garnet rims can be explained either by diffusive equilibration of garnet rims during resorp-
tion or by protracted garnet growth during dissolution of a Y + HREE-enriched mineral phase. Regarding the
former, we note that the observed Y zonation length scale of ~200 um (Figure 9a) implies unrealistically long
timescales for diffusive equilibration at the peak temperatures derived from phase equilibria (~65 Myr at ~800°C,
Figure 5; calculations use Arrhenian diffusivity parameters reported by Bloch et al,, 2020); temperatures >870°C
are required for such diffusion to occur over 10 Myr. Accordingly, we prefer the interpretation that garnet growth
is bracketed by the timing of monazite core and rim equilibration, between 297 and 286 Ma, respectively.

Monazite from the 277 Ma age population from sample MWO03 yields similar D, , to the values reported by
Hermann and Rubatto (2003) for all garnet compositions (Figure S13), reflecting the absence of pronounced
core-to-rim Y + HREE zonation in garnet from this sample (Figure S7). Values of D), ,, calculated using the
292 Ma monazite population are systematically offset toward lower values. We interpret that the observed garnet
population equilibrated with monazite rims around 277 Ma. Similar to the preferred interpretation for sample
MW?19, the absence of a garnet population in equilibrium with monazite cores requires that either such garnet
was resorbed during cooling prior to 277 Ma, or such garnet growth occurred under significantly different PT
conditions.

WYATT ET AL.

16 of 27

[ osuoarT suowios aanEa1) 2iqeaiidde S Kq PALIaAOS I SAPIME VO SN JO Sa[IU 10j ATEIQY SUIUO AS[IAN U0 (SUOHIPUOD-PUE-SULia) W03 Ao[ A AJEIqaUT[u0//-SANY) SUONIPUO.) PUE SUSL 903 395 [SZ0Z/E0/91] U0 ATeIqrT U0 A3 789000 L1 Z0C/6201 01/10p /03 Kol KIeiqjour[uo squdae;/-sdny woy papeo[umod € ‘Ce0C 6167761




~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006841

Figures 9e-9g shows that the well-defined bell-shaped Y + HREE garnet profiles for granulite-facies sample
AS13 have sufficiently elevated concentrations to produce monazite-garnet partition coefficients, D,,,, that
are lower than Hermann and Rubatto's by up to half an order of magnitude. We note that the shape of the D, ;,
portion of the partition coefficient array is flatter than observed in the amphibolite-facies samples. The disagree-
ment between expected and observed monazite-garnet partitioning implies that both the 316 Ma and 273 Ma
monazite age populations did not equilibrate with the observed garnet population and that, presumably, garnet
growth occurred at some time between the timing of the two monazite age peaks. This conclusion is further
supported for the older monazite population by the presence of included monazite in garnet. However, garnet in
amphibolite- and granulite-facies metapelites often shows evidence of pervasive recrystallization of pre-existing
core domains during near-peak metamorphic conditions (e.g., Yardley & Barber, 1991), so these data may also
suggest that the garnet in equilibrium with 316 Ma monazite is no longer extant in sample AS13.

10. Discussion
10.1. Constraints on the Timing of Regional Prograde and High-Temperature Metamorphism

The best quantitative constraint on the timing of regional metamorphism in the IVZ that predated emplacement
of the Mafic Complez (e.g., Barboza et al., 1999) comes from the oldest monazite age population preserved in
sample AS13 (316 + 2 Ma, MSWD = 0.8, n = 6). This age population corresponds to monazite included in
garnet and with lower X; scores than the amphibolite-facies samples. Despite the absence of monazite-garnet
HREE equilibrium for this age population, the composition of such monazite implies that prograde or peak garnet
growth and, by inference, regional metamorphism in the central sector of the IVZ initiated before ~316 Ma. This
is remarkably similar to existing zircon-based constraints on the timing of regional high-temperature metamor-
phism in the Val Strona section, which we discuss further in the next paragraph.

Ewingetal. (2013) interpreted a 316 * 3 Ma population of U-Pb zircon analyses with Ti-in-zircon tempera-
tures between 750°C and 800°C as recording cooling from the climax of amphibolite-to-granulite-facies regional
metamorphism. These data were acquired from a sample (IVT-20) collected at the base of Val Strona di Omegna,
<1.5 km structural distance from the locality of sample AS13 (this study). A similar 315 Ma U-Pb zircon intru-
sion date was obtained by Klotzli et al. (2014) on a garnet-bearing metagabbro (Monte Capio sill) at the base of
the Val Strona section, indicating mafic magmatism had initiated by that time. Kunz et al. (2018) reported similar
zircon U-Pb dates of 316 + 16 Ma (IZ407) and 312 + 22 Ma (IZ 412) from Val Strona and Val Sesia metape-
lites, respectively, but noted that the 316 + 3 Ma population observed by Ewing et al. (2013) was uncommon in
the IVZ. Guergouz et al. (2018) obtained U-Pb dates as old as 334 * 5 Ma from amphibolite-facies zircon rims
(sample 1Z-129), but did not ascribe geological significance to individual analyses, instead using the interquartile
range of pooled zircon data to propose that peak amphibolite-facies conditions were attained by 310 Ma. We note
that the same study also reported a monazite U-Pb date of 323 + 8 Ma (sample 1Z-134) from a xenomorphic
monazite hosted in garnet.

Because the oldest mafic magmatic dates in Val Strona are ~314 Ma (Klotzli et al, 2014), but IVZ mafic magma-
tism was volumetrically insignificant until ~286 Ma (Karakas et al,, 2019), heating by mafic sill emplacement is
insufficient to explain the elevated metamorphic temperatures suggested by oldest, pre-315 Ma prograde mona-
zite dates preserved in both amphibolite- and granulite-facies samples. Other viable heating mechanisms are
underthrusting of the sediments in an accretionary wedge (e.g., Handy et al,, 1999), or elevated conductive heat
flow through a thinned mantle lithosphere (e.g., Henketal.,, 1997).

Though most of the petrologic (Kunz & White, 2019; Redler et al,, 2012) and geochronologic record of the I[VZ
shows that the extant metamorphic assemblages record peak to post-peak metamorphic conditions (as argued
here), there is evidence for an early phase of metamorphism that was characterized by higher-P, lower-T condi-
tions, prior to the attainment of peak temperatures. This is manifest as: (a) relict kyanite overgrown by sillimanite
in I[VZ metapelites (Bertolani, 1959; Boriani, 1971; Capedri, 1971; Handy, 1987); (b) relict staurolite enclosed by
cordierite (Zingg, 1980), and (c) the presence of retrogressed eclogites and kelyphitic peridotites in the uppermost
levels of the IVZ (Boriani & Peyronel Pagliani, 1968; Handy et al,, 1999; Lensch, 1972). Although not unequiv-
ocal, these lines of evidence are consistent with the interpretation that I[VZ lithologies underwent contractional
deformation and prograde metamorphism in a Varsican accretionary wedge (Handy et al.,, 1999), as proposed for
the overlying Strona-Cenari Zone (Boriani & Villa, 1997). Detrital zircon cores from IVZ metasediments yield a

WYATT ET AL.

17 of 27

| 3SUIDI] SUOWIWIO.) 9AIE1)) d[qedl|dde oy Aq PIUIGAOS 218 SA[OIIE () @SN JO SN 10J AIRIqI] QUIUQ AS[IA} UO (SUOHIPUOD-PUE-SULIS} W00 A 1A ATRIqIaUIU0/:SdY) SUOHIPUO)) PUE SULSL o) 39S 1S707/€0/91] U0 ATeIqr] auluQ ARIIAN “1589000L1202/6201 01/10p/WOd Ad[Im ATeIqiaur[uo-sqndnge;/:Sdny Wwoij papeojumod ‘€ ‘220C 16167161 |




~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006841

12
| Mol Gt
] 6
A513 ‘
Gt Kfs PI Bt Liq Sil Qz Rt 5
o = ]
3 3
x x 4
[} [}
5 5 3
(7] (2]
3 3
Q Q 2
5t 1 1
4 MW19
i Gt PI Ms Bt Sil Qz lim i 0
500 550 600 650 700 750 800 850 900 950 1000 500 550 600 650 700 750 800 850 900 950 1000
Temperature (°C) Temperature (°C)

Figure 10. Calculated PT isomodes of garnet abundance (mols) for sample MW19 and AS13. Outlines correspond to peak metamorphic conditions for each sample.

population of U-Pb dates that constrains the maximum depositional age of the sedimentary package to ~350 Ma
(Kunz et al.,, 2018; Vavra & Schaltegger, 1999). Combined with our monazite Th-Pb dates and garnet-present
compositions, this provides a restricted time interval of <30 Myr for zircon production (i.e, arc volcanism), sedi-
mentation, burial and heating to peak temperatures.

10.2. High-Temperature Decompression

The curvilinear increase in X; scores exhibited by monazite from six of the eight amphibolite-facies samples
suggests increases and decreases of the influence of plagioclase and garnet, respectively, on monazite composi-
tion from ~310 to ~280 Ma (Figure 8). It is noteworthy that the initiation of this trend systematically occurs at
younger ages with increasing depth, from ~310 Ma for sample MW23, to ~290 Ma for sample MW04. To link
this trend in monazite chemistry to PT evolution, Figure 10 shows contours of garnet mode calculated for samples
MW19 and AS13. Relative to peak metamorphic conditions (Figure 5), calculated garnet modes decrease at the
expense of plagioclase with decreases in pressure and either increases or decreases in temperature. Therefore,
we interpret the X; trend exhibited by amphibolite-facies monazite as representing decompression following the
peak of regional metamorphism. Notably, this exhumation initiated 4-24 Myr prior to emplacement of the Mafic
Complex and the dominant phase of mafic magmatism in the IVZ at 286-282 Ma (Karakas et al., 2019), with
the locus of monazite growth propagating downsection with time through the amphibolite-facies portion of the
IVZ. This age pattern may record the crossing of a specific “monazite-in” isotherm that occurred at a relatively
constant temperature throughout IVZ section (see also Section 10.3). An implication of the inferred monazite
exhumation signal is that the interpreted “peak” mineral parageneses have actually been frozen in during exhuma-
tion and that the PT conditions derived from these assemblages may not accurately reflect peak P or T conditions,
as is traditionally interpreted (e.g., Redler et al,, 2012). For example, the lower amphibolite-facies sample MW23
does not currently contain garnet, yet monazite with dates >300 Ma is characterized by steep MREE-HREE
patterns (X; scores <2), consistent with growth in the presence of garnet.

Interestingly, the monazite-garnet HREE partitioning constraints on the timing of garnet growth (Section 9) imply
that amphibolite-facies (and potentially granulite-facies) garnets grew or chemically re-equilibrated >20 Myr after
the inferred peak of regional metamorphism at ~316 Ma, during decompression (mnz/gt timing of garnet equili-
bration for MW19: 290 Ma; MW04: 297-286 Ma; MWO03: 277 Ma). This is intriguing because the compositions
of the oldest monazite populations in granulite-facies sample AS13 (X; < -2 at 316 + 2 Ma) imply coexistence
with at least some garnet; this assertion is strengthened by the fact that the inferred regional peak metamorphic
temperatures at ~316 Ma (750°C-800°C, Ewing et al,, 2013) would have produced abundant garnet in such
fertile metapelitic bulk compositions. A possible explanation for the disappearance of widespread garnet related
to pre-300 Ma metamorphism is consumption or recrystallization of garnet during cooling and/or decompression

WYATT ET AL.

18 of 27

[@SU0rT suowmio) aATwa1) 2[qeayidde AUy A PAIGAGS Ak SAPRIE YO 1SN JO So[iul 10] ATEIQYT SUIUQ A[IAL U0 (SUONIPUO-pUE-SULIal W0 Aa[IM ATEIqI[aul[uo)/diit) SUORIPUO,) PUE SWLa L o 30§ [SZ0C/£0/91] U0 AIeiqr] SUiIuQ ASIIAN “T789000L1T0Z/6201 01/10P/00 AS[iA KIRIQI[PuI[U0'Sqndat /s Woy paprojumod "€ CC0C ‘P616vH61




~u |
ﬁg}kz Tectonics 10.1029/2021TC006841
AND SPACE SCIENCE
13 o from peak temperatures. This interpretation is supported by the steep Clap-
eyron slopes of garnet isomodes for both amphibolite- and granulite-facies
metapelitic compositions at 700°C-850°C and 6-12 kbar (Figure 10). While
12 ¢ quantitative determination of P7T paths awaits further investigation, we note
that a similar evolution of garnet growth was determined for the Val Malenco
" metapelitic granulites (Hermann & Rubatto, 2003).
g It is noteworthy that monazite from the granulite-facies samples does not
< preserve a record of the inferred decompression (Figure 8). Primarily, this
= 10 can be explained by the gap in monazite dates between ~300 and ~285 Ma
in samples AS13 and AS07. However, monazite with dates <290 Ma in the
granulite-facies samples is characterized by lower X; values than amphibo-
lite-facies monazite—independent of Th-Pb date—implying a stronger influ-
ence of garnet on monazite composition throughout IVZ metamorphism than
fl, =3, 30 Myr in the overlying amphibolite-facies metasediments. A plausible explanation
8 860 ' 850 for this buffering of monazite composition is that temperatures at the base of
T(°C) the lower crustal section remained sufficiently elevated after decompression
to preserve abundant garnet, and thus emplacement of the Mafic Complex
Figure 11. PT paths for extending continental crust. Plot shows PT only led to minor garnet resorption in the deepest and highest-grade samples
trajectories for three rocks, initially located at 30 (purple), 35 (cyan) and (e.g, Figure 12). This corroborates the interpretation of Ti-in-zircon temper-
40 km (blue) depth. Dashed lines are geotherms at 0, 5, 10 and 15 Ma. atures of Ewing et al. (2013) that ambient temperatures at the base of the IVZ
The calculations were performed following the scheme presented by Smye were >740°C-800°C until ~260 Ma.

et al. (2019) and assume a crustal thinning factor of 3 over 30 Myr, and an
initial lithospheric thickness of 100 km of which the upper 50 km s treatedas  Figure 11 shows the PT paths predicted for three rocks, initially located at

continental crust.

depths of 30, 35 and 40 km in an extending crustal column (see figure caption

for specific calculation parameters). Although the form of each of the PT

paths is similar and reflects cooling during extensional decompression, the
duration to attain a specific P7 condition increases with depth. For example, <700°C conditions are attained in
<5 Myr for the shallowest rock (purple marker), ~12 Myr for the intermediate depth sample (cyan) and ~16
Myr for the deepest sample (blue). If the decompression trend reflects monazite growth over a discrete PT inter-
val where garnet isomodes are tightly spaced—and that PT interval is similar among samples—it would seem
reasonable to interpret the downward younging signal as representing the progressive exhumation of the deep
crust in an extensional strain field. An alternative explanation requires stratification of extensional strain such
that deformation across the amphibolite-facies depth interval was decoupled from the underlying granulite-facies
rocks. Such decoupling of the upper and lower crust during extension would be expected should the lowermost
crust behave as a viscous channel, as assumed in models of lower crustal flow (e.g., Hopper & Buck, 1996;
McKenzie et al.,, 2000).

Decompression of the amphibolite-facies portion of the Val Strona IVZ section subsequent to the attainment
of peak metamorphic temperatures also explains several independent petrological and structural observations:
(a) overprinting of the regional high-temperature metamorphic assemblage by a lower-pressure cordierite-bear-
ing assemblage in rocks adjacent to the Mafic Complex in Val Sesia and Val Strona di Postua (Barboza &
Bergantz, 2000; Redler et al., 2012); (b) the presence of retrograde muscovite and the absence of cordierite in
metapelites outside of the Mafic Complex aureole (Barboza & Bergantz, 2000); (c) the presence of orthopy-
roxene + plagioclase + spinel symplectites, presumably after garnet, in metapelite from the deepest section of
Val Strona di Omegna (Brodie, 1995); (d) the presence of high-temperature mylonitic shear zones in the upper
amphibolite- and granulite-facies sections of the IVZ (Brodie & Rutter, 1987) that accommodated extensional
deformation prior to 280 Ma (Brodie et al.,, 1989; Brodie & Rutter, 1987); (e) the arcuate magmatic foliation
preserved in the uppermost Mafic Complex, interpreted by Quick et al. (1994) to represent emplacement into a
zone of active extension, and (f) non-coaxial, ductile deformation within metasediments adjacent to the Mafic
Complex (Snoke et al.,, 1999). A similar high-7 event, characterized by ~2 kbar of decompression, marked the
termination of Variscan granulite-facies metamorphism in the Calabrian lower crustal terrane that is considered
analogous to the IVZ (Schenk, 1990).

The most precise constraint on the magnitude of IVZ decompression was made by Redler etal. (2012), who
demonstrated that metasediments adjacent to the Mafic Complex in Val Sesia yield peak metamorphic conditions
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Figure 12. Comparison between zircon U-Pb and monazite U/Th-Pb spot dates along Val Strona di Omegna. Zircon dates
are plotted from Vavra and Schaltegger (1999), Ewing et al. (2013), Guergouz et al. (2018), Kunz et al. (2018). Monazite
data are from #his study and sample 12134 from Guergouz et al. (2018). Dashed lines correspond to the structural position of
isotherms inferred from the field gradient reported by Redler et al. (2012). Hexagonal markers denote analyses from monazite
grains included within garnet.

of more than 800°C at pressures of ~6 kbar, significantly lower pressures than the equivalent temperatures along
the Val Strona transect (6-9 kbar at 750°C-800°C). Their estimate of ~1-2 kbar of decompression is consistent
with the minimum magnitudes of decompression estimated by Barboza and Bergantz (2000).

10.3. Comparison With Zircon U-Pb Dates

Figure 12 shows a comparison between published zircon U-Pb spot dates from metasediments along Val Strona
di Omegna with monazite Th-Pb dates presented in this study. Spot dates for each sample are plotted against
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distance from the Insubric Line and overlaid on inferred peak temperatures from the PT gradient reported by
Redler et al. (2012); in this reference frame, inferred peak P increases closer to the Insubric Line. Inspection of
the figure reveals a broad decrease in zircon and monazite spot dates with increasing structural depth, although
the trend is more consistent in the monazite data; the majority of zircon and monazite spot dates from amphibo-
lite-facies samples (peak-7"<800°C) are older than the dominant magmatic phase of the Mafic Complex (282-
286 Ma; Karakas et al., 2019). Despite localized mafic sill emplacement (Figure 12; Monte Capio Sill, Albo Sil],
Klotzli et al,, 2014), the preservation of dates >300 Ma implies that the thermal effects of Permian magmatism
in the amphibolite-facies section of the Val Strona section were insulfficient to facilitate widespread dissolution
of monazite or zircon.

A key difference between the zircon and monazite datasets is the preservation of prograde metamorphic and
inherited zircon cores (analyses with U-Pb dates >330 Ma) in samples that experienced peak conditions greater
than ~800°C. Monazite Th-Pb dates >310 Ma in these granulite-facies samples are preserved predominantly
in grains included within garnet (black outlines on Figure 12b); the vast majority of monazite analyses from
granulite-facies samples post-date, or are contemporaneous with, emplacement of the Mafic Complex, ~30 Myr
younger than the inferred age of the thermal climax (~316 Ma, Ewing et al., 2013). These observations imply that
prograde and inherited monazite was efficiently resorbed in samples that experienced peak temperatures >800°C
during the regional Permo-Carboniferous high-temperature metamorphic event that preceded voluminous mafic
magmatism. This is corroborated by the neoblastic morphologies of monazite in upper amphibolite- and granu-
lite-facies samples along Val Strona di Omegna (Figures 3 and 4; Bea & Montero, 1999) and both experimental
(Stepanov et al,, 2012) and theoretical constraints (Kelsey et al.,, 2008; Yakymchuk & Brown, 2014) on the solu-
bility of monazite in felsic melts. In contrast, dissolution of zircon in samples of comparable grade was partial
(e.g., Kunz etal, 2018).

While there are numerous inherited zircon U-Pb dates, the majority of monazite and zircon U-Th-Pb dates post-
date the regional thermal climax at ~316 Ma, and indeed most granulite-facies zircon and monazite grew after
the intrusion of the Mafic Complex from ~286 to 282 Ma. One explanation for the absence of old dates, as well
as the pattern of downsection younging monazite and zircon U-Pb dates, is protracted residence of the middle-to-
lower crustal IVZ at temperatures above those required for zircon and monazite saturation. Klotzli et al. (2014)
proposed such an interpretation to account for an apparent gap in zircon dates from 316 + 3 Ma to 276 + 4 Ma,
observed in the deep-crustal granulite-facies paragneiss of the IVZ that overlaps a gap from circa 314 to 283 Ma
between igneous and reset zircons in a closely associated mafic-ultramafic sill. Subsequently measured zircon
U-Pb dates (e.g.Kunz et al. (2018)) reveals continuous (re)crystallization of zircon after ~305 Ma in meta-
sediments along along Val Strona di Omegna. In contrast, Ewing et al. (2013) argued for significant cooling
following peak metamorphic conditions at ~316 Ma, prior to renewed heating associated with emplacement of
the Mafic Complex at 282-286 Ma (Karakas et al,, 2019). We note that the timing of this cooling is consistent
with it being related to the decompression that occurred prior to and during emplacement of the Mafic Complex.
Because decompression and cooling from peak temperatures is predicted to cause crystallization of zircon- and
monazite-saturated melts resident in the deep crust (e.g., Yakymchuk & Brown, 2014), we interpret the distribu-
tion of monazite and zircon U-Th-Pb dates along Val Strona di Omegna to reflect high-temperature cooling on
extensional decompression of the Variscan root zone. The age patterns displayed by monazite and zircon reflect
the crossing of each portion of the IVZ through a specific interval of monazite and zircon saturation during this
cooling episode, and are consistent with timescales of cooling from peak T varying from ~25 Myr at the top of the
section to ~100 Myr at the base. Implicit to this interpretation is that the thermal effects of emplacement of Mafic
Complex were short-lived (e.g., Peressini etal, 2007) and spatially restricted (e.g.,, Barboza & Bergantz, 2000).

11. Implications for the Assembly and Tectonic Evolution of Continental Lower Crust

Our data constrain the onset of prograde metamorphism in IVZ metasediments to ~316 Ma Ma. Combined
with the youngest reported detrital zircon dates of ~350 Ma from IVZ metasediments, this implies that clastic
sediment deposition, burial to 7-10 kbar and prograde heating to amphibolite-to-granulite-facies temperatures
occurred over a timespan of <30 Ma (see Figure 13 for a tectonic summary). This assembly timescale for the
IVZ metasediments cannot be ascribed to differences in structural position because sample AS13—host to the
oldest monazite age population in our dataset—was collected from within ~200 m of a sample that yields zircon
with detrital core U-Pb dates of 352 + 16 Ma (sample 12407, Kunz et al., 2018). Such short metamorphic
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Figure 13. Inferred tectonic evolution of Ivrea-Verbano Zone (IVZ) metasediments. Isotherms and pressure-temperature
(PT) paths are schematic and intended to show the evolution of the crustal thermal gradient. Yellow and red stars represent
metasediments in the upper and lower structural domains of the Val Strona transect, respectively. Sedimentation of the IVZ
metasediments in a Variscan accretionary wedge (a) was followed by burial, imbrication and prograde metamorphism within
the kyanite stability field (b). Minor mafic magmatism accompanied heating of the accreted sediments and attainment of the
regional Variscan thermal climax within the sillimanite stability field (c). The onset of transtensional decompression resulted
in cooling and exhumation (d) prior to emplacement of the Mafic Complex and contact metamorphism within the andalusite
stability field (e).

timescales demand elevated thermal gradients, in excess of those predicted to occur in orogenically thickened
crust (England & Thompson, 1984). A potential mechanism that accounts for such rapid metamorphic timescales
is the accretion of sediments during underthrusting beneath a continental magmatic arc system. First proposed
for the IVZ by Sills and Tarney (1984), this tectonic interpretation accounts for the diversity of sedimentary and
mafic pre-Permian lithologies and a prograde evolution within the kyanite PT stability field (Handy et al, 1999).
Similar, if not shorter, timescales for the deposition, underthrusting, accretion and metamorphism of lower
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crustal metasediments have been reported in other arc settings—e.g., the Cascades (Matzel et al,, 2004; Sauer
etal, 2018) and the Coast Ranges of California (Ducea et al., 2009; Grove et al,, 2003).

Accretion of the IVZ metasediments was rapidly followed by the onset of decompression and extensional defor-
mation. In the shallowest samples, decompression-related cooling initiated as early as ~310 Ma, a minimum of

~5 Myr after peak temperatures, and implying that much of the high-temperature history of the IVZ (including
most preserved metamorphic assemblages and textures) occurred within an extensional tectonic regime. Convec-
tive removal of a lithospheric root beneath thickened Variscan lithosphere is one plausible explanation for this
tectonic switch (e.g, Handy et al,, 1999; Ménard & Molnar, 1988; Zingg et al.,, 1990). Platt and England (1994)
showed that foundering of dense mantle lithosphere is expected to drive asthenospheric upwelling, mantle melt-
ing and regional lithospheric extension immediately following root removal; conductive heating of the deep crust
is governed by the time constant of the overlying lithosphere. We note that this explanation accounts for the
persistence of high-temperature conditions during decompression observed in the IVZ as well as the emplace-
ment of mantle-derived melts. A similar tectonic evolution has been proposed for metasedimentary lower crust
of the southern Rio Grande Rift, which is actively experiencing granulite-facies metamorphism at comparable
PT conditions to those preserved in metapelites at the base of Val Strona di Omegna (e.g., Cipar et al., 2020).

12. Conclusions

1. Monazite Th-Pb dates from amphibolite-to-granulite-facies metapelites exposed along the Val Strona di
Omegna transect of the IVZ preserve a protracted record of Permo-Carboniferous metamorphism, spanning
>320 Ma to <250 Ma. Intrasample monazite Th-Pb date ranges decrease with increasing metamorphic grade
and structural depth

2. Variance in monazite TE compositions is dominated by the effects of plagioclase and garnet partitioning on
Sr, Y, MREE and HREE concentrations

3. Monazite growth occurred under prograde or peak amphibolite-to-granulite-facies conditions by 316 + 2 Ma.
Combined with existing detrital zircon U-Pb dates from Val Strona di Omegna, the monazite data define a
<30 Myr duration for the deposition of clastic sediments and their burial and heating to >700°C

4. Amphibolite-facies monazite defines a temporal trend in TE composition that is consistent with a progressive
decrease in the modal abundance of garnet after ~310 Ma. The PT distribution of garnet modes in amphi-
bolite-facies metapelites implies that this trend was caused by decompression following peak metamorphic
conditions. The timing of the onset of decompression-related cooling decreases to ~290 Ma at the base of the
amphibolite-facies portion of the crustal section

5. Granulite-facies monazite equilibrated under garnet-present PT conditions between 2290 and <250 Ma

6. Similar short timescales for the deposition, burial and prograde metamorphism of lower crustal sediments
have been reported from other continental magmatic arc terranes. This lends support to the interpretation that
the pre-Permian lithologies in the IVZ were accreted to the base of a Variscan magmatic arc system >10 Myr
prior to the onset of regional extension and mafic magmatism

Data Availability Statement

All data supporting the conclusions in this paper are contained in Tables 1 and 2 and supporting information
Tables S1-S3. These data are freely available online at this site: https://doi.org/10.17605/0SF.10/QHJ45.
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