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Introduction 2016). Florencite has been described from HP units in the
Alps (e.g., Gran Paradiso—Chopin 1979; Gabudianu Rad-
Monazite is a common accessory mineral in metaigneslescu et al. 200Monte Rosa—Chopin and Monié 1984)
ous peraluminous felsic rocks and metapelites that formend ultra-HP units (Dora-Maira—Gautiez-Putallaz et al.
under high-pressure (HP) conditions (e.g., Spear and Py2§16), blueschist-facies metapelites from Morocco (Janots
2002; Finger and Krenn 2007; Williams et al. 2007; Krenret al.2006), and HP-LT phyllites from Svalbard (Barnes
et al.2009; Stepanov et al. 2014; Schulz 2021). Howeves€t al.2020a). Experimental data suggests that orencite
it is very scarce in metama c rocks such as eclogites senss stable up to 2.5 GPa at 500 °C and 1.5 GPa at 700 °C
stricto (e.g., Schulze et al. 2015). This phenomenon of thd@arthélemy and Chopi2006).
presence of monazite applies to felsic and ma c rocks of The blueschist- and eclogite-facies rocks of the Vestgota-
all metamorphic grades and results mostly from the bulkreen Complex represent an early Paleozoic mélange (Ohta
content of CaO (e.g. Spear 2010). In general, the loweat al. 1986; Hirajima et al. 1988; Dallmeyer et al. 1990
the Ca activity is in the bulk rock, the more likely it is thatBernard-Gri ths et al. 1993; Labrousse et al. 2008) formed
monazite will form as the light rare earth element (LREEplong a low geothermal gradient (Agard e2&l05. HP-LT
phase. This simple relationship has been documented #ssemblages are well preserved in the units with almost no
several natural examples where monazite—allanite rel&igns of retrogression. Although the complex has been rec-
tionships have been described as a function of Ca-beariggnized for decades, detailed petrochronological studies
uid activity (e.g. Finger et al. 1998; Broska and Simanhave not been performed. The pressure-temperature—time
1998; Gasser et al. 2012; Ko mi ska et al. 2020). Addi-(P—T-t) history of eclogites and blueschists from the Vest-
tional important constrains for the formation of monazitegétabreen Complex is constrained in this study using a com-
are the temperature gradient along which a rock evolvebjnation of geochronological and petrological methods. We
as well as the pH of the metasomatizing uid, as demondescribe monazite from HP-LT eclogite and propose that
strated in experimental works (e.g. Budzy et al. 2017)monazite crystallization potentially occurs as a result of or
Taking all these factors into account, it is clear that ma ¢ncite and lawsonite decomposition.
rocks would favor epidote supergroup minerals as the main
LREE carriers, while peraluminous granitoids and metape-
lites would favor monazite with the absolute pressure ofs€ological setting
the metamorphic process playing a less important role.
However, in some rare cases, monazite can occur in metArctic and Svalbard
ma c rocks (e.g. Schulze et al. 2015). To better understand
the enigmatic occurrence of monazite in eclogite and-bluésvalbard is an archipelago in the high Arctic, located
schist and its relationship to other major and accessof§etween 74° and 81° N (Fida). Svalbard, along with
phases, we investigated monazite-bearing high-pressubRgarya (northern Ellesmere Island) and Arctic Alaska ter
low-temperature (HP-LT) rocks from the Vestgétabreeranes, was part of a Paleozoic terrane which formed on the
Complex on Svalbard in terms of their pressure—temper#orthern Laurentian margin (see more details in McClel-

ture (P—T) evolution, timing of metamorphism and potenland et al. 2022). The pre-Devonian rocks of Svalbard are
tial uid in ltration. traditionally divided into three basement provinces, namely

The main LREE carriers in ma ¢ HP lithologies are the Eastern, Northwestern, and Southwestern provinces
allanite, epidote and to lesser degree lawsonite (e.g:, Hde.g., Harland 1997; Gee and Teben'&04; Dallmann
mann2002 Poli and SchmidR004 Gieré and Sorensen 2015; Fig.1b), based on their tectonostratigraphy and age.
2004; Spandler et al. 2003; Martin et al. 2014; WhitneyHP rocks occur in the Northwestern province (Richarddalen
et al. 2020). Lawsonite is a mineral typical of HP-LT Complex, Gromet and Gee 1998; Elvevold et al. 2014) and
lithologies but is rarely preserved during transport baciare spread along the western margin of the Southwestern
to the earth surface (Clarke et al. 2006; Tsujimori angrovince (Labrousse et al. 2008; Ko mi ska et al. 2014).
Ernst2014; Hamelin et al2018; Chapman and Clarke Here, we focus on blueschist and eclogite from the Vest-
2021). Several reactions have been proposed for lagotabreen Complex of the Southwestern province which
sonite breakdown which, together with reaction texture§rops out on the Oscar Il Land. The Southwestern province
and trace element analyses, help de ne the presence igfcomposed of Mesoproterozoic to Neoproterozoic rocks
lawsonite during prograde evolution. A less commor{Dallmann2015; Ziemniak et al. 2019; Wala et al. 2021).
LREE-bearing mineral known from HP-LT rocks is -or The rocks locally experienced several episodes of metamor
encite (CeAl,(PO,),(OH),; Chopin and Monie 1984; phism and/or deformation: during the ca. 640 Ma Torellian

Janots et al. 2006; Gautiez-Putallaz et al. 2016; Hoschewent (Majka et al. 200&014), in the Ordovician during
the Caledonian orogeny (Faehnrich et al. 2020; Barnes et al.

13



Contributions to Mineralogy and Petrology (2023) 178:61 Page30f28 61

[
Legend
Bullbreen Group

Holmesfjella Fm. sandstone and shale
Bultinden Fm. conglomerate

K \ Vestgétabreen Complex  Unconformity -

| I8 Garnet-bearing schist, blueschist, eclogite

ij | Upper Unit

MotalafngE i ‘ —
area, Fig. ¢ ¢
{
21°

[ Schistosoe limestone
Lower Unit
Phyllite with lenses of greenstone
Greenstone
o| | I Serpentinite

a N . thrust

‘
‘
‘
789
\
|
‘
‘
\
27

T | [] Post-Devonian cover — M:ﬂgnesiAte rO(Ek . R N o thrust r_
[ Devonian (Old Red) || st. Jonsfjorden Group , ¢qiogite |-
[ Northwestern Province Marble * KK14-55
[l Southwestern Province Calcerous phyllite blueschist

0 50 100km ﬁ Bl Eastern Province Moraine * KK12-12E

Fig. 1 a Location of the study area; b simplied map of Svalbard of the Vestgotabreen Complex key locality—Motala ella area, sam-
(Gee and Tebenkov 2004; Dallmann 2015). N Nordenskidld Land, @le locations are marked with stars
Oscar Il Land, S Sarsgyra area; ¢ geological map (Bergh et al. 2003)

2020a) and during the late Devonian—early Carboniferousarbonate, sandstone and shale (Scrutton et al. 1976; Arm-
Ellesmerian orogeny (e.g., Ko mi ska et al. 2020). Recenstrong et al. 1986; Fid.c). The Bullbreen Group was only
detrital zircon studies suggest that the Southwestern Svallightly metamorphosed @00 °C based on color index in
bard province is a complex terrane with both Laurentian ancbnodonts) and folded during pre-Devonian time. The exact
Baltican a nities (Gasser and Andresen 2013; Ziemniakage of this deformation is not constrained (Dallmeyer et al.

et al.2019; Olierook et aR020; Wala et al2021). 1990; Ohta 1994), but Barnes et al. (2020a) suggest that the
thermal overprinting of the Bullbreen Group is related to
Oscar ll Land thrusting of HP-LT rocks at ca. 430-400 Ma.

Blueschists and eclogites of the Vestgdtabreen Com-
Oscar Il Land (Figlb, c) consists mainly of Meso- and plex (Ohta et al. 1986; Kanat and Morris 1988) are the
Neoproterozoic rock units including carbonates, phyllitedbest-preserved Paleozoic HP-LT lithologies on Svalbard
and quartzites (e.g. Dallmann 2015; Majka and Ko mi skaand in the Caledonides in general, and are one of the most
2017) of the Daudmannsodden and St. Jons orden groupmrthern exposures of this type of rocks in the world.
(Hjelle et al. 1999) as well as Cryogenian tilloids andThe Vestgdtabreen Complex type locality is in the Mota-
platform-type carbonates of the Comfortlessbreen Groupa ella and Skipperryggen nunataks (Fitc). Serpent-
Greenstone and greenschist locally form layers withimnites in the Sarsgyra area of Oscar |l Land (Ohta et al.
low grade Meso-Neoproterozoic metasedimentary rock$995) and retrograde blueschists in Nordenskiéld Land
that are overthrust by the HP-LT Vestgttabreen Complefo mi ska et al. 2014) may represent northern and south-
in the Motala ella area (e.g. Hors eld 1972; Ohta 1979;ern continuations, extending the HP-LT belttti30 km
Labrousse et al. 2008; Fitc). The Vestgotabreen Complex in length. The Vestgttabreen Complex is divided into two
is unconformably overlain by the Late Ordovician to Earlystructural units, the Upper unit and the Lower unit. The
Silurian Bullbreen Group, which consists of conglomerateUpper unit is represented by garnet-bearing schist and
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carbonate with lenses of blueschist and eclogite (le)g. monazite dating of phyllites from the Lower unit also sug-
The Lower unit consists of HP-LT metasedimentary rocksgests thermal overprinting during the late Silurian—Devo-
phyllites, calc-schists and magnesites with lenses oef semian (Barnes et ak020a).

pentinite, greenstone and metacarbonate (Ey. Typi-

cal HP-LT assemblages containing lawsonite, pumpellyite

and Fe—Mg carpholite have been described in the Lowdvlethods

unit metasedimentary rocks and phyllites (Hirajima et al.

1984,1988; Agard et al. 2005). The Lower and UpperElectron microprobe

units yield di erent P—T conditions. However, both units

plot along a similar low geothermal gradient. EclogitedNavelength-dispersive spectroscopy (WDS) analyses of
from the Upper unit yield peak pressure conditions ofnineral chemistry as well as compositional maps of garnet,
1.8-2.4 GPa at 580—640 °C (Hirajima et al. 19Ba88), amphibole and monazite were performed using two elec-
whereas P—T estimates for phyllites from the Lower unitron microprobes (EMP): JEOL JXA8530F Hyperprobe
are up to 1.6 GPa at 380-450 °C (Agard et al. 20053t the Uppsala University, Sweden and JEOL JXA-8230
These conditions correspond to a subduction geotherm 8uperprobe at AGH University of Science and Technology,
approximately 7—8 °C/km, providing evidence for a coldKrakéw, Poland. The operating conditions for quantitative
subduction regime in the Paleozoic (Agard et al. 2005)analyses were as follows: a 10—-20 nA beam current with
The timing of HP metamorphism is accepted as Earlyt5 kV accelerating voltage, counting times of 10 s on peaks
Ordovician (around 470 Ma; Hors eld 1972; Dallmeyer and 5 s on background positions and focused or defocused to
et al. 1990; Bernard-Gri ths et al. 1993), but modern 5 pm beam depending on the mineral. The JEOL JXA-8230
geochronological context-sensitive in-situ studies hav&uperprobe at AGH was used to collect the WDS compo-
not been performed on HP lithologies of the Upper unitsitional maps under the following analytical conditions: a
The rst isotopic dating attempt of the Vestgdtabreenl00 nA beam current with 25 kV accelerating voltage, a
Complex was performed by Hors eld (1972) using K—Ar dwell time of 100 ms, and 0.1-0.3 um step size for mona-
dating of white mica from various Upper unit lithologieszite maps; a 100 nA beam current with 15 kV accelerat-
including garnet—glaucophane—muscovite schist, muscadng voltage, a dwell time of 50 ms, and 0.5 pm step size
vite—epidote—garnet—pyroxene schist, and a quartz—muscior garnet and amphibole maps. Both synthetic and natural
vite—garnet schist. This study yielded dates ranging frorastandards were used for calibration. BSE images and X-ray
475+ 14 to 402t 14 Ma. The younger dates were inter maps of monazite were collected using the Jeol JXA-8230
preted to record a late Caledonian overprint, whereas ti&uperprobe at AGH University of Science and Technology,
older dates were thought to be white mica crystallizatiofkrakéw, Poland. BSE images of zircon were collected using
ages. Dallmeyer et al. (1990) dated white mica from HRhe same instrument, and CL images were obtained using a
schists of the Upper unit using tA®Ar/3°Ar technique. scanning electron microscope (SEM), FEI QUANTA FEG
Their study provided plateau ages ranging from#25 200, at AGH. Additional, major-element distribution maps
to 470+ 2 Ma for phengitic mica and from 4&12 to  of garnet were carried out using a JEOL 8200 Superprobe
452+ 2 Ma for paragonitic mica. Bernard-Gri ths et al. at the Institute of Geosciences in Bonn. They were obtained
(1993) performed pioneering dating of eclogite using thavith a beam current of 50 nA, an acceleration voltage of
U-Pb system in zircon. Regression of four multi-grain sizd5 kV and a measurement time of 100 ms per point. Mineral
fractions de ned a lower intercept of 4#830/ 29 Ma  abbreviations are after Whitney and Evans (2010).
(MSWD = 2.4) which was interpreted to represent a Pb- The Cameca SX-100 electron microprobe at the Rens-
loss event related to HP metamorphism. Recently, Barnelaer Polytechnic Institute (Troy, NY, USA) was used to
et al. (2020a) published in-sif8Ar/3°Ar dating results of measure Zr concentrations in rutile. The operating condi-
white mica from both the Upper and Lower units usingions were as follows: 200 nA beam current, 15 kV accel-
di erent white-mica-bearing schists, blueschists and phylerating voltage, counting times of 300 s on peaks and 150 s
lites. They obtained three age populations for the Uppernz+ background positions. Synthetic zircon and rutile were
unit: 493+ 7 Ma, 476+ 2 Ma, 440+ 6 Ma, and four age used as standards.

populations for the Lower unit: 4546 Ma, 426+ 4 Ma,

398+ 6 Ma, 365+ 11 Ma. They interpreted the 476 + 2 MaRaman spectroscopy and elastic thermobarometry

age to represent cooling during exhumation after peak P,

which was followed by juxtaposition of the Upper Lower Quartz inclusions in garnet were measureeld@ um thick
units at 454 6 Ma. The younger populations are inter sections. The measured inclusions were crack-free, close to
preted as a late tectonothermal event potentially relatespherical shape, and3 radii away from other inclusions.

to the Ellesmerian Orogeny. Finally, in-situ Th-U-total PbThe Raman spectra were collected at Syracuse University
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(Syracuse, NY, USA) using a Renishaw inVia Raman microin-house intercomparison with TARA allanite 415 Ma,;
probe spectrometer system at room conditions of 1 bar ar@regory et al2007). The analytical procedure followed
25 °C. A 532 nm laser was focused onto the centers ofincliBarth and Wooden (2008010). Secondary ions were gen-
sions using a 100objective (N.A=0.9). We operated the erated using a®” primary ion beam accelerated at 10 kV
instrument in high confocality mode to increase the signakith intensities of 0.7—1.2 nA for U/Pb analysis of zircon,
from quartz inclusions. Raman shifted light was backscaf?.3-10.0 nA for U/Pb analysis of monazite and allanite, and
tered (180° geometry) and statically dispersed using 180m6—1.0 nA for trace element analysis of all three phases.
groove/mm grating onto a charged-couple detector. Spect&pot size was18x 20 um in diameter and the ablatio®
were acquired for 20 s. The Raman instrument was calte 3 um deep. Trace element analyses were performed at
brated against the Rayleigh scattered light from the 532 nthe same site after U/Pb analysis with a mass resolution of
laser, Ne lines and the 52@f® Raman band of a silicon 6800-7200 (10% peak height).

standard. A synthetic quartz crystal cut perpendicular to Data reduction follows Ireland and Williams (2003) using
the c axis was measured as a reference material throughe MS Excel addn program Squid 2.51 (Ludwig 2009).
out analytical sessions to determine the exact positions @he error for th€°Pb?3U calibrations for zircon, monazite
the three largest peaks located at approximatelyct?8,  and allanite based on repeated measurements of reference
206cm? | and 465cm? in the quartz Raman spectra. Thematerials were 1.0%, 1.9% and 1.0% (2 ), respectively. Ini-
quartz inclusions are strained, which causes changes to tfie@ common Pb isotopic compositions were approximated
peak positions. We determined (e.g., 465cm?') by  from Stacey and Kramers (1975) for zircon and monazite.
subtracting the positions of the three main peaks of the refeillanite initial common Pb is assigned based on data de ned
ence material from the peak positions of the inclusions. Th&-dimensional regression of the data. No additional error
128 cm?!, 206 cm?!, and 465 cm? values were used was propagated for the uncertainty in the common Pb com-
in stRAINMAN software (Angel et a019 to calculate the position.2°Pb?38U ages for zircon and monazite were-cor
amount of strain in the quartz inclusions. We used the equeected for common Pb using the measuféabF%Pb (see
tions of state for quartz (Angel et al. 2017 curved boundarlreland and Williams 2003). All reported®Pb?*®U and
model) and almandine (Angel et al. 2022) and the entraP?f’Pb?°®Pb model ages and uncertainties (2 ) include the
software (Mazzucchelli et al. 2021) to convert straif ¢  error summed in quadrature from the external reproducibil-

and plot isomekes. ity (1 SD) of the reference materials during the individual
analytical session (14—24 h). Plots and three-dimensional
In-situ zircon, monazite and allanite dating regression of allanite data to determine total U isochron ages

utilized the MS Excel add program Isoplot 3.75 (Ludwig
Zircon, monazite and allanite U-Th—Pb and trace eleme012). Although the age for Arandal has not been precisely
analyses were conducted in-situ by secondary ion masseasured independently (e.g., ID-TIMS), this uncertainty
spectrometry (SIMS) using the sensitive high-resolutioris minimal compared to the relatively large uncertainty in
ion microprobe with reverse-geometry (SHRIMP-RG) athe unknown allanites in this study due to the high common
the Stanford-US Geological Survey Micro-Analysis CentelPb concentration. Zircon trace element concentrations were
(SUMAQC), Stanford, California. The analytical data are precalibrated against the zircon reference material MAD-559
sented in Tables S1-S5 (Ko mi ska et al. 2023) and back{Coble et al. 2018 Monazite and allanite trace element
scattered electron (BSE) images of the dated zircon graig®ncentrations were calculated relative to standard 44,069
are presented in the Supplemental materials S1. All analysasd NAM (Aleiniko et al. 2012). The estimated errors (1
were performed in-situ on pieces of polished thin sectionstandard deviation) are based on repeated analysis of refer
that were trimmed with a diamond wire saw and embeddeghce materials 3-10% for P, Y, Hf, Th, and U and the REEs,
in epoxy. Zircon grains were characterized in the thin se@xcept for La (20%).
tions prior to mounting using transmitted and re ected light
microscopy, backscattered electron (BSE) and cathodollaser ablation analyses of garnet
minescence (CL) imaging. Similarly, monazite and allanite
were imaged using light microscopy, BSE photos and X-rayrace element pro les through selected garnet grains were
compositional maps. Reference materials co-mounted wittonducted with a Thermo Scienti ¢ XSeries 2 Q-ICP-MS,
the samples for U/Pb fractionation corrections and concermonnected with a Resonetics RESOlution M50-E 193 nm
tration include Temora-2 zircon (4188D.14 Ma; Mattin- Excimer Laser Ablation System at the Institute of Geo-
son 2010) and MAD-559 (3940 ppm U; Coble et al. 2018)sciences, Bonn. Spot size was 44 um for sample KK14-55
44,069 monazite (424490.4 Ma; 2500 ppm U; Aleiniko  and 58 pum for sample KK12-12E. Laser repetition rate
et al.2006) and NAM (1274 ppm U; Aleiniko etaR012) was 10 Hz and laser uency at the sample surface was 7 J/
and Arandal allanite (1060 Ma; 431 ppm U based on aon? in measurements on both samples. Spots were chosen

13



61 Page 6 of 28 Contributions to Mineralogy and Petrology (2023) 178:61

manually to avoid inclusiong®Si, 3Ca,*'Ti, 5°Mn, ®1Zr,  55.6"E an blueschist—KK12-12E 78° 234.4"N 12° 48'
771f, 1781f, 18%4f, and REE were analyzed, measuring19.0"”E, Fig.1c).
for 30 s on the gas background and for 30 s on each meas-
uring point.2°Si was used as an internal standard an®ineral chemistry
NIST612 as an external standard for count rate normali-
zation (Jochum et al. 2011). Normalized count rates wergclogite consists of subhedral garnet (20 vol %) scattered
converted into concentrations using the procedure aftém a coarse-grained, very weakly foliated matrix composed
Longerich et al. (1996). mainly of omphacite (70 vol %) with minor sodic amphi-
bole (5%), white mica (3%), epidote (2%), rutile and quartz
(Figs. 3a, 4). The HP assemblage is well preserved with
Lu-Hf isotope measurements little evidence for retrogression (chloritization of garnet).
Garnet porphyroblasts (up to 2 mm) contain inclusion-rich
The method used for preparation and measurement obres with inclusions of omphacite, glaucophane, rutile,
Lu and Hf in mineral separates and whole rock splits iguartz, white mica, apatite and epidote (Hig). Second-
described in detail in Fassmer et al. (2017), Miladinovary chlorite is partly replacing garnet (F#g, f, h). Two
et al. (2018), and Hauke et al. (2019). Whole rock splitglistinctive garnet generations were recognized based on the
were digested with the tabletop procedure after Minkechemical X-ray maps. Garnet-l forms cores of the porphy
et al. 00D and Lagos et al.2007, and also in a Parr roblasts. Its composition is characterized by the range of
bomb. Sample preparation was done at the Institute &lmgs_,rpi3 »Grss_1859p%_» (Fig. 5a, b; Tablel). Gar
Geosciences in Bonn and sample digestion, columnet-1 displays a typical prograde zonation with decreasing
chemistry and isotope measurements were conducted X, andXy,, towards the rim (from 2 to 0 mol% and from
the Institute for Geology and Mineralogy in Cologne. A75 to 65 mol%, respectively) and relatively at, 106y,
Thermo Scienti ¢ Neptune Multicollector ICP-MS was content (-5 mol %). Spessartine content is low and shows
used for isotope measurements. a bell-shaped pro le (Figsb). Xp,, slightly decreases in
the rim direction. Garnet-1l forms an outer rim across a
very sharp contact with garnet-1 that is clearly visible on
the Ca map (Figha). The outer rims are characterized by
Results AlmgPrp,eGrs;;Sps, show oscillatory zonation ofgpe
and display signi cantly higheXg, (up to 20 mol%) con-
Field examination of the Vestgdtabreen Complex wasent than garnet-1. Clinopyroxene is classi ed as omphacite.
carried out on the Skipperryggen nunatak and on th®mphacite-lI forms inclusions in garnet-l and is character
NE side of the Motala ella ridge (Figdc, 2). Eclogite  ized by jadeite varying from 38 up to 53 (Tab)d-ig. 5d—f).
and blueschist form boudins and layers included withifDmphacite-1l occurs as rare inclusions in garnet-1l and in the
garnet-bearing white mica schist (F@). Several sam- matrix with a jadeite content ranging from 31 to 49. Ompha
ples of garnet-bearing HP lithologies were collected froneite in the matrix shows oscillatory zonation (Fdl, e).
the Upper unit of the Vestgotabreen Complex. Based o8odic amphibole is represented by glaucophane that occurs
microscopic observations of more than 20 thin sectionsgs inclusions in garnet porphyroblasts or forms euhedral
two of the freshest and most representative samples ofystals in the omphacitic matrix (Figa—c). It shows com-
eclogite and blueschist were chosen for this study (GPgositional chemical zonation with cores characterized by
coordinates of eclogite—KK14-55 78° 288.0"N 12° 52"  Xgop,=0.24-0.35X o, = FEIFE" + Mg) and rims with

Fig. 2 a Garnet-white-mica bearing schist which is the dominant lithology hosting blueschists and eclogites; b lens of blueschist surrounded by
HP schist; ¢ eclogite
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Fig. 3 Thin sections scans and 9
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Xee2+=0.38-0.48 (Figbg, Tablel). Phengite is scarce and porphyroblasts (up to 2 mm) containing epidote, chlori-
mostly forms akes enclosed in garnet and in the omphatoid, phengite, paragonite, rutile, and hematite inclusions
citic matrix (Fig.4f). Phengite inclusions within garnet-I which occur mostly within the cores (Fign). X-ray chem-
are characterized by silica content varying from 3.38 tacal maps of garnet from a blueschist revealed prograde
3.45 apfu (atom per formula unit, Taldlg whereas phen- chemical zoning de ned by decreasing Mn, Fe and Ca and
gite included in garnet-Il shows silica content from 3.43 tancreasing Mg toward the rim (Figa, b). Grossular and
3.47 apfu. The silica content ranges from 3.40 to 3.43 apfaimandine show only minor decreases in the inner part of
for matrix phengite. Phengite is generally characterized bthe grain, and sharply decrease in the outer part. Garnet
low Na contents of 0.02—-0.04 apfu. Epidote mostly formgomposition ranges frorAlmgy_gPrpy_odGrsi9_2PS -3
inclusions in garnet-1 and shows3, values of 0.24-0.29 in the core toAAImgg_sPrPs_»Grs g 15P%-1 iN the rim
(Xre3+= FE*IFE* + Al; Fig. 4a, g). Rutile is present in the (Fig. 7b, Table2). Scarce garnet fractures are lled by
matrix and as inclusions in garnet (Mg, c). Quartz forms chlorite. Chlorite also replaces some of the garnet rims
tiny (< 30 pm) inclusions mostly within the garnet-1. Chlo- (Fig. 6¢). Sodic amphibole classi ed as glaucophane is
rite occurs as inclusions within garnet-1 or lls cracks withinthe main matrix phase (Fi§a—e). It shows compositional
garnet porphyroblats. Apatite occurs as inclusions withiwariations between core and rim (Figl, e, Table?). The
garnet porphyroblasts and in the matrix. The eclogite is ciiner part ha¥X g, varying from 0.18 to 0.22, and then it
by abundant late veins composed mainly of carbonates, chlimcreases in the rim to 0.30-0.35 (Frgl, Table2). Two
rite and feldspar (Figh). Lawsonite was not recognized in types of white mica (phengite and paragonite) were iden-
the studied sample but has been described from the coregiodd in the blueschist. Phengite forms mainly elongate
garnet in similar eclogites studied by Hirajima et al. (1988).akes in the matrix but also occurs as inclusions in the gar
Blueschist is composed of glaucophane (50%); ganet porphyroblasts (Figc, d). It contains Si ranging from
net (25%), white mica (15%), epidote (7%), chloritoid3.34 to 3.45 apfu (Tabl2). ParagonitgX,,=0.85-0.87)
(3%), and minor amounts of rutile, quartz, hematite, apderms polyphase inclusions in garnet (Fé§.qg). Epidote
tite, and carbonate (Fig8b, 6). Garnet forms subhedral is present in the matrix (Fighd) as well as inclusions
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4-55 ()

5 ‘ ,q‘»l

Fig. 4 Photomicrographs and back-scattered electron (BSE) image®nation in BSE image; d, e oscillatory zoned omphacite grdins;
for eclogite: a general overview: garnet porphyroblast surroundeghengite inclusion within garnet-g epidote inclusions in garnet-l;

by omphacitic matrix. Glaucophane, epidote, omphacite and rutill prograde chlorite occurring in the core of garnet-I; i late carbonate
form inclusions in garnet. Chlorite lls the veins; kb, euhedral veins cutting matrix omphacite

glaucophane grains within the matrix omphacite, note the chemical

in garnet (Fig6f—h). It is characterized b¥ .5, vary-  epidote + paragonite + chlorite. Such inclusions may be
ing from 0.20 to 0.24 (Tabl2). Chloritoid shows rather evidence for former presence of lawsonite (Bfgh; e.g.
homogenous chemical composition wiX.,, around  Tsujimori and Ernst 2014; Orozbaev et al. 2015). Carbon-
0.35. Polyphase inclusions within garnet, sometimeate forms scarce inclusions in the garnet or occurs in the
with a tabular shape, consist of paragomnilganite and matrix.
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Fig. 5 Chemistry of a major minerals in eclogite. a Mg, Fe, Ca andoyroxene following Morimoto et al. (1988) nomenclature; e plot of
Mn compositional maps of garnet, warmer colors indicate higheclinopyroxene compositions showing,, and X;; end-members; f
concentrationb garnet major elements compositional pro le along plot showing the range of sodic amphibole composition and composi-
the transect marked on the Mg map;u pro le performed by LA-  tional map of Fe for zoned glaucophane grain from the matrix
ICP-MS for the same garnet grain; d classi cation diagram of clino-

Pressure—temperature estimates reaction 6diopside + 3muscovite = 3celadonite + 2grossu-
lar+ pyrope geobarometer (Ravna and Terry 2004) have
We used quartz in garnet (QuiG) Raman geobarometiyeen applied to estimate the P—T conditions for eclogite
coupled with Zr-in-rutile trace element thermobarometry tsample KK14-55. The following activity models have been
estimate the garnet growth conditions for the two studied H®sed: (1) the phengite activity model and solid solution of
lithologies. We also applied conventional thermobarometryiolland and Powell (1998), (2) the clinopyroxene activity
methods using garnet—clinopyroxene—white mica to estimatgodel of Holland (1990) and (3) the garnet activity model

eclogite crystallization conditions. of Ganguly et al. (1996). The uncertaintytd0 °C is esti-
mated for the calculated temperature and 0.3 GPa for pres-
Conventional geothermobarometry sure (Ravna and Ter004).

Three evolutionary stages were distinguished for eclogite
The coupled method of garnet—clinopyroxdfet*™-Mg  based on the textures and mineral chemistry: M1, M2, and
exchange thermometer (Ravna 2000) and net-transf&43. Garnet-I core composition was coupled with phengite
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inclusions from the garnet-I core and core of matrix ompharom 36 to 60 ppm for rutile inclusions in the garnet-I
cite for stage M1, Garnet mantle along with phengite fronfaverage 45 ppm, Ko mi ska et al. 2023), while Zr in rutile
garnet mantle and the mantle part of matrix omphacite wefiaclusions from garnet-Il varies from 48 to 74 ppm (aver
used for estimating the M2 conditions, and garnet-Il rirage 62 ppm, Ko mi ska et al. 2023). Grains in the matrix
together with matrix phengite and the rim of omphacitecontain between 40 and 81 ppm of Zr (average 64 ppm).
from the matrix were combined to estimate M3 conditiongirconium-in-rutile temperatures have been estimated using
(Tablel, Fig.8a). The calculations yielded P-T conditionspressure sensitive calibration of Tomkins et al. (2007). The
of 1.6+ 0.3 GPa at 468 60 °C for M1. The conventional equation for the -quartz stability eld has been used. The
geothermobarometry for M2 and M3 stages gave-®.3  Zr-in-rutile thermometry was applied to rutile inclusions
GPa at 50% 60 °C and 2.1 0.3 GPa at 55860 °C, respec  in the garnet and rutile from the matrix. The uncertainty

tively (Fig. 8a). of+ 30 °C is estimated combining the analytical error and
the calibration. The pressure obtained by garnet—phen-
Quartz-in-garnet (QuiG) barometry gite—clinopyroxene thermobarometry was used for the P—T

calculations of the growth of garnet-1 (M1) and garnet-I|

Garnets from the eclogite and blueschist samples do n@¥12). The measured Zr concentrations correspond to the
contain abundant quartz inclusions. In the eclogite sampléemperature of 50030 °C (at xed pressure of 1.8 GPa)
both garnet-l and garnet-ll crystals rarely contain quartfor the inclusions from garnet-l and 55630 °C (at xed
inclusions, and they occur randomly distributed throughpressure of 2.3 GPa) for inclusions from garnet-1l and matrix
out garnet host crystals. Quartz inclusions in garnet crystatstile (Fig.8a). A similar approach was applied to the blue-
from the blueschist sample typically occurred in the coreschist sample KK12-12E. Rutile forms stubby, anhedral
of crystals. The inclusions we measured are approximatebrystals that are considerably smaller than in the eclogite
spherical, range from 3 to 30 m in diameter and are fully(up to 100 um in diameter). It occurs as inclusions in garnet
encapsulated by garnet hosts. and within the matrix. Zr content ranges from 24 to 78 ppm

Eighteen quartz inclusions in garnet were measured ifor the rutile inclusions in garnet (average 35 ppm), and
eclogite sample KK14-55, eleven of them are in garnet-l an80—-94 ppm for the matrix rutile (average 73 ppm). The cal-
seven are in garnet-1l. The strained quartz inclusions hawilations yield temperatures of 58@0 °C for the inclu
Raman peaks upshifted by 128, 206, and 464m! of  sions and 54@ 30 °C (at xed pressure of 2.0 GPa) for
4.70+0.12, 17.09+0.65 and 6.42+ 0.2/’ for garnet-1 rutile included in the glaucophanitic matrix (Fp). The
and 4.82+0.59, 18.87+1.47 and 6.86 + 0cta® for gar  combined QuiG barometry and Zr-in-rutile thermometry
net-1l, which give averagg,,. of 0.76+ 0.03 GPa (Fig8a, indicate that the conditions of the garnet growth reached up
Ko mi ska et al. 2023) for garnet-l anB,,, of 0.86+0.05 to 2.1+ 0.03 GPa at 50030 °C (garnet-l) and 2.250.05
GPa for garnet-1l (Fig8a, Ko mi ska et al. 2023). The GPa at 55& 30 °C (garnet-Il) for the eclogite, and peak-
average isomekes plot at lower-pressure conditions thagwessure conditions at 2:@0.03 GPa at 508 30 °C for the
the results of conventional geothermobarometry and beloblueschist (Fig8).
the eclogite facies conditions (Figp). The maximum and
minimum isomekes for garnet-l and garnet-ll in Fdg, b Zircon U-Pb geochronology and trace element
show the range of potential entrapment pressures§&)g. analyses

Because inclusions were rare, we measured only 16 inclu
sions in garnets from the blueschist sample. The strainetircon in eclogite sample KK14-55 occurs in the omphacitic
quartz inclusions have Raman peaks upshifted by 128matrix and as inclusions in garnet. It is not very abundant
206, and 464 cm?! of 5.07+0.21, 18.28+0.72 and and forms mostly tiny (0 m in the longest dimension),
6.73+0.33cm?! (Ko mi ska et al. 2023). The results de ne subhedral, prismatic grains. Bigger grainsl(9 m) are
one consistent quartz population which gives the averagare (Fig.9). Zircon contains inclusions of quartz, rutile and
Pino Of 0.82+ 0.03 GPa (Fig8b). The minimum and maxi- white mica and is complex, typically showing distinctive
mum isomekes are marked by dotted lines, which indicateore and rim domains (Fi§). CL images reveal oscillatory

the potential entrapment pressures (Biy. zoning within some grains (Figf, Supplementary materials
S2, e.g., zircon 31, 33, 39) but no zoning in the remaining
Zirconium-in-rutile thermometry grains. Zircon rims are observed on grains within garnet

(e.g., zircon 29, FigRe) as well as in the matrix.
The eclogite sample KK14-55 contains rutile forming The analyses de ne a discordant array wittPb?3U
stubby, anhedral crystals up to 500 um in diameter. It formdates ranging from 1655 to 363 Ma that re ect the com-
inclusions within garnet-1 and garnet-11 and occurs in théined e ects of xenocrystic cores of variable age, Pb-loss
omphacite-dominated matrix. The Zr concentrations rangand common Pb (Figa, Ko mi ska et al. 2023). The
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«Fig. 6 Photomicrographs and back-scattered electron (BSE) imagd&llanite U-Pb geochronology and trace element
for blueschist: a general overview: garnet porphyroblast surroundedmﬂyses
by glaucophanitic matrix; b chloritoid together with epidote occur
ring between glaucophane and garnet; ¢ garnet partially replaced . ) o )
by chlorite;d epidote and phengite forming aggregates within glauOnly allanite surrounding monazite in the matrix was

cophane;e BSE image showing zoned glaucophane in the matrixdated (Fig10c, d), since allanite inclusions in garnet were
f-h polymineral inclusions from the garnet core composed of: epismga|ler than the analytical spot. Thirteen analyses give a
dote + paragonite + quartz +lmenite £ kyanite data-de ned 3-D total Pb/U isochron with a lower intercept

of 392+ 50 Ma (MSWD =1.6, Ko mi ska et al2023, sup-
cores show steep HREE, Th#0.02-0.80 and a nega- plementary materials S3). The trace element pattern shows
tive Eu anomaly that are characteristic of igneous zirenrichments in LREE relative to HREE and a negative Eu
con (Fig.9c). Regression of 12 younger rim analysesanomaly (Figl10g, Ko mi ska et al.2023).
uncorrected for common Pb defines a lower intercept
of 480+ 12 Ma (MSWD =1.0, Fig9a). This estimate LA-ICPMS analyses of garnet
is consistent with a weighted med¥Pb/3U age of
482+ 10 Ma (MSWD =1.1, Fig9b, e) provided by 11 of The Lu pro les of garnet porphyroblasts obtained by LA-
the rim analyses with lower common Pb contents. The twiCPMS (Fig.5c¢) run through one of the garnet grains of
youngest analyses (spots 8.1 and 9.1, &idko mi ska  sample KK14-55 measured with electron microprobe
et al.2023) are interpreted to record Pb loss. The rim analFig. 5a, b). As already observed in the major element dis-
yses are characterized by low Th/U ratio (0.01-0.02) anglibution, the garnet can be divided into garnet-1 and gar
a small Eu anomaly (Eu/Ew*40, Fig.9c, d, Ko miska  net-ll according to the Lu concentration. Garnet-1 shows a
et al.2023). The rim analyses have similar steep HREmbell-shaped distribution, typical for prograde growth zoning,
patterns but slightly lower abundances when compareahd garnet-ll displays either a generally continuous increase
with zircon core results. towards the outer rim or oscillatory zoning.

A Lu abundance pro le of sample KK12-12E through

one garnet grain is presented in Fig. It clearly shows a
Monazite U-Pb geochronology and trace element bell-shaped distribution similar to the major element pattern.
analyses

Garnet Lu-Hf geochronology
Monazite in the eclogite forms rare, tiny inclusions
(<30 m) in garnet-Il or occurs in the matrix included in A total of ve garnet separates, one clinopyroxene separate
the allanite-epidote aggregates (F1§). It is commonly and two whole rock splits were analyzed from sample KK14-
surrounded by a corona composed of apatite and allanigs (Table3). The bomb-digested whole rock split does not
(Fig. 10c—f). Monazite is very weakly zoned (Fic—f). t on an isochron with the garnet separates and the table-
Y for example varies from 13,457 to 23,037 ppm. Monatop-digested whole rock split. This is interpreted to re ect
zite inclusions in garnet are characterized by lower Thhe presence of Hf-rich phases inherited from older geo-
(9005-9533 ppm) and U (435-621 ppm) than matrix montogical processes unrelated to high-pressure metamorphism
azite characterized by Th between 12,971 and 20,555 ppracorded by the garnets. Therefore, a clinopyroxene separate
and U ranging from 1727 to 2757 ppm. The REE patternwgas analyzed, as clinopyroxene is part of the high-pressure
show enrichment in LREE, slight depletion in HREE and garagenesis. This clinopyroxene, the tabletop-digested whole
moderate negative Eu anomaly (FI@g, Ko miska etal.  rock split, and four of the garnet separates fall on an isochron
2023). Seven analyses de né8Pb”*® weighted mean giving an age of 46¥ 3 Ma (MSWD= 3.3, r= 6; Fig.12a).
age of 471+ 6 Ma (MSWD=1.4, Fig.2h, Ko miska etal. =~ The fth garnet separate falls slightly below this isochron
2023). and together with the clinopyroxene separate and the whole

Monazite in the blueschist forms very few, smallrock gives a younger age of 4568 Ma (MSWD= 0.6, r= 3;

(<30 m) grains in the glaucophane-rich matrix. OneFig. 12b). Since all garnet separates have roughly the same
statistically younger analysis was not included (analyLu content (10-12 ppm), they are all inferred to represent
sis 3.1, Ko mi ska et al.2023). Monazite is Th rich and equal mixtures of garnet-1 and garnet-II.
shows very weak Y zonation (Fifjla—c, Ko mi ska et al. Lu—Hf isotopic analyses are shown in TaBld-our ga+
2023). The trace element signatures display enrichment et separates, three table-top digested whole rock splits,
LREE, depletion in HREE and a at Eu anomaly (Fidd, one bomb-digested whole rock split and two glaucophane
Ko mi ska et al. 2023). Three analyses de ne a weightedseparates were analyzed for sample KK12-12E. All analyzed
mear?*®Pb?38 age of 48& 6 Ma (MSWD= 0.3, Fig.11e, separates and whole rock splits t de ne an isochron with an
Ko mi ska et al. 2023). age of 471+4 Ma (MSWD =2.8, n=10, Fig2c).
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Fig. 7 Chemistry of garnet and sodic amphibole in blueschist. a MgLA-ICP-MS for the same garnet grain; d plot showing the composi-
Fe, Ca and Mn compositional maps of garnet, warmer colors indicaten of sodic amphibole; e compositional map of Fe showing zoned
higher concentration; b garnet major elements compositional pro lglaucophane in the matrix

along the transect marked on the Mg map; ¢ Lu pro le performed by

Discussion for detailed P—T path reconstructions that include three evo-
lutionary stages: M1, M2 and M3. Stage M1 in eclogite is

P-T evolution of the Upper unit, Vestgotabreen interpreted as prograde metamorphism at D@ GPa and

complex 460+ 60 °C (Fig.13) represented by the mineral assemblage

of garnet-l, omphacite-1, and epidote, glaucophane; law

HP-LT rocks from the Upper unit of the Vestgétabreen Comsonite and phengite inclusions in the garnet that have grown
plex show a clockwise P—T path reaching peak-pressure cosder blueschist facies conditions (Fida, 5). P-T con-
ditions up to 2.3 0.3 GPa at 50¥ 60 °C (eclogite) and ditions for M1 were estimated based on conventional geo
2.0+ 0.03 GPa at 500 30 °C (blueschist) that are typical thermobarometry combined with QuiG barometry for quartz
for HP-LT subduction regimes (Evans 1990; Agard et alinclusions within garnet-I and Zr-in-rutile in garnet-I. Stage
2009; Tsujimori and Ernst 2014). The peak metamorphi®12 represents the peak pressure conditions and incipient
estimates for eclogite give similar pressure, but slightllecompression under lawsonite-eclogite facies conditions
lower temperature than those conditions estimated by Hir&t 2.3t 0.3 GPa and 50 60 °C (Fig.13), based on con-
jima et al. (988), whereas the peak conditions for bluesventional geothermobarometry coupled with QuiG barom
chists agree with the Nordenskitld Land blueschists that agsry for inclusions in garnet-Il and Zr-in-rutile thermometry
also interpreted to be a part of the Vestgotabreen Complésr the rutile inclusions in garnet-Il and matrix. The peak
(Ko mi ska et al. 2014). temperature condition (M3) is 5530 °C at 2.}% 0.3 GPa

The zonation of major minerals combined with availabldased on conventional geothermobarometry combined with
thermobarometers and abundant accessory minerals allogsin-rutile in the matrix-located rutile. The last stage of the
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(a) Eclogite sample KK14-55 (b) Blueschist sample KK12-12E
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Fig. 8 Summary diagram showing pressure—-temperature (P—T) est&re shown for inclusions in garnet-I (lighter color), garnet-1l (darker
mates for eclogite (a) and blueschist (h)Summary P-T diagram green color) and measurements for the matrix rutile (transparent with
for eclogite. Diagram showing QuiG results for garnet-1 and garnet-llpattern). QuiG results are marked as shades along the P-T path for
Solid lines indicate the average isomekes for QuiG results, whereasnplicity. b P-T results for blueschist. Average (solid line) and mini-
dotted lines are minimum and maximum isomekes. Lighter greemum/maximum (dotted lines) isomekes are shown for QuiG results.
color refers to the results for the garnet-I, whereas darker marks res@uiG is coupled with Zr-in-rutile thermometry for inclusions (lighter

for garnet-ll. Crosses are indicating the results of Grt—Ph—Cpx geddlue color) and matrix rutile grains (transparent with pattern). Meta-
thermobarometry for di erent textural positions. Zr-in-rutile results morphic facies and their abbreviations are from Liou et al. (2004)

P—T path is recorded under lower-T conditions, most prob- Garnet shows oscillatory zonation in the outermost part of
ably in greenschist facies, as demonstrated by chloritizatiogarnet-11, which is clearly visible on the Mn compositional
of garnet. map (Fig.5a). Such a phenomenon can be interpreted to
Garnet-1l is Ca-enriched and the chemical di erencebe the result of uctuations in P-T conditions (e.g. Garcia-
within a single porphyroblast is very sharp (P, b). Casco et al. 200ZKohn 2004 Li et al. 2016 Viete et al.
The distinctive zonation is suggesting Ca in ux, which2018) or in ux of external uids (e.g. Yardley et al. 1991,
contributed to the growth of garnet-ll. We suggest that thAngiboust et al. 2011; Martin et al. 2011). It is apparent
garnet growth was prolonged, and the change of chemithat the Vestgdtabreen rocks experienced massive dehydra-
try is caused by the break-down of another Ca-rich phasgon of phases that are typical for LT blueschist facies. This
The most likely source of Ca may be lawsonite or epidotprocess must have caused an increase of uid pressure and
(e.g. Fassmer et al. 2016). Lawsonite inclusions were nabuld have contributed to local P uctuation, which in turn
found in the studied sample, however Hirajima etld®88  could have triggered the dissolution—reprecipitation of the
reported very scarce, minute lawsonite inclusions from theutermost garnet-1l now expressed as an oscillatory Mn pat-
cores of the garnet in eclogites. The potential break-dowtern. Garnet-l, omphacite and epidote also exhibit oscillatory
of lawsonite may have caused the formation of garnet-1l arzbnation (Figsde, g, &). All of these observations suggest
omphacite-Il, following the reaction proposed by Groppahat studied eclogite experienced several uid in ltration
and CastelliZ010: Lws+ Qz+ Chl+ Omp= Grt+ Omp+  events. However, it is hard to assess whether the uid was
H,O. Moreover, garnet-ll is enriched in Lu (F&gg), which  internal or with an addition of external in ux based on the
can also re ect lawsonite decomposition since it is a sinklata presented in this study. Nonetheless, it is apparent that
of REE (e.g. Tribuzio et al. 1996; Spandler et al. 2003several uid in Itration events could have a ected the stud-
Mulcahy et al2009). ied unit and caused the aforementioned oscillatory zoning
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Fig. 9 a Tera-Wasserburg plot of sensitive high-resolution ion micro-analysesic chondrite-normalized REE plot; d Th/U vs. Eu* plot; e
probe reverse-geometry (SHRIMP-RG) U-Pb analyses for zirconsack-scattered electron (BSE) images with analytical spots marked
from eclogite, dark blue analyses were used for constraining the af@r the younger analyses which were used for age constrains; f
(see text for more details), U-Pb data are plotted as 2 error ellipsesathodoluminescence (CL) images of representative zircon grains
uncorrected for common Pb, MSWD—mean square of the weighteanalyzed in the eclogite

deviates;b weighted average age calculated for the younger zircon

features associated with uid-aided potential dissolution anthe retrograde path according to the reaction(s):+@tt

reprecipitation of several rock forming minerals includingn + Lws = Ep + Pg +H,0; Lws + Ab=Pg+ Ep + Qz +H,0;

garnet via general scheme proposed by Putnis (2002). Lws=Ep+Ky+Qz+H,O. Minor retrogression features,
The combination of QuiG barometry and Zr-in-rutile such as chlorite replacing garnet, suggest a late overprint at

thermobarometry for the blueschist sample, KK12-12Egreenschist facies conditions.

gives peak pressure conditions of ca.2M03 GPa at

500+ 30 °C. Garnet in the blueschist contains polymineraQuiG barometry

inclusions built of paragonite + kyanite + epidote (Fé,

h), and epidote paragonite (Figég), occasionally resem- Recent experiments show that changing pressure can

bling a tabular shape. The aggregates of epidpteagonite  partially reset quartz inclusions in garnet (Pummell and

occur also in the matrix (Figd). These textures suggest Thomas2022). Experimental results at 700 and 800 °C

the former presence of lawsonite (e.g. Poli and Schmidthow that quartz inclusions in garnet reset to pressures

2004; Tsujimori and Ernst 2014; Orozbaev et al. 2015). Theetween the entrapment pressure and the nal pressure.

lawsonite break down reaction could have happened alomdptural samples also show evidence of partial resetting
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data-point error symbols are 2c
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Fig. 10 a, b Back-scattered electron (BSE) images of allanite aggreallanite; g chondrite-normalized REE plot for monazite and allan-
gates occurring in the omphacitic matrix of eclogite; c-f BSE image#te of sensitive high-resolution ion microprobe reverse-geometry
and compositional maps for dated monazite in the eclogite, bladSHRIMP-RG) trace elements analyses; h weighted average age cal-
ellipses indicate the analytical spot for monazite and grey ellipses faulated for the analyzed monazite grains

of quartz inclusions in garnet. Quartz inclusions in garneto give isomekes most representative of the peak meta-
from natural rocks give isomekes that span a large range wforphic conditions (Spear et al. 2014; Castro and Spear
pressures, and some of the isomekes are lower than int@017; Wolfe and Sped018,2020,2022; Thomas and
preted peak pressure conditions (Ko mi ska et al. 2020Spear2018; Ko mi ska et al. 2020; Spear and Wolfe
Wolfe and Spear 2020; Simon et al. 2022). At any giver2020). Here, the temperature obtained from the combi-
crystallization temperature, QuiG gives a distribution ofnation of Zr-in-rutile and garnet-phengite-clinopyroxene
entrapment pressures. Quartz inclusions in garnet theiermobarometry for the eclogite and Zr-in-rutile ther
have the highed®,,. give isomekes that are commonly mometry for the blueschist were used to calculate entrap-
similar to the peak P conditions estimated by other methment pressures. The eclogite sample shows a spread of
ods. Numerous studies interpret the highest-P inclusionzessures between %3.03 and 2.3 0.05 GPa (Fig8a),
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Fig. 11 a—c Back-scattered : 100000€
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Table 3 Lu and Hf isotopic
compositions of whole rocks

(wr), garnet separates (Grt), Eclogite sample KK14-55
clinopyroxene separates (Cpx)

Mineral Lu (ppm) Hf (ppm) 178y e Error 178§/ 17 Error

wr tt 2.29 1.85 0.1757 0.0004 0.284278 1.2E 05

and glaucophane separates

(Gln) wr b 2.42 9.99 0.03441 0.00007 0.282992 1.4E05
Cpx 0.679 1.06 0.09112 0.00018 0.283528 6.2E 05
Grtl 10.1 1.37 1.050 0.002 0.291912 1.3E05
Grt2 11.7 1.10 1.509 0.003 0.295714 7.6E 05
Grt3 11.1 1.43 1.103 0.002 0.292424 2.3E05
Grt 4 11.4 1.27 1.276 0.003 0.293992 5.5E 05
Grt5 10.7 1.04 1.463 0.003 0.295542 7.8E 05

Blueschist sample KK12-12E

wrttl 0.477 0.164 0.4122 0.0008 0.286485 4.9E 05
wr tt 2 0.459 0.110 0.5928 0.0012 0.288066 4.7E 05
wrtt 3 0.845 0.211 0.5703 0.0011 0.287911 4.9E 05
wr b 0.534 3.47 0.02181 0.00004 0.282963 1.3E05
Gin1 0.0501 0.0565 0.1259 0.0003 0.283936 8.1E 05
GIn 2 0.0515 0.0870 0.08401 0.00017 0.283525 0.000080
Grtl 0.632 0.106 0.8498 0.0017 0.290246 3.8E05
Grt 2 0.707 0.102 0.9823 0.002 0.291463 0.00015
Grt3 0.744 0.108 0.9795 0.002 0.291427 5.4E 05
Grt4 0.752 0.103 1.034 0.002 0.291794 0.00013

whereas blueschist shows a smaller spread af Q.03 to  of resetting. Based on the observed mineral assemblages
2.0+ 0.03 GPa (Figb), thus suggesting a di erent degree and other equilibrium-based techniques, we decided to use
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Fig. 12 Lu—Hf isochrones for the eclogite (h) and blueschist (¢) samples. 2 uncertainties are used. Calculated initial values and ages are
based on'"%Lu=1.865x10"? year' (Scherer et al. 2001)
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Fig. 13 Summary diagram showing the P-T—t evolution of thethe results of geochronology presented in this paper (U-Pb zircon, U-
Vestgotabreen Complex. Blue dotted line represents P-T path fé&tb monazite, Lu—Hf garnet). P-T estimates: [1] Nordenskidld Land
the blueschist, whereas green dotted line for the eclogite. Bladiueschist (Ko miska et al. 2014), [2] the Vestgétabreen Complex
line shows P-T path obtained by Hirajima et al. (1988). Stages MWUpper unit (Hirajima et al. 1988), [3] the Vestgttabreen Complex
(prograde metamorphism), M2 (peak-P conditions) and M3 (peak-Lower unit (Agard et al2005). Metamorphic facies and their abbre-
conditions were distinguished for the eclogite sample, whereas onlyiations are from Liou et al. (2004). Florencite-out reaction (marked
peak-P conditions were deciphered for blueschist. The ages refer & mnz-in) is after Barthélemy and Chopin (2006)

the maximum isomeke as the best estimate of the pedke zircon cores give U-Pb dates ranging from the Paleo-

metamorphic conditions. proterozoic to the Cambrian. The spread in dates com-
bined with oscillatory zoning (Fig®) and trace element
Interpretation of zircon ages patterns (Fig9c, d) typical of igneous zircon (i.e. Corfu

et al. 2003; Hoskin and Schaltegger 2003) suggest the
The small size of zircon grains as well as very complex Ckores are xenocrysts in the ma c protolith. The xenocryst
zoning patterns make interpretation of the results di cult.ages are compatible with detrital components observed in
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sedimentary units of the Southwestern province (e.g., Zienlawsonite. Based on the tabular shape of the allanite—epidote
niak et al. 2019). The early OrdovicidiPb?38U weighted  aggregates (FiglOa, b) and mineral composition, we sug-
mean age of 48210 Ma obtained for zircon rims is inter gest that monazite can be a product of both orencite and
preted to record metamorphic growth (F). The pres- lawsonite break-down reactions. These two reactions could
ence of rims on zircon included within garnet suggests th&tave happened at virtually similar P-T conditions between
at least some metamorphic overgrowth occurred before ngleak-P and peak-T stages (Fi@) at 47X 6 Ma. This is
garnet formation. The trace element patterns @&gd) of the example of monazite growth linked to reactions between
zircon rims display steep HREE patterns that are similar taccessory minerals at high pressure conditions as an alterna-
the cores, but have a less pronounced negative Eu anotive mechanism to low grade alteration-driven growth (e.g.
aly. Thus, we infer that zircon growth occurred along thé&chulze et al. 2015). Monazite in garnet-Il could represent
prograde path accompanied by no or limited garnet growtformer inclusions of orencite, whereas the tabular and elon-
(Rubatto2002). The Early Ordovician age for zircon rims isgated pseudomorphs in the matrix may have been former
in agreement with U—Pb zircon results of Bernard-Gri ths lawsonite with inclusions of orencite. Once both miner

et al. (1993). als started breaking down, they were replaced by allanite-|
(former lawsonite) and monazite (former orencite). Mona-
Monazite precursor and growth conditions zite started breaking down to allanite-Il and apatite during

decompression (FiglOc, e), which is a typical reaction

Monazite is common in eclogite-facies rocks, but verydescribed in metagranitoids and metapelites (e.g. Finger
scarce in metamorphosed ma c and ultrama c rocks (e.get al. 1998; Broska and Siman 1998; Majka and Budzy
Schulz2021). One of the very rare places where monazit2006; Upadhyay and Prusetf12).
has been described and dated in eclogite is the ColoradoSummarizing our observations, we suggest that LREE-
Plateau (Schulze et al. 2015). The growth of monazite in thHeearing phases in the eclogite grew following the sequence
eclogite xenoliths was suggested to be metasomatic, causedencite > monazite > allanite-1l1 as proposed in previous
by hydrothermal uids linked to the Great Hydration event.work (e.g. Gabudianu Radulescu e28l09 Hoschek2019.
The metasomatism driven growth of monazite was alsédditionally, decomposition of lawsonite may have contrib-
suggested for ma ¢ and ultrama c bodies from the Dabieuted to the REE budget, as well as provided an additional
Mountains, China (Liou and Zhang 1998; Ayers et al. 2002source of Ca for garnet-Il. We suggest that monazite growth
Jahn et al. 2003). Philippot and Selverstone (1991) describeti471+ 6 Ma (Fig.10h) happened between peak-P and peak-
monazite as a daughter mineral in uid inclusions in theT conditions, essentially dating the peak P—T conditions for
eclogitic veins from the Monviso ophiolite in the Alps andeclogite facies conditions in the Vestgétabreen Complex. In
interpreted its origin as precipitation from a hydrous uid. contrast, monazite in the blueschist forms rare inclusions

Lawsonite is a potential source of LREE elements ircaptured only in the garnet core (Fld.). Its chemistry and
HP-LT rocks (e.g. Tribuzio et al. 1996; Spandler et altextures are di erent from those in the eclogites. Although
2003; Martin et al2014). The formation of allanite due based on very few analyses, the monazite age of 888a
to lawsonite decomposition was proposed for natural HB consistent with the U-Pb zircon age and interpreted to
rocks (e.g. Spandler et al. 2003) as well as demonstratedriecord prograde growth before garnet nucleation, dating the
experiments (e.g. Martin et al. 2014). However, the amourgubduction stage of the Vestgétabreen Complex.
of LREE hosted in lawsonite may not be su cient to form  An alternative scenario involves allanite and apatite as
monazite in the Vestgdtabreen eclogites. Thus, it is sug reactants to form monazite. Allanite would be the stable
gested that the additional source of LREE as well as P coutdhase during prograde metamorphism, and the growth of
have been provided by orencite, (REE}®CO,),(OH)s, an  monazite could have happened between peak-P and peak-T
accessory mineral described from various HP rocks (Chaonditions. Such reactions were described in HP rocks (e.g.
pin and Moniel984 Janots et aR006 Gabudianu Rad Manzotti et al. 2018). Monazite decomposition to allanite
ulescu et al2009; Gautiez-Putallaz et &8016; Hoschek and apatite coronas could have occurred during decompres-
2016). Barthélemy and Chopin (2006) performed experision (e.g. Finger et al. 1998; Broska and Siman 1998). Addi-
ments showing that orencite-(La) is stable up to 2.5 GP#onally, apatite as a precursor of monazite would explain the
at 500 °C and up to 1.5 GPa at 700 °C. Barnes et al. (2020aprichment in MREE in monazite in eclogite compared to
reported remnants of orencite in the HP-LT phyllite from monazite in the blueschist.
the Lower unit and interpreted it as a precursor for meta- Yet another possibility is that the growth of monazite in
morphic monazite. the eclogite is fully controlled by an in ux of an external

A tabular shape of pseudomorphs is an indicator for aiid. In such the case, this external uid would have to be
former presence of lawsonite (Martin et al. 2014; Whitneyesponsible for delivery of phosphorous and potential libera-
et al.2020) in rocks that are otherwise lacking remnants dfion of REE into the system. Although it is apparent that the
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garnet in in the eclogite must have interacted with a uid{Fig. 13). The zircon U-Pb age of 4820 Ma is inter
which is corroborated by its oscillatory zoning in the rimpreted to represent Early Ordovician prograde metamor
regions, it is hard to reconcile whether the uid was externgbhism under blueschist—eclogite facies conditions (stage M1,
or not. A liberation of the su cient amount of phosphorous 1.6+ 0.3 GPa at 460 60 °C). The peak pressure conditions,
and REE from dissolving garnet seems rather unlikely. IM2, reached 2.8 0.3 GPa and 50760 °C, and were fol-
this was the case, then it would be expected to nd metdewed after 46% 3 Ma by garnet-Il growth in the eclog-
morphic monazite in virtually every eclogitized blueschistste at 2.1 0.3 GPa and 55860 °C. The lawsonite and/or
worldwide. Hence, this scenario is not completely ruled outprencite break-down occurred between the peak-P (M2)
but it is considered less plausible than the other possibilitiend peak-T (M3) conditions around 47% Ma based on

presented above. the monazite age from the eclogite. This interpretation is in
agreement with textural observations as well as experimen-
Interpretation of the Lu-Hf garnet age tal data of Barthélemy and Chopin (2006). The monazite-

allanite transition occurred later (post 471 Ma) during the
Interpreting the Lu—Hf age of the eclogite (KK14-55) is notdecompression, but the exact timing is di cult to de ne
straightforward. Major element distribution shows two-garbecause the allanite date has relatively high uncertainty
net growth phases in all measured garnet grains%&jdp), (39250 Ma).
with a jump in composition from garnet-1 to garnet-l1l. The Monazite from the blueschist is interpreted to form as
trace element analyses (Fieg) show a small Lu enrich- a prograde phase during subduction at #86Ma with
ment in the inner part of garnet-1 (8 ppm) with decreassubsequent peak-metamorphism up to blueschist facies
ing content towards the outer part of garnet-1. It then rise.0+0.03 GPa at 500 + 30 °C) conditions at 471.1+ 3.8 Ma
again in the garnet-Il with the highest contents of up tdLu—Hf dates, Figsl2c,13). Since blueschist and eclogite
35 ppm either in the very outer part of the rim or an oscilform lenses within the subduction mélange, the discrepancy
latory zoning within the rim. Five garnet separates wer®etween their P-T conditions could indicate that the blocks
measured (466.4+ 4.5 Ma, MSWD=9.4,n=7, Fig), of reached di erent depths. Lenses of blueschist and eclogite
which only four fall onto a statistically good isochron with from the Upper unit likely were exhumed during the Mid
an omphacite separate and a whole rock. These four garndte Ordovician and assembled with the Lower unit rocks at
give an isochron age of 4623.0 Ma (MSWD=3.3,=6; 454+ 6 Ma (Barnes et a2020a).
Fig. 12a). The other garnet separate gives a younger age
of 457.6+3.2 Ma (MSWD =0.59, n=3; Fid.2b). As the Tectonic implications
garnets seem to have two garnet growth generations, these
ages most likely re ect mixed ages between garnet-l1 anBased on the P-T—t history presented herein and in previous
garnet-1l. With most of the Lu concentrated in the garnet-liwork (Hirajima et al. 1988; Agard et al. 2005), it is apparent
which are volumetrically the largest part of the garnet, théhat the Vestgétabreen Complex provides a unique record
ages are probably biased towards garnet-1l, with the garnef a modern style cold subduction environment developed
separate giving the young age being biased most stronglready in the earliest Paleozoic. This makes the studied
The Lu—Hf results do not resolve the time of metamorphisnHP-LT rocks a pivotal withess of deep elemental cycling
however zircon and monazite help to constrain the metamaand uid migration potentially triggering intermediate depth
phic evolution. earthquakes within the lapetus Ocean realm, mostly thanks

The blueschist sample (KK12-12E) gives an isochron age the extraordinary level of preservation of the Vestgota-

of 471.1+ 3.8 Ma (MSWD =2.8, n=10; Fig.2c). The bell- breen blueschists and eclogites. A similar style of HP-LT
shaped Lu distribution (Figc) as well as the major element metamorphism, though not as well-preserved, has been
distribution (Fig.7a, b) is typical for a garnet growth zona- reported from the Tsakkok Lens of the Middle Allochthon
tion and suggests garnets in this sample preserve their origi-the Scandinavian Caledonides (e.g. Buka a et al. 2020).
nal growth zoning. The lower Lu rim pro le shows smaller There, eclogitized blueschist facies rocks also yielded Early
peaks towards the rims that are often observed in the gron@rdovician ages of peak metamorphism (Barnes et al.
zoning of garnet. Therefore, we interpret this age as dati®p20b; Fassmer et al. 2021; Root and Corfu 2012). These
garnet growth during blueschist-facies metamorphism. rocks reveal features characteristic for subduction within

the lawsonite stability eld, its breakdown and associated
P-T-t evolutionary path of the Vestgotabreen uid in ltration leading to potentially seismicity-triggering
Complex hydrofracturing (Buka a et al. 2020). Accordingly, Barnes

et al. (2020a) proposed that the HP-LT rocks of the -Tsak
Based on the P-T estimates and geochronology results ek Lens in the Scandinavian Caledonides and the Vestgota-
propose a new P-T—t path for the Vestgdtabreen Upper utiteen Complex in the Svalbard may have formed in the same
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subduction system. Majka et al. (2021) have investigated thgrovides an indicative prograde monazite age of-AB®Ma
Early Ordovician Thores Arc in the Pearya Terrane of northand Lu—Hf garnet peak-metamorphic age of 4241Ma.

ern Ellesmere Island, an island arc developed also in theak-pressure metamorphic conditions aree2@3 GPa
northern lapetus Ocean. These authors revealed that soate500t 30 °C, de ned by garnet. Moreover, it has been
plutonic rocks with a clear island arc a nity show inherit- demonstrated that monazite can grow in ma c¢ high-pres-
ance of continental crustal material and proposed possib$eire rocks due to the breakdown of LREE-bearing minerals,
peri-Baltican ancestry for a continental sliver on which theorencite and/or lawsonite, as an alternative mechanism to
intra-oceanic arc was built. Based on this and other lines ofietasomatic growth.

evidence, Majka et al. (2021) presented a tectonic model . . . ,

suggesiing tha the Virisen arc of the Scandinavian Caled PP erioy Hormatarthe snine verson coniane suopener:
nides (in their model the upper plate to the Tsékkok eclogi-
tized blueschist) and the Thores arc of the Pearya terraneknowledgementslérg Hermann is acknowledged for pointing out
(upper plate to the Vestgotabreen Complex) have indeeg@rencite as a potential source of LREE and Frank Spear for help with

: : : eliminary Raman measurements. Winfried Dallmann and Synngve
formed a continuous coherent subduction system proleﬂvevold (Norwegian Polar Institute) are thanked for organizing the

to the Baltica margin. The inheritance in zircon presenteghsearch expedition to Svalbard in 2014. Deta Gasser and ar anony

in this study is consistent with this idea because of generalous reviewer are acknowledged for constructive comments, and

similarity of the obtained ages to those from the Thores ArBaniela Rubatto for editorial handling, which helped to improve the

(Majka et al2027). This, in turn, suggests that at least som&"anuscript

of the Vestgotabreen lithologies could have been introducegingding The project was funded by the National Science Centre

to the subducting plate via tectonic erosion mechanism. No#f Poland project Sonata no. 2021/43/D/ST10/02305 (to KK). This

withstanding the latter, it becomes evident that if the Vestesearch Waj also SUDDOFtelg by kDeutSChe FOffSCZurégsgerTeinscgaft
. . rant FR700/18-1 to KF. Fieldwork in 2012 was funded by the Swed-

gotabreen Cgmplex Wa§ a pa_rt of the sz%me SUdeCtIO_n S@h Polar Research Secretariat in frame of the NOA Svalbard project

tem as the Virisen arc (including the Tsakkok blueschists}o y).

it could have been proximal to the Baltica margin, which

breaks existing paradigms and adds another argument irpata avallabllltyAII data are included in this article, its Supplementary

dispute favouring mixed Baltican and Laurentian provenancéss 21d in the data repository.

of terranes within the Southwes.tgrn Basemen.t province geclarations

Svalbard (Wala et a021). In addition, the location of this

important HP-LT terrane in western Svalbard, with its prob€on cit of interest The authors declare that there are no competing

able Baltican a nity, supports the existence of a Silurian-interests.

Devonian strike-slip corridor developed during the waning

stage of the Caledonian orogeny (e.g. Colpron and Nelsdppen AccessThis article is licensed under a Creative Commons Attri-

pution 4.0 International License, which permits use, sharing, adapta-

2009; McClelland et al. 2022) and its major role in arranget-ion, distribution and reproduction in any medium or format, as long

ment of crustal blocks in the High Arctic. as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

Conclusions include_d in the artic_:le_'s Creative Commons Iicer_lce_, unle_ss indicat_ed
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not

The petrochronological study using garnet, zircon, monazitgermitted by statutory regulation or exceeds the permitted use, you will

and allanite geochronology linked with conventional geonheed to obtain permission directly from the copyright holder. To view a
thermobarometry, quartz-in-garnet elastic thermobarontoPY of this licence, visit http://creativecommons.org/licenses/by/4.0/.
etry and Zr-in-rutile thermometry allows reconstruction of

a pressure—temperature-time path for the high pressure-low

temperature rocks of the Vestgttabreen Complex, Svalbar,

Eclogite experienced a clockwise pressure—temperature pd%eferences

. . N
from prograde conditions at 1.3 GPa at 466 60 OC’ Agard P, Labrousse L, Elvevold S, Lepvrier C (2005) Discovery of Pal-
through peak-pressure, 23.3 GPa and 50% 60 °C, aeozoic Fe—Mg carpholite (Motala ella, Svalbard Caledonides):
and to peak-temperature at 2.0.3 GPa and 55860 °C. a milestone for subduction zone gradients. Geology 33:761-764.
U—-Pb zircon geochronology provides a date on the pro-  https://doi.org/10.1130/G21693.1 _
grade part of the pressure—temperature path at 46Ma, ~ ~92"d P, Yamato P, Jolivet L, Burov E (2009) Exhumation of oce-
. - anic blueschists and eclogites in subduction zones: Timing and
Monazite crystallized at 4716 Ma as a response to the mechanisms. Earth Sci Rev 92:53-79. https://doi.org/10.1016/j.
decomposition of accessory phases that happened between earscirev.2008.11.002

peak-pressure and peak-temperature conditions. Blueschist

13


https://doi.org/10.1007/s00410-023-02045-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1130/G21693.1
https://doi.org/10.1016/j.earscirev.2008.11.002
https://doi.org/10.1016/j.earscirev.2008.11.002

Page 24 of 28

Contributions to Mineralogy and Petrology

(2023) 178:61

SL, Bosbyshell H (2006) Deciphering igneous and metamor
phic events in high-grade rocks of the Wilmington complex,

Aleiniko JN, Schenck WS, Plank MO, Srogi L, Fanning CM, Kamo Broska I, Siman P (1998) The breakdown of monazite in the West-

Carpathian Veporic orthogneiss and Tatric granites. Geel Car
pathica 52:79-90

Delaware: morphology, cathodoluminescence and backscatter@&lidzy B, Harlov DE, Kozub-Budzy GA, Majka J (2017) Experi-

electron zoning, and SHRIMP U-Pb geochronology of zircon
and monazite. Geol Soc Am Bull 118:39-64. https://doi.org/10.
1130/B25659.1

Aleiniko JN, Grauch RI, Mazdab FK, Kwak L, Fanning CM, Kamo

SL (2012) Origin of an unusual monazite-xenotime gneiss, Hud-
son highlands, New York: SHRIMP U-Pb geochronology and

mental constraints on the relative stabilities of the two systems
monazite-(Ce)-allanite-(Ce)— uorapatite and xenotime-(Y)—(Y,
HREE)-rich epidote—(Y, HREE)-rich uorapatite, in high Ca and
Na-Ca environments under P-T conditions of 200—1000 MPa and
450-750 °C. Miner Petrol 111:183-217. https://doi.org/10.1007/
s00710-016-0464-0

trace element geochemistry. Am J Sci 312:723-765. https://doBuka a M, Barnes CJ, Jeanneret P, Hidas K, Mazur S, Almqvist B,

0rg/10.2475/07.2012.02

Angel RJ, Alvaro M, Miletich R, Nestola F (2017) A simple and gener

alised P-T-V EoS for continuous phase transitions, implemented

Ko mi ska K, Klonowska |, Surka J, Majka J (2020) Brittle
deformation during eclogitization of early Paleozoic blueschist.
Front Earth Scihttps://doi.org/10.3389/feart.2020.594453

in EosFit and applied to quartz. Contrib Mineral Petrol 172:1-15Castro AE, Spear FS (2017) Reaction overstepping and re-evaluation

https://doi.org/10.1007/s00410-017-1349-x

Angel RJ, Murri M, Mihailova B, Alvaro M (2019) Stress, strain and

Raman shifts. Z Kristallogr 234:129-140. https://doi.org/10.
1515/zkri-2018-2112

Angel RJ, Gilio M, Mazzucchelli M, Alvaro M (2022) Garnet EoS:

a critical review and synthesis. Contrib Mineral Petrol 177:54.
https://doi.org/10.1007/s00410-022-01918-5

zones (Monviso, W. Alps). Lithos 127:222-238. https://doi.
0rg/10.1016/j.lithos.2011.09.004

Armstrong HA, Nakrem HA, Ohta Y (1986) Ordovician conodonts

from the Bulltinden Formation, Motala ella, central-western
Spitsbergen. Pol Res 4:17-23. httilorg/10.3402polar.
v4i1.6915

Ayers JC, Dunkle S, Gao S, Miller CF (2002) Constraints on tim

ing of peak and retrograde metamorphism in the Dabie Shan
ultrahigh-pressure metamorphic belt, east-central China, using

of peak P-T conditions of the blueschist unit Sifnos, Greece:
implications for the Cyclades subduction zone. Int Geol Rev
59:548-562https://doi.org/10.1080/00206814.2016.1200499

Chapman T, Clarke GL (2021) Cryptic evidence for the former pres-

ence of lawsonite in blueschist and eclogite. J Metamorph Geol
39:343-362https://doi.org/10.1111/jmg.12578

Chopin C, Monié P (1984) A unique magnesiochloritoidbearing, high-
Angiboust S, Agard P, Raimbourg H, Yamato P, Huet B (2011) Sub-
duction interface processes recorded by eclogite-facies shear

pressure assemblage from the Monte Rosa, Western Alps: pet-
rologic and*®Ar-3°Ar radiometric study. Contrib Mineral Petrol
87:388—-398https://doi.org/10.1007/BF00381295

Chopin C (1979) De la Vanoise au massif du Grand Paradis: une

approche pétrographique et radiochronologique de la signi ca-
tion géodynamique du métamorphisme de haute pression. Thése
3éme cycle. Université Paris VI, p 145

Clarke GL, Powell R, Fitzherbert JA (2006) The lawsonite paradox:

a comparison of eld evidence and mineral equilibria. J Meta-
morph Geol 24:715-725. https://doi.org/10.1111/j.1525-1314.
2006.00664.x

U-Th-Pb dating of zircon and monazite. Chem Geol 186:315-Coble MA, Vazquez JA, Barth AP, Wooden J, Burns D, Kylander-Clark

331.https://doi.org/10.1016/S0009-2541(02)00008-6

Barnes CJ, Walczak K, Janots E, Schneider D, Majka J (2020a) Tim-

ing of paleozoic exhumation and deformation of the high-pres-
sure vestgtabreen complex at the Motala ella Nunatak, Sval-

A, Jackson S, Vennari CE (2018) Trace element characterisa-
tion of MAD-559 zircon reference material for ion microprobe
analysis. Geostand Geoanal Res 42:481-497. https://doi.org/10.
1111/ggr.12238

bard. Minerals 10:1-23. https://doi.org/10.3390/min1002012%olpron M, Nelson JL (2009) A Palaeozoic Northwest Passage: incur

Barnes CJ, Jeanneret P, Kullerud K, Majka J, Schneider D, Buka a

M, Klonowska | (2020b) Exhumation of the high-pressure
Tsakkok Lens, Swedish Caledonides: Insights from the struc-
tural and white mic4°Ar/3°Ar geochronological record. Tec-

tonics 19:e2020TC006242. https://doi.org/10.1029/2020T
C006242

Barth AP, Wooden JL (2006) Timing of magmatism following initial

convergence at a passive margin, southwestern US Cordillera,

sion of Caledonian, Baltican and Siberian terranes into eastern
Panthalassa, and the early evolution of the North American Cor
dillera. In: Cawood PA, Kroner A (eds) Earth accretionary sys-
tems in space and time, vol 318. Geological Society Special Pub
lications, London, pp 273-307. https://doi.org/10.1144/SP318.10

Corfu F, Hanchar JM, Hoskin PW, Kinny P (2003) Atlas of zircon

textures. Rev Mineral Geochem 53:469-500. https://doi.org/10.
2113/0530469

and ages of lower crustal magma sources. J Geol 114:231-248allman WK (2015) Geoscience Atlas of Svalbard. Tromsg, Norway,

https://doi.org/10.1086/499573

of polygenetic zircons from granitic rocks by ion microprobe,
with implications for melt evolution and the source of granitic
magmas. Chem Geol 277:149-159. https://doi.org/10.1016/j.
chemg0.2010.07.017

LaAl;(POy),(OH)s. Abstract EMPG conference 2006, Bristol, 6

Bergh SG, Ohta Y, Andresen A, Maher HD, Braathen A, Dallmann

WK (2003) Geological Map of Svalbard, 1:100 000 Sheet B8G
St Jons orden. Norsk Polarinstitutt Temakart No. 34

Bernard-Gri ths J, Peucat JJ, Ohta Y (1993) Age and nature of proto-

Norwegian Polar Institute Raport Series 148, p 286

Barth AP, Wooden JL (2010) Coupled elemental and isotopic analys&sallmeyer RD, Peucat JJ, Hirajima T, Ohta Y (1990) Tectonothermal

chronology within a blueschist—eclogite complex, west-central
Spitsbergen, Svalbard: evidence fréftr/3°Ar and Rb/Sr min-
eral ages. Lithos 24:291-304. https://doi.org/10.1016/0024-
4937(89)90049-2

Barthélemy A, Chopin C (2006) Synthesis and stability of orencite,Elvevold S, Ravna EJ, Nasipuri P, Labrousse L (2014) Calculated phase

equilibria for phengite-bearing eclogites from NW Spitsbergen,
Svalbard Caledonides. In: Corfu F, Gasser D, Chew DM (eds)
New perspectives on the Caledonides of Scandinavia and Related
Areas, vol 390. Geological Society Special Publications, London,
pp 385—-401https://doi.org/10.1144/SP390.4

liths in the Caledonian blueschist-eclogite complex of westerfEvans BW (1990) Phase relationships of epidote-blueschists. Lithos

Spitsbergen: a combined approach using U-Pb, Sm-Nd and REE

25:3-23 https://doi.org/10.1016/0024-4937(90)90003-J

whole-rock systems. Lithos 30:81-90. https://doi.org/10.1016Faehnrich K, Majka J, Schneider D, Mazur S, Manecki M, Ziemniak

0024-4937(93)90007-Y

13

G, Wala VT, Strauss JV (2020) Geochronological constraints
on Caledonian strike-slip displacement in Svalbard, with


https://doi.org/10.1130/B25659.1
https://doi.org/10.1130/B25659.1
https://doi.org/10.2475/07.2012.02
https://doi.org/10.2475/07.2012.02
https://doi.org/10.1007/s00410-017-1349-x
https://doi.org/10.1515/zkri-2018-2112
https://doi.org/10.1515/zkri-2018-2112
https://doi.org/10.1007/s00410-022-01918-5
https://doi.org/10.1016/j.lithos.2011.09.004
https://doi.org/10.1016/j.lithos.2011.09.004
https://doi.org/10.3402/polar.v4i1.6915
https://doi.org/10.3402/polar.v4i1.6915
https://doi.org/10.1016/S0009-2541(02)00008-6
https://doi.org/10.3390/min10020125
https://doi.org/10.1029/2020TC006242
https://doi.org/10.1029/2020TC006242
https://doi.org/10.1086/499573
https://doi.org/10.1016/j.chemgeo.2010.07.017
https://doi.org/10.1016/j.chemgeo.2010.07.017
https://doi.org/10.1016/0024-4937(93)90007-Y
https://doi.org/10.1016/0024-4937(93)90007-Y
https://doi.org/10.1007/s00710-016-0464-0
https://doi.org/10.1007/s00710-016-0464-0
https://doi.org/10.3389/feart.2020.594453
https://doi.org/10.1080/00206814.2016.1200499
https://doi.org/10.1111/jmg.12578
https://doi.org/10.1007/BF00381295
https://doi.org/10.1111/j.1525-1314.2006.00664.x
https://doi.org/10.1111/j.1525-1314.2006.00664.x
https://doi.org/10.1111/ggr.12238
https://doi.org/10.1111/ggr.12238
https://doi.org/10.1144/SP318.10
https://doi.org/10.2113/0530469
https://doi.org/10.2113/0530469
https://doi.org/10.1016/0024-4937(89)90049-2
https://doi.org/10.1016/0024-4937(89)90049-2
https://doi.org/10.1144/SP390.4
https://doi.org/10.1016/0024-4937(90)90003-J

Contributions to Mineralogy and Petrology (2023) 178:61 Page250f28 61

implications for the evolution of the Arctic. Terra Nova 32:290— and SHRIMP U-Th-Pb study. Chem Geol 245(3-4):162-182.
299.https://doi.org/10.1111/ter.12461 https://doi.org/10.1016/j.cherag.2007.07.029
Fassmer K, Obermller G, Nagel TJ, Kirst K, Froitzheim N, Sandman@&romet LP, Gee DG (1998) An evaluation of the age of high-grade
S, Miladinova I, Fonseca ROC, Miinker C (2016) High-pressure metamorphism in the Caledonides of Biskayerhalvgya. GFF
metamorphic age and signi cance of eclogite-facies continental 120:199-208https://doi.org/10.1080/11035899801202199
fragments associated with oceanic lithosphere in the Wester@roppo C, Castelli D (2010) Prograde P-T evolution of a lawsonite
Alps (Etirol-Levaz Slice, Valtournenche, Italy). Lithos 252:145— eclogite from the Monviso meta-ophiolite (Western Alps):
159. https://doi.org/10.1016/j.lithos.2016.02.019 dehydration and redox reactions during subduction of oceanic
Fassmer K, Klonowska I, Walczak K, Andersson B, Froitzheim F, FeTi-oxide Gabbro. J Petrol 51:2489-2514. https://doi.org/10.
Majka J, Fonseca ROC, Minker C, Janak M, Whitehouse M 1093/petrology/egq065
(2017) Middle Ordovician subduction of continental crust in Hamelin C, Brady JB, Cheney JT, Schumacher JC, Able LM, Sperry
the Scandinavian Caledonides: an example from Tjeliken, Seve  AJ (2018) Pseudomorphs after Lawsonite from Syros, Greece.
Nappe Complex. Sweden Contrib Mineral Petrol 172:103. J Petrol 59:2353-2384. https://doi.org/10.1093/petrology/
https://doi.org/10.1007/s00410-017-1420-7 egy099
Fassmer K, Froitzheim N, Jandk M, Strohmeyer M, Buka a M, Lagoslarland WB (1997) The geology of Svalbard. Geol Soc Lond Mem
M, Minker C (2021) Diachronous collision in the Seve Nappe 17:514
Complex: Evidence from Lu—Hf geochronology of eclogites Hauke M, Froitzheim N, Nagel TJ, Miladinova |, Fassmer K, Fonseca
(Norrbotten, North Sweden). J Metamorph Geol 39:819-842. ROC, Sprung P, Minker C (2019) Two high-pressure meta
https://doi.org/10.1111/jmg.12591 morphic events, Variscan and Alpine, dated by Lu—Hf in an
Finger F, Krenn E (2007) Three metamorphic monazite generations  eclogite complex of the Austroalpine nappes (Schobergruppe,
in a high-pressure rock from the Bohemian Massif and the Austria). J Earth Sci 108:1317-1331. https://doi.org/10.1007/
potentially important role of apatite in stimulating polyphase s00531-019-01708-8
monazite growth along a PT loop. Lithos 95:103-115. https:/Hermann J (2002) Allanite: thorium and light rare earth element carrier
doi.org/10.1016/j.lithos.2006.06.003 in subducted crust. Chem Geol 192:289-306. https://doi.org/10.
Finger F, Broska |, Roberts MP, Schermaier A (1998) Replacement  1016/S0009-2541(02)00222-X
of primary monazite by apatite—allanite—epidote coronas in atdirajima T, Hiroi Y, Ohta Y (1984) Lawsonite and pumpellyite from
amphibolite facies granite gneiss from the eastern Alps. Am Vestgotabreen Formation in Spitsbergen. Nor Geol Tidsskrift
Mineral 83:248-258https://doi.org/10.2138/am-1998-3-408 64:267-273
Gabudianu Radulescu I, Rubatto D, Gregory C, Compagnoni Rlirajima T, Banno S, Hiroi Y, Ohta Y (1988) Phase petrology of eclog-
(2009) The age of HP metamorphism in the Gran Paradiso ites and related rocks from the Motala ella high-pressure meta-

Massif, Western Alps: a petrological and geochronological morphic complex in Spitsbergen (Arctic Ocean) and its signi -
study of “silvery micaschists.” Lithos 110:95-108. https://doi. cance. Lithos 22:75-97. https://doi.org/10.1016/0024-4937(88)
org/10.1016/j.lithos.2008.12.008 90018-7

Ganguly J, Cheng W, Tirone M (1996) Thermodynamics of aluminoHijelle A, Piepjohn K, Saalmann K, Ohta Y, Salvigsen O, Thiedig F,
silicate garnet solid solution: new experimental data, an opti- Dallmann W (1999) Geological map of Svalbard 1:100,000,
mized model, and thermometric applications. Contrib Mineral sheet A7G Kongs orden, Norsk Polarinstitutt Temekart nr. 30,
Petrol 126:137-15Mttps://doi.org/10.1007/s004100050240 p 56

Garcia-Casco A, Torres-Roldan R, Millan G, Monié P, Schneider Blolland TJB (1990) Activities in omphacitic solid solutions: an appli-
(2002) Oscillatory zoning in eclogitic garnet and amphibole, cation of Landau theory to mixtures. Contrib Mineral Petrol

Northern Serpentinite Melange, Cuba: a record of tectonic 105:446-453https://doi.org/10.1007/BF00286831

instability during subduction? J Metamorph Geol 20:581-598Holland TJB, Powell R (1998) An internally consistent thermodynamic

https://doi.org/10.1046/j.1525-1314.2002.00390.x data set for phases of petrological interest. J Metamorph Geol
Gasser D, Andresen A (2013) Caledonian terrane amalgamation of ~ 16:309-343https://doi.org/10.1111/j.1525-1314.1998.00140.x

Svalbard: Detrital zircon provenance of Mesoproterozoic toHolland T, Blundy J (1994) Non-ideal interactions in calcic amphi-

Carboniferous strata from Oscar Il Land, western Spitsber boles and their bearing on amphibole-plagioclase thermometry.
gen. Geol Mag 150:1103-1126. https://doi.org/10.1017/S0016  Contrib Mineral Petrol 116:433—-447. https://doi.org/10.1007/
756813000174 BF00310910

Gasser D, Bruand E, Rubatto D, Stiiwe K (2012) The behaviourors eld WT (1972) Glaucophane schists of Caledonian age from
of monazite from greenschist facies phyllites to anatectic Spitsbergen. Geol Mag 109:29-36. https://doi.org/10.1017/
gneisses: an example from the Chugach Metamorphic Com- S0016756800042242
plex, southern Alaska. Lithos 134-135:108-122. https://doiHoschek G (2016) Phase relations of the REE minerals orencite,
org/10.1016/j.lithos.2011.12.003 allanite and monazite in quartzitic garnet-kyanite schist of the

Gauthiez-Putallaz L, Rubatto D, Hermann J (2016) Dating prograde  Eclogite Zone, Tauern Window, Austria. Eur J Mineral 28:735—
uid pulses during subduction by in situ U-Pb and oxygen 750.https://doi.org/10.1127/ejm/2016/0028-2549
isotope analysis. Contrib Mineral Petrol 171:15. https://doi.Hoskin PWO, Schaltegger U (2003) The composition of zircon and
0rg/10.1007/s00410-015-1226-4 igneous and metamorphic petrogenesis. Rev Mineral Geochem

Gee DG, Teben'’kov AM (2004) Svalbard: a fragment of the Lauren- 53:27-62https://doi.org/10.2113/0530027
tian margin. In: Gee DG, Pease V (eds) The neoproterozoireland TR, Williams IS (2003) Considerations in zircon geochronol-
Timanide Orogen of Eastern Baltica, 30. Geological Society ogy by SIMS. Rev Mineral Geochem 53:215-241. https://doi.
Memoirs, London, pp 191-206. https://doi.org/10.1144/GSL. 0rg/10.2113/0530215
MEM.2004.030.01.1 Jahn B, Fan Q, Yang J-J, Henin O (2003) Petrogenesis of the Maowu

Gieré R, Sorensen SS (2004) Allanite and other REE-rich epidote-  pyroxenite—eclogite body from the UHP metamorphic terrane
group minerals. Rev Mineral Geochem 56:431-493. https:// of Dabieshan: chemical and isotopic constraints. Lithos 70:243—

doi.org/10.2138/gsrmg.56.1.431 267.https://doi.org/10.1016/S0024-4937(03)00101-4
Gregory CJ, Rubatto D, Allen CM, Williams IS, Hermann J, Ire-Janots E, Negro F, Brunet F, Go é B, Engi M, Bouybaouéne ML (2006)
land T (2007) Allanite micro-geochronology: a LA-ICP-MS Evolution of the REE mineralogy in the HP-LT metapelites of

13


https://doi.org/10.1111/ter.12461
https://doi.org/10.1016/j.lithos.2016.02.019
https://doi.org/10.1007/s00410-017-1420-7
https://doi.org/10.1111/jmg.12591
https://doi.org/10.1016/j.lithos.2006.06.003
https://doi.org/10.1016/j.lithos.2006.06.003
https://doi.org/10.2138/am-1998-3-408
https://doi.org/10.1016/j.lithos.2008.12.008
https://doi.org/10.1016/j.lithos.2008.12.008
https://doi.org/10.1007/s004100050240
https://doi.org/10.1046/j.1525-1314.2002.00390.x
https://doi.org/10.1017/S0016756813000174
https://doi.org/10.1017/S0016756813000174
https://doi.org/10.1016/j.lithos.2011.12.003
https://doi.org/10.1016/j.lithos.2011.12.003
https://doi.org/10.1007/s00410-015-1226-4
https://doi.org/10.1007/s00410-015-1226-4
https://doi.org/10.1144/GSL.MEM.2004.030.01.1
https://doi.org/10.1144/GSL.MEM.2004.030.01.1
https://doi.org/10.2138/gsrmg.56.1.431
https://doi.org/10.2138/gsrmg.56.1.431
https://doi.org/10.1016/j.chemgeo.2007.07.029
https://doi.org/10.1080/11035899801202199
https://doi.org/10.1093/petrology/egq065
https://doi.org/10.1093/petrology/egq065
https://doi.org/10.1093/petrology/egy099
https://doi.org/10.1093/petrology/egy099
https://doi.org/10.1007/s00531-019-01708-8
https://doi.org/10.1007/s00531-019-01708-8
https://doi.org/10.1016/S0009-2541(02)00222-X
https://doi.org/10.1016/S0009-2541(02)00222-X
https://doi.org/10.1016/0024-4937(88)90018-7
https://doi.org/10.1016/0024-4937(88)90018-7
https://doi.org/10.1007/BF00286831
https://doi.org/10.1111/j.1525-1314.1998.00140.x
https://doi.org/10.1007/BF00310910
https://doi.org/10.1007/BF00310910
https://doi.org/10.1017/S0016756800042242
https://doi.org/10.1017/S0016756800042242
https://doi.org/10.1127/ejm/2016/0028-2549
https://doi.org/10.2113/0530027
https://doi.org/10.2113/0530215
https://doi.org/10.2113/0530215
https://doi.org/10.1016/S0024-4937(03)00101-4

61 Page 26 of 28 Contributions to Mineralogy and Petrology (2023) 178:61

the Sebtide complex, Rif, Morocco. Lithos 87:214-234. https:/Majka J, Budzy B (2006) Monazite breakdown in metapelites from
doi.org/10.1016/j.lithos.2005.06.008 Wedel Jarlsberg Land, Svalbard—preliminary report. Min Polon
Jochum KP, Weis U, Stoll B, Kuzmin D, Yang Q, Raczek I, Jacob 37:61-69https://doi.org/10.2478/v10002-007-0006-9
DE, Stracke A, Birbaum K, FrickD A, Gunther D, Enzweiler J Majka J, Ko mi ska K (2017) Magmatic and metamorphic events
(2011) Determination of reference values for NIST SRM 610— recorded within the Southwestern Basement Province of Sval-
617 glasses following 1SO guidelines. Geostand Geoanal Res  bard. Arktos 3:1-7https://doi.org/10.1007/s41063-017-0034-7
35:397-429https://doi.org/10.1111/j.1751-908X.2011.00120.x Majka J, Mazur S, Manecki M, Czerny J, Holm D (2008) Late Neopro
Kanat L, Morris A (1988) A working stratigraphy for central western terozoic amphibolite facies metamorphism of a pre-Caledonian
Oscar Il Land, Spitsbergen. Nor Geol Tidsskrift 190:1-26 basement block in southwest Wedel Jarlsberg Land, Spitsber
Kohn MJ (2004) Oscillatory-and sector-zoned garnets record cyclic (?) gen: new evidence from U-Th—Pb dating of monazite. Geol Mag
rapid thrusting in central Nepal. Geochem Geophys 5:Q12014. 145:822-830https://doi.org/10.1017/S001675680800530X

https://doi.org/10.1029/2004GC0007 37 Majka J, Be'eri-Shlevin Y, Gee DG, Czerny J, Frei D, Ladenberger A
Ko mi ska K, Majka J, Mazur S, Krumbholz M, Klonowska I, (2014) Torellian (c. 640 Ma) metamorphic overprint of Tonian
Manecki M, Czerny J, Dwornik M (2014) Blueschist facies meta- (c. 950 Ma) basement in the Caledonides of southwestern Sval-
morphism in Nordenskidld Land of west-central Svalbard. Terra bard. Geol Mag 151:732-748. https://doi.org/10.1017/S0016
Nova 26:377-386https://doi.org/10.1111/ter.12110 756813000794
Ko mi ska K, Spear FS, Majka J, Faehnrich K, Manecki M, PiepjohnMajka J, Ko mi ska K, Bazarnik J, McClelland WC (2021) The Ordo-
K, Dallman WK (2020) Deciphering Late Devonian—early-car vician Thores volcanic island arc of the Pearya Terrane from

boniferous P-T—t path of mylonitized garnet-mica schists from northern Ellesmere Island formed on Precambrian continental
Prins Karls Forland, Svalbard. J Metamorph Geol 38:471-493. crust. Lithos 386—387:105999. https://doi.org/10.1016/.lithos.

https://doi.org/10.1111/jmg.12529 2021.105999
Ko mi ska K, Fassmer K, McClelland WC, Majka J, Coble M, Thomas Manzotti P, Bosse V, Pitra P, Robyr M, Schiavi F, Ballévre M (2018)
J, Manecki M, Lorenz H, Bazarnik J, Munker C (2023) Sup- Exhumation rates in the Gran Paradiso Massif (Western Alps)

plementary data: geochronological results, quartz in garnet constrained by in situ U-Th—Pb dating of accessory phases (mon
measurements and Zr in rutile measurements for blueschist and  azite, allanite and xenotime). Contrib Mineral Petrol 173:24.
eclogite from the Vestgotabreen Complex. AGH University of https://doi.org/10.1007/s00410-018-1452-7
Science and Technology, Svalbard. https://doi.org/10.58032artin LAJ, Rubatto D, Brovarone AV, Hermann J (2011) Late
AGH/LI6D1K Eocene lawsonite—eclogite facies metasomatism of a granu-
Krenn E, Janédk M, Finger F, Broska I, Kone ny P (2009) Two types lite sliver associated to ophiolites in Alpine Corsica. Lithos
of metamorphic monazite with contrasting La/Nd, Th, and Y 125:620-640https://doi.org/10.1016/].lithos.2011.03.015
signatures in an ultrahigh-pressure metapelite from the Pohorjdartin LAJ, Hermann J, Gauthiez-Putallaz L, Whitney DL, Vitale-
Mountains, Slovenia: indications for pressure-dependent REE Brovarone A, Fornash KF, Evans NJ (2014) Lawsonite geo-
exchange between apatite and monazite? Am Mineral 94:801-  chemistry and stability: Implications for trace element and
815.https://doi.org/10.2138/am.2009.2981 water cycles in subduction zones. J Metamorph Geol 32:455—
Labrousse L, Elvevold S, Lepvrier C, Agard P (2008) Structural anal- 478.https://doi.org/10.1111/jmg.12093
ysis of high-pressure metamorphic rocks of Svalbard: reconMattinson JM (2010) Analysis of the relative decay constants of
structing the early stages of the Caledonian orogeny. Tectonics 235U and 238U by multi-step CA-TIMS measurements of
27:1-22 https://doi.org/10.1029/200CD02249 closed-system natural zircon samples. Chem Geol 275:186—
Lagos M, Scherer EE, Tomaschek F, Miinker C, Keiter M, Berndt 198.https://doi.org/10.1016/j.cherag.2010.05.007
J, Ballhaus C (2007) High precision Lu—Hf geochronology ofMazzucchelli ML, Angel RJ, Alvaro M (2021) EntraPT: an online
Eocene eclogite-facies rocks from Syros, Cyclades, Greece. platform for elastic geothermobarometry. Am Mineral

Chem Geol 243:16-35. https://doi.org/10.1016/j.clemP07. 106:830—837https://doi.org/10.2138/am-2021-7693CCBYNC
04.008 ND

Li J-L, Klemd R, Gao J, John T (2016) Poly-cyclic metamorphic evoMcClelland WC, Strauss JV, Gilotti JA, Colpron M (2022) Paleozoic
lution of eclogite: evidence for multistage burial-exhumation evolution of the northern Laurentian margin: evaluating links
cycling in a subduction channel. J Petrol 57:119-146. https:// between Caledonian, Ellesmerian and Cordilleran orogens. In:
doi.org/10.1093/petrology/egw002 Whitmeyer S, Kellett D, Williams M, Tiko B (eds) Laurentia:

Liou JG, Zhang RY (1998) Petrogenesis of an ultrahigh-pressure  An evolving continent, vol 220. Memoirs Geological Society of
garnet-bearing ultrama ¢ body from Maowu, Dabie Mountains, America, New York, pp 605-634. https://doi.org/10.1130/2022.
east-central China. Island Arc 7:115-134. https://doi.org/10. 1220(30)
1046/j.1440-1738.1998.00188.x Miladinova I, Froitzheim N, Nagel TJ, Janak M, Georgiev N, Fonseca

Liou JG, Tsujimori T, Zhang RY, Katayama |, Maruyama S (2004) ROC, Sandmann S, Miinker C (2018) Late Cretaceous eclogite in
Global UHP metamorphism and continental subduction/colli- the Eastern Rhodopes (Bulgaria): evidence for subduction under
sion: the Himalayan model. Int Geol Rev 46:1-27. https://doi. the Sredna Gora magmatic arc. Int J Earth Sci 107:2083—-2099.
org/10.2747/0020-6814.46.1.1 https://doi.org/10.1007/s00531-018-1589-7

Longerich HP, Jackson SE, Gunther D (1996) Laser ablation indud4orimoto N (1988) Nomenclature of pyroxenes. Mineral Petrol 39:55—
tively coupled plasma mass spectrometric transient signal data  76.https://doi.org/10.1007/BF01226262
acquisition and analyte concentration calculation. J Anal Spedviulcahy SR, King RL, Vervoort JD (2009) Lawsonite Lu-Hf geochro-

trom 11:899-904https://doi.org/10.1039/JA9961100899 nology: a new geochronometer for subduction zone processes.
Ludwig KR (2009) Squid 2, a user's manual, vol 5. Berkeley Geochro- Geology 37:987-99Mttps://doi.org/10.1130/G30292A.1

nology Center Special Publication, Berkeley, p 110 Munker C, Weyer S, Scherer E, Mezger K (2001) Separation of
Ludwig KR (2012) Isoplot 3.75, a geochronological toolkit for excel, high feld strength elements (Nb, Ta, Zr, Hf) and Lu from rock

vol 5. Berkeley Geochronology Center Special Publication, samples for MC-ICPMS measurements. Geochem Geophys

Berkeley, p 75 2:2001GC00018ttps://doi.org/10.1029/2001GC000183

13


https://doi.org/10.1016/j.lithos.2005.06.008
https://doi.org/10.1016/j.lithos.2005.06.008
https://doi.org/10.1111/j.1751-908X.2011.00120.x
https://doi.org/10.1029/2004GC000737
https://doi.org/10.1111/ter.12110
https://doi.org/10.1111/jmg.12529
https://doi.org/10.58032/AGH/LI6D1K
https://doi.org/10.58032/AGH/LI6D1K
https://doi.org/10.2138/am.2009.2981
https://doi.org/10.1029/2007TC002249
https://doi.org/10.1016/j.chemgeo.2007.04.008
https://doi.org/10.1016/j.chemgeo.2007.04.008
https://doi.org/10.1093/petrology/egw002
https://doi.org/10.1093/petrology/egw002
https://doi.org/10.1046/j.1440-1738.1998.00188.x
https://doi.org/10.1046/j.1440-1738.1998.00188.x
https://doi.org/10.2747/0020-6814.46.1.1
https://doi.org/10.2747/0020-6814.46.1.1
https://doi.org/10.1039/JA9961100899
https://doi.org/10.2478/v10002-007-0006-9
https://doi.org/10.1007/s41063-017-0034-7
https://doi.org/10.1017/S001675680800530X
https://doi.org/10.1017/S0016756813000794
https://doi.org/10.1017/S0016756813000794
https://doi.org/10.1016/j.lithos.2021.105999
https://doi.org/10.1016/j.lithos.2021.105999
https://doi.org/10.1007/s00410-018-1452-7
https://doi.org/10.1016/j.lithos.2011.03.015
https://doi.org/10.1111/jmg.12093
https://doi.org/10.1016/j.chemgeo.2010.05.007
https://doi.org/10.2138/am-2021-7693CCBYNCND
https://doi.org/10.2138/am-2021-7693CCBYNCND
https://doi.org/10.1130/2022.1220(30)
https://doi.org/10.1130/2022.1220(30)
https://doi.org/10.1007/s00531-018-1589-7
https://doi.org/10.1007/BF01226262
https://doi.org/10.1130/G30292A.1
https://doi.org/10.1029/2001GC000183

Contributions to Mineralogy and Petrology (2023) 178:61 Page270f28 61

Ohta Y (1979) Blue schists from Motala ella, western SpitsbergenScrutton CT, Hors eld WT, Harland WB (1976) Silurian fossils from
Nor Geol Tidsskrift 167:171-217 western Spitsbergen. Geol Mag 113:519-523. https://doi.org/10.
Ohta Y (1994) Caledonian and precambrian history in Svalbard: a  1017/S0016756800041261
review, and an implication of escape tectonics. TectonophysicSimon M, Pitra P, Yamato P, Poujol M (2022) Isothermal compres-
231:183-194https://doi.org/10.1016/0040-1951(94)90129-5 sion of an eclogite from the Western Gneiss Region (Norway).
Ohta Y, Hirajima T, Hiroi Y (1986) Caledonian high-pressure meta J Metamorph Geol 20:1-28Bttps://doi.org/10.1111/jmg.12692
morphism in central western Spitsbergen. Geol Soc Am MenSpandler C, Hermann J, Arculus R, Mavrogenes J (2003) Redistri-
164:205-216https://doi.org/10.1130/MEM164-p205 bution of trace elements during prograde metamorphism from
Ohta Y, Krasil'Sikov AA, Lepvrier C, Teben’kov AM (1995) Northern lawsonite blueschist to eclogite facies: Implications for deep sub-
continuation of Caledonian high-pressure metamorphic rocks in duction zone processes. Contrib Mineral Petrol 146:205-222.
central-western Spitsbergen. Pol Res 14:303—-316. https://doi.org/  https://doi.org/10.1007/s00410-003-0495-5

10.3402/polar.v14i3.6670 Spear FS (2010) Monazite—allanite phase relations in metapelites.
Olierook HK, Barham M, Kirkland CL, Hollis J, Vass A (2020) Zircon Chem Geol 279:55-62. https://doi.org/10.1016/j.clemP10.

ngerprint of the Neoproterozoic North Atlantic: Perspectives 10.004

from East Greenland. Precambrian Res 342:105653. https://ddpear FS, Pyle JM (2002) Apatite, monazite and xenotime in meta-

org/10.1016/j.precamres.2020.105653 morphic rocks. Rev Mineral 48:293-335. https://doi.org/10.
Orozbaev R, Hirajima T, Bakirov A, Takasu A, Maki K, Yoshida K, 2138/rmg.2002.48.7

Sakiev K, Bakirov A, Hirata T, Tagiri M, Togonbaeva A (2015) Spear FS, Wolfe OM (2020) Revaluation of “equilibrium” PT paths

Trace element characteristics of clinozoisite pseudomorphs from zoned garnet in light of quartz inclusion in garnet (QuiG)

after lawsonite in talc-garnet-chloritoid schists from the Makbal barometry. Lithos 372:105650. https://doi.org/10.1016/].lithos.

UHP Complex, northern Kyrgyz Tian-Shan. Lithos 226:98-115. 2020.105650

https://doi.org/10.1016/j.lithos.2014.10.008 Spear FS, Thomas JB, Hallett BW (2014) Overstepping the garnet
Philippot P, Selverstone J (1991) Trace-element-rich brines in eclogitic ~ isograd: a comparison of QuiG barometry and thermodynamic

veins: Implications for uid composition and transport during modeling. Contrib Mineral Petrol 168:1-15. https://doi.org/10.

subduction. Contrib Mineral Petrol 106:417-430. https://doi.org/ 1007/s00410-014-1059-6

10.1007/BF00321985 Stacey JS, Kramers JD (1975) Approximation of terrestrial lead isotope
Poli S, Schmidt MX (2004) Experimental subsolidus studies on epidote  evolution by a two-stage model. Earth Planet Sci Lett 26:207—

minerals. Rev Mineral Geochem 56:171-195. https://doi.org/10. 221.https://doi.org/10.1016/0012-821X(75)90088-6

2138/gsrmg.56.1.171 Stepanov AS, Hermann J, Korsakov AV, Rubatto D (2014) Geochem-
Pummell B, Thomas JB (2022) Experimental evaluation of stress relax-  istry of ultrahigh-pressure anatexis: fractionation of elements in

ation of quartz inclusions in garnet. AGU fall meeting 2022, the Kokchetav gneisses during melting at diamond-facies-condi

MR42A-0057 tions. Contrib Mineral Petrol 167:1002. https://doi.org/10.1007/

Putnis A (2002) Mineral replacement reactions: from macroscopic s00410-014-1002-x
observations to microscopic mechanisms. Mineral Mag 66:689Fhomas JB, Spear FS (2018) Experimental study of quartz-inclu

708.https://doi.org/10.1180/0026461026650056 sions in garnet at pressures up to 3.0 GPa: evaluating valid-
Ravna EJK (2000) The garnet-clinopyroxdfeé*-Mg geothermom- ity of the quartz-in-garnet inclusion elastic thermobarom-
eter: An updated calibration. J Metamorph Geol 18:211-219. eter. Contrib Mineral Petrol 173:42. https://doi.org/10.1007/
https://doi.org/10.1046/j.1525-1314.2000.00247.x s00410-018-1469-y
Ravna EJK, Terry MP (2004) Geothermobarometry of UHP and HRomkins HS, Powell R, Ellis DJ (2007) The pressure dependence of
eclogites and schists—an evaluation of equilibria among gar the zirconium-in-rutile thermometer. J Metamorph Geol 25:703—

net—clinopyroxene—k—anite-phengite-coesite/quartz. J Meta- 713.https://doi.org/10.1111/j.1525-1314.2007.00724.x
morph Geol 22:579-592. https://doi.org/10.1111/j.1525-1314Tribuzio R, Messiga B, Vannucci R, Bottazzi P (1996) Rare earth
2004.00534.x element redistribution during high-pressure—low-temperature
Root D, Corfu F (2012) U-Pb geochronology of two discrete Ordo- metamorphism in ophiolitic Fe-gabbros (Liguria, northwestern
vician high-pressure metamorphic events in the Seve Nappe lItaly): Implications for light REE mobility in subduction zones.
Complex, Scandinavian Caledonides. Contrib Mineral Petrol Geology 24:711-714. https://doi.org/10.1130/00917613(1996)
163:769-788https://doi.org/10.1007/s00410-011-0698-0 024%3c0711:REERDH%3e2.3.CO;2
Rubatto D (2002) Zircon trace element geochemistry: Partitioning witfTsujimori T, Ernst WG (2014) Lawsonite blueschists and lawsonite
garnet and the link between U-Pb ages and metamorphism. Chem  eclogites as proxies for palaeo-subduction zone processes: a
Geol 184:123-138. https://doi.org/10.1016/S0009-2541(01) review. J Metamorph Geol 32:437-454. https://doildrgi111/

00355-2 jmg.12057

Scherer E, Minker C, Mezger K (2001) Calibration of the lutetium-Upadhyay D, Pruseth KL (2012) Fluid-induced dissolution breakdown
hafnium clock. Science 293:683-687. httpki/org/10.1126/ of monazite from Tso Morari complex, NW Himalayas: evi-
science.1061372 dence for immobility of trace elements. Contrib Mineral Petrol

Schulz B (2021) Monazite microstructures and their interpretation in 164:303-316https://doi.org/10.1007/s00410-012-0739-3
petrochronology. Front Earth Sci 8:25. https://doi.org/10.3389¥iete DR, Hacker BR, Allen MB, Seward GG, Tobin MJ, Kelley CS,
feart.2021.668566 Cinque G, Duckworth AR (2018) Metamorphic records of mul-

Schulze DJ, Davis DW, Helmstaedt H, Joy B (2015) Timing of the tiple seismic cycles during subduction. Sci Adv 4:0234. https://
Cenozoic ‘Great Hydration’ event beneath the Colorado Plateau: doi.org/10.1126/sciadv.aaq0234
Th—Pb dating of monazite in Navajo volcanic eld metamorphicWala VT, Ziemniak G, Majka J, Faehnrich K, McClelland WC, Meyer
eclogite xenoliths. Geology 43:727-730. https://doi.org/10.1130/ EE, Manecki M, Bazarnik J, Strauss JV (2021) Neoproterozoic
G36932.1 stratigraphy of the Southwestern basement province, Svalbard

(Norway): Constraints on the Proterozoic-Paleozoic evolution

13


https://doi.org/10.1016/0040-1951(94)90129-5
https://doi.org/10.1130/MEM164-p205
https://doi.org/10.3402/polar.v14i3.6670
https://doi.org/10.3402/polar.v14i3.6670
https://doi.org/10.1016/j.precamres.2020.105653
https://doi.org/10.1016/j.precamres.2020.105653
https://doi.org/10.1016/j.lithos.2014.10.008
https://doi.org/10.1007/BF00321985
https://doi.org/10.1007/BF00321985
https://doi.org/10.2138/gsrmg.56.1.171
https://doi.org/10.2138/gsrmg.56.1.171
https://doi.org/10.1180/0026461026650056
https://doi.org/10.1046/j.1525-1314.2000.00247.x
https://doi.org/10.1111/j.1525-1314.2004.00534.x
https://doi.org/10.1111/j.1525-1314.2004.00534.x
https://doi.org/10.1007/s00410-011-0698-0
https://doi.org/10.1016/S0009-2541(01)00355-2
https://doi.org/10.1016/S0009-2541(01)00355-2
https://doi.org/10.1126/science.1061372
https://doi.org/10.1126/science.1061372
https://doi.org/10.3389/feart.2021.668566
https://doi.org/10.3389/feart.2021.668566
https://doi.org/10.1130/G36932.1
https://doi.org/10.1130/G36932.1
https://doi.org/10.1017/S0016756800041261
https://doi.org/10.1017/S0016756800041261
https://doi.org/10.1111/jmg.12692
https://doi.org/10.1007/s00410-003-0495-5
https://doi.org/10.1016/j.chemgeo.2010.10.004
https://doi.org/10.1016/j.chemgeo.2010.10.004
https://doi.org/10.2138/rmg.2002.48.7
https://doi.org/10.2138/rmg.2002.48.7
https://doi.org/10.1016/j.lithos.2020.105650
https://doi.org/10.1016/j.lithos.2020.105650
https://doi.org/10.1007/s00410-014-1059-6
https://doi.org/10.1007/s00410-014-1059-6
https://doi.org/10.1016/0012-821X(75)90088-6
https://doi.org/10.1007/s00410-014-1002-x
https://doi.org/10.1007/s00410-014-1002-x
https://doi.org/10.1007/s00410-018-1469-y
https://doi.org/10.1007/s00410-018-1469-y
https://doi.org/10.1111/j.1525-1314.2007.00724.x
https://doi.org/10.1130/00917613(1996)024%3c0711:REERDH%3e2.3.CO;2
https://doi.org/10.1130/00917613(1996)024%3c0711:REERDH%3e2.3.CO;2
https://doi.org/10.1111/jmg.12057
https://doi.org/10.1111/jmg.12057
https://doi.org/10.1007/s00410-012-0739-3
https://doi.org/10.1126/sciadv.aaq0234
https://doi.org/10.1126/sciadv.aaq0234

61 Page 28 of 28 Contributions to Mineralogy and Petrology (2023) 178:61

of the North Atlantic-Arctic Caledonides. Precambrian Res quartz in garnet Raman barometry and di usion modelling of

358:106138https://doi.org/10.1016/j.precamres.2021.106138 garnet dissolution—reprecipitation reactions. J Metamorph Geol
Whitney DL, Evans BW (2010) Abbreviations for names of rockform 39:1045-106%ttps://doi.org/10.1111/jmg.12601

ing minerals. Am Mineral 95:185-187. https://doi.org/10.2138/Yardley BWD, Rochelle CA, Barnicoat AC, Lloyd GE (1991) Oscil-

am.2010.3371 latory zoning in metamorphic minerals” an indicator of in ltra-
Whitney DL, Fornash KF, Kang P, Ghent ED, Martin L, Okay Al, tion metasomatism. Mineral Mag 55:357—-365. https://doi.org/

Vitale Brovarone A (2020) Lawsonite composition and zoning as 10.1180/minmag.1991.055.380.06

tracers of subduction processes: A global review. Lithos 20(370Ziemniak G, Ko mi ska K, Schneider DA, Majka J, Lorenz H,

371):105636https://doi.org/10.1016/j.lithos.2020.105636 McClelland WC, Wala VT, Manecki M (2019) De ning tectonic
Williams ML, Jercinovic MJ, Hetherington CJ (2007) Microprobe boundaries using detrital zircon signatures of Precambrian meta-

monazite geochronology: understanding geologic processes by  sediments from Svalbard’'s Southwestern Caledonian basement

integrating composition and chronology. Annu Rev Earth Planet province. In: Piepjohn K, Strauss JV, Reinhardt L, McClelland

35:137-175https://doi.org/10.1146/anrew.earth.35.031306. WC (eds) Circum-arctic structural events: tectonic evolution of

140228 the arctic margins and trans-arctic links with adjacent Orogens.
Wolfe OM, Spear FS (2018) Determining the amount of overstepping Geol Soc Am Spec 541: 81-94. https://doi.org/10.1130/2018.

required to nucleate garnet during Barrovian regional metamor 2541(05)

phism, Connecticut Valley Synclinorium. J Metamorph Geol

36:79-94 https://doi.org/10.1111/jmg.12284 Publisher's NoteSpringer Nature remains neutral with regard to

Wolfe O, Spear FS (2020) Regional quartz inclusion barometry angirisdictional claims in published maps and institutional a liations.
comparison with conventional thermobarometry and intersect-
ing isopleths from the Connecticut Valley Trough, Vermont and
Massachusetts, USA. J Petrol 61:egaa076. https://doi.org/10.
1093/petrology/egaa076
Wolfe OM, Spear FS, Harrison TM (2022) Pronounced and rapid
exhumation of the Connecticut Valley Trough revealed through

13


https://doi.org/10.1016/j.precamres.2021.106138
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.1016/j.lithos.2020.105636
https://doi.org/10.1146/annurev.earth.35.031306.140228
https://doi.org/10.1146/annurev.earth.35.031306.140228
https://doi.org/10.1111/jmg.12284
https://doi.org/10.1093/petrology/egaa076
https://doi.org/10.1093/petrology/egaa076
https://doi.org/10.1111/jmg.12601
https://doi.org/10.1180/minmag.1991.055.380.06
https://doi.org/10.1180/minmag.1991.055.380.06
https://doi.org/10.1130/2018.2541(05
https://doi.org/10.1130/2018.2541(05

