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Abstract

The petrochronological records of eclogites in the Scandinavian Caledonides are investigated using EPMA and LA-ICPMS
of zircon and apatite for U-Pb geochronology, combined with major and trace element characteristics. Metamorphic zircon
from two eclogites from the Lofoten-Vesterdlen Complex (Lofoten Archipelago region) collectively yielded a Concordia
age 427.8+5.7 Ma and an upper intercept U-Pb age 425 +30 Ma. Apatites from the same eclogites provided U-Pb lower
intercepts at 322 +28 Ma and 354 + 33 Ma, with the latter also yielding a younger age of 227 +24 Ma. Two eclogites from
the Lower Seve Nappe (Northern Jamtland) demonstrate different zircon and apatite age records. Metamorphic zircon pro-
vided Concordia ages of 467.2+5.9 Ma and 444.5 +5.5 Ma, which resolve the age of prograde metamorphism and zircon
growth during retrogression, respectively. The lower intercept U-Pb ages of apatites from the same eclogites are 436 + 18
and 415 +25 Ma, respectively. In combination with their geochemical characteristics, they suggest two separate stages
of exhumation of eclogite bodies in the Lower Seve Nappe. Zircons from an eclogite from the Blahg Nappe (Nordgyane
Archipelago) yielded a continuum of concordant U-Pb dates from ca. 435 to 395 Ma, which suggests several cycles of HT
metamorphism within short intervals. Distinctive trace element characteristics of apatites from the Blahg Nappe eclogite
suggest formation coeval with zircon and garnet during HT metamorphism, but Pb diffusion behaved as an open system
until cooling during exhumation of the nappe at 390 + 12 Ma (lower intercept U-Pb age of apatite). To summarize, this
study presents the high potential of coupled zircon and apatite petrochronology of eclogites in resolving their metamorphic
evolution, particularly with respect to using trace element characteristics of apatites to constrain the records of their growth,
alterations and the meaning of their U-Pb age record.

Keywords Ultra-high pressure—(ultra) high temperature metamorphism - LA-ICPMS U-Pb isotopic dating and trace
element analysis - Lofoten-Vesteralen Complex - Seve Nappe Complex - Blahg Nappe

Introduction

Communicated by Othmar Miintener. The Scandinavian Caledonides offer an excellent geologi-
cal setting to study tectono-metamorphic processes associ-
ated with subduction and continental collision due to their
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Scandinavian Caledonides have focused on eclogites and
their metamorphic origin (e.g., van Roermund 1985; Kul-
lerud et al. 1990; Cuthbert et al. 2000; Corfu et al. 2003a;
Brueckner and van Roermund 2007; Smit et al. 2010; Root
and Corfu 2012; Janak et al. 2013; Bukata et al. 2018; Fass-
mer et al. 2017, 2021). The use of zircon geochronology
is limited by its availability in eclogite, but when present,
zircon can offer a robust means to resolve the timing of vari-
ous metamorphic events by combining U-Pb geochronol-
ogy with trace element analysis (e.g., Corfu 2004; Corfu
et al. 2014; Rubatto and Hermann 2007; Chen et al. 2010;
Root and Corfu 2012). In contrast, apatite is a more com-
mon phase in eclogite, but there is little known regarding its
chemical behavior in response to the metamorphic evolution
of eclogites (e.g., March et al. 2022). Instead, studies of
apatites from metamorphic rocks over the last few years have
mainly focused on general characteristics of geochemical

overprinting in low to high metamorphic conditions (e.g.,
O’Sullivan et al. 2018, 2020; Heinrichs et al. 2018, 2019).
Thus, extending these records with regards to the evolution
of eclogite is critical.

In this study, zircon and apatite were analyzed from
eclogites in three different locations within the Scandina-
vian Caledonides, namely the Lofoten-Vesteralen Complex
(Lofoten Archipelago), the Lower Seve Nappe (Northern
Jamtland), and the Blahg Nappe (Nordgyane Archipelago;
Fig. 1). The P-T conditions of these locations are well
established and their available geochronological data pro-
vide a good framework for further exploring the meta-
morphic history. The aim of this study was to extend our
understanding of the tectonic evolution of eclogites using
comprehensive zircon and apatite petrochronology, and to
expand the knowledge of apatite behavior in eclogite. The
coupled trace element and U-(Th)-Pb analyses of zircon

Fig. 1 Tectonostratigraphic map
of the Scandinavian Caledon-
ides (modified after Gee et al.
2013)
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and apatite significantly increase the understanding of the
tectonic evolutions of the studied localities in the Scan-
dinavian Caledonides. This work also demonstrates the
potential of combining apatite petrochronology with other
geochronological studies in order to reconstruct different
stages of the metamorphic evolution of (U)HP rocks and
alteration processes that can occur in orogens.

Geological background

The Scandinavian Caledonides consist of numerous thrust
sheets (Fig. 1) that altogether record the closure of the
Iapetus Ocean, starting in late Cambrian time, which sub-
sequently culminated in the Silurian to Devonian collision
between Baltica and Laurentia (Gee 1975; Stephens et al.
1985; Stephens and Gee 1989; Roberts and Stephens 2000;
Carswell et al. 2003; Torsvik and Cocks 2005; Gee et al.
2008, 2013; Corfu et al. 2014). Records of (U)HP meta-
morphism are predominantly retained within two tecton-
ostratigraphic levels of the Scandinavian Caledonides: (1)
the Precambrian window representing parautochthonous
Baltican basement (Lower Allochthon), (2) the outermost
Baltica margin (Middle Allochthon), namely the Seve
Nappe Complex.

Baltican Basement at the Lofoten Archipelago

A prominent (U)HP locality in the parautochthonous Bal-
tican basement is found in the Lofoten archipelago in Nor-
way (Fig. 1; Markl and Bucher 1997; Steltenpohl et al.
2003, 2011a, b; Fournier et al. 2014, 2019). The basement
rocks of the Lofoten archipelago consist of Neoarchean and
Paleoproterozoic crystalline rocks collectively referred to as
the Lofoten-Vesteralen Complex (LVC; Griffin et al. 1978;
Corfu 2004). The Caledonian overprint of the LVC is not
strong and eclogitization of the terrane is localized (e.g.,
Hacker et al. 2010). Eclogite within the LVC provided P-T
conditions of 2.5-2.8 GPa and ~ 650 °C and Lu-Hf geo-
chronology of the eclogite garnet yielded a Lu—Hf date of
399 + 10 Ma, interpreted as the timing of HP metamorphism
(Froitzheim et al. 2016). A dispersion of older Caledonian
dates ranging from 513 +39 Ma to 449 +21 Ma was pro-
duced by zircon and titanite U-Pb geochronology of various
intrusive rocks in the LVC, signaling an older Caledonian
history of the LVC (Corfu 2004; Steltenpohl et al. 201 1a, b).
Single-grain white mica fusion “°Ar/*° Ar geochronology has
also yielded a large dispersion of dates from 781.3+3.2 Ma
to 299.6 + 3.8 Ma, with the younger dates interpreted to rep-
resent exhumation of the LVC (Steltenpohl et al. 201 1a, b).

The Seve Nappe Complex in Northern Jamtland

The Seve Nappe Complex extends for over 1000 km along
strike of the Scandinavian Caledonides and bears multiple
HP and UHP localities (e.g., Andréasson 1994; Gee et al.
2013). In northern Jimtland of Sweden, the Seve Nappe
Complex is subdivided into the (U)HP rock-bearing Upper,
Middle, and Lower Seve nappes (also referred to as the
Eastern, Central, and Western belts; Trouw 1973; Wil-
liams and Zwart 1977; Zachrisson and Sjostrand 1990;
Janak et al. 2013; Gilio et al. 2015; Grimmer et al. 2015;
Petrik et al. 2019). The Sjouten Unit in the Lower Seve
Nappe (LSN) consists of eclogite, garnet peridotite and
garnet pyroxenite hosted within metasedimentary rocks.
Exposures at Tjeliken mountain and Stour Jougdan lake
have been the focus for studying (U)HP metamorphism of
the Sjouten Unit (van Roermund 1985, 1989; Litjens 2002;
Bender et al. 2019). Recent work on eclogite and parag-
neisses at Tjeliken mountain have collectively yielded
2.5-2.7 GPa and 650-760 °C (Majka et al. 2014; Fassmer
et al. 2017), whereas eclogite and garnet pyroxenite near
Stour Jougdan lake have collectively provided 2.3—4.0 GPa
and 750-960 °C (Klonowska et al. 2016).

Garnet Sm—Nd geochronology of an eclogite resolved
metamorphism at Tjeliken mountain to 464 + 9 Ma, which
was reproduced by a garnet peridotite from Stour Jougdan
lake that provided 460 +4 Ma (Brueckner and van Roer-
mund 2007). Further zircon U-Pb geochronology of an
eclogite at Tjeliken provided 445.6 + 1.2 Ma, which was
repeated by two single rutile U-Pb dates of 445.0+2.4 Ma
and 446.3 + 3.7 Ma (Root and Corfu 2012). The results
were interpreted to date the timing of eclogite-facies
metamorphism with the previous Sm—Nd dates being the
result of isotopic disequilibrium. However, the Sm—Nd
dates were corroborated, and timing of eclogite-facies
metamorphism refined, by zircon U-Pb geochronology
of a paragneiss and garnet Lu—Hf geochronology of an
eclogite at Tjeliken, which yielded 458.9 + 2.5 Ma and
458.1 + 1.0 Ma, respectively (Fassmer et al. 2017). Fass-
mer et al. (2017) speculated that younger U-Pb zircon
ages determined by Root and Corfu (2012) were due to
zircon growth or recrystallization during retrograde meta-
morphism related to fluid migration into the eclogite. The
timing of eclogite-facies metamorphism of the Middle and
Upper Seve nappes has also been resolved to the same time
as the Lower Seve Nappe (Brueckner and van Roermund
2007; Grimmer et al. 2015). White mica *°Ar/*°Ar and
Rb-Sr geochronology applied to the Seve Nappe Complex
resolved exhumation along crustal-scale shear zones at ca.
433-415 Ma (Grimmer et al. 2015; Bender et al. 2019).
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The Blahg Nappe in the Nordoyane Archipelago

The Nordgyane Archipelago exposes (U)HP rocks of the
Baltican basement (part of the Western Gneiss Region of
Norway) that are collectively referred to as the “Nordgyane
UHP domain”. The basement rocks are tectonically over-
lain by the Blahg Nappe (Terry and Robinson 2003, 2004;
Hacker and Gans 2005), which comprises eclogite hosted
by garnet kyanite paragneiss, most prominently exposed
on Fjgrtoft. The nappe has typically been correlated with
the Seve Nappe Complex, but recent work has revealed its
tectonic origin to be distinct (Hollocher et al. 2022). Obser-
vations of Mesoproterozoic-aged inclusions of zircon and
monazite within the garnets from the Fjgrtoft paragneisses
(e.g., Terry et al. 2000a; Cuthbert and van Roermund 2011;
Liu and Massonne 2019, 2022; Walczak et al. 2019; March
et al. 2022) and the Mesoproterozoic Lu—Hf dates obtained
for garnet (Simpson et al. 2021; Tamblyn et al. 2022) lead
to the assumption that the earliest garnet growth in samples
from Fjgrtoft predate the Caledonian Orogeny. The parag-
neiss has been reported to contain metamorphic microdia-
mond and assumed to record UHP metamorphism (Dobr-
zhinetskaya 1995), with original P-T conditions calculated
at 3.4-3.9 GPa and ~ 820 °C (Terry et al. 2000a), which was
revised and recalculated to 1.4-1.5 GPa and 770-820 °C
(Liu and Massonne 2019, 2022; Gilio et al. 2021).

There have been several attempts at dating the timing of
possible (U)HP metamorphism in the Blahg Nappe. Terry
et al. (2000b) produced concordant monazite U-Pb dates
of 415.0 £ 6.8 Ma (for monazite included in garnet) and
398.2 +6.0 Ma (for matrix monazite) for the paragneiss.
More recent monazite U-Pb geochronology from the gneiss
produced an older concordia date of 431.1 + 1.7 Ma from
monazite included in garnet (Holder et al. 2015). The study
also reported a spread of dates from ca. 425 Ma to 395 Ma
and a concordia date of 393.0 +3.3 Ma for the youngest
matrix monazite, which are similar to the results of Terry
et al. (2000b). Zircon U-Pb geochronology of the gneiss
yielded a concordia date of 446.6+2.1 Ma, a spread of
individual concordant dates from ca. 437 Ma to 423 Ma,
and three younger concordant dates of 415.7 +2.4 Ma,
410.7+£2.0 Ma, and 397.0+ 1.6 Ma (Walczak et al. 2019).
Tual et al. (2022) reported zircon and monazite U-Pb ages
of 450-370 Ma and a Lu—Hf garnet age of 422 +2 Ma. Alto-
gether, the dispersion of the dates is interpreted to reflect
either two separate episodes of HT metamorphism events,
or they bracket two thermal excursions surpassing the soli-
dus during a single protracted stage of HT metamorphism
(Walczak et al. 2019). The youngest zircon dates of Walczak
et al. (2019) have been reproduced by garnet Lu-Hf geo-
chronology that yielded 404.5 +7.9 Ma, together interpreted
to represent collision between Baltica and Laurentia (Cutts
and Smit 2018; Walczak et al. 2019). Most recent U-Pb
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geochronology of rutile and monazite in metapelites from
Fjgrtoft provided concordant rutile dates ranging from ca.
449 to 378 Ma, as well as two populations of Caledonian-
aged monazite at 423.2+2.0 Ma and 385.2+6.7 Ma (March
et al. 2022). The older population ca. 423 Ma was interpreted
as recording the early stages of (U)HP metamorphism, while
the population ca. 385 Ma is consistent with past constraints
for cooling in the region (Terry et al. 2000b; Krogh et al.
2011; Holder et al. 2015; March et al. 2022).

Sample selection and analytical methods
Sample selection

Five eclogite samples from three regions were selected for
this study: samples LOF3/12, (68°06'16.1"N 13°16'09.3"E)
and LOF11/12, (68°06'18.3""N 13°14'57.5"E) from the
LVC, samples DG-TJ (64°33'21.5"'"N 14°43'21.8"E) and
IK13-077 (64°35'41.9"N 14°51'37.4"E) from the LSN, and
sample MB17.01E (62°42'45.1"N 6°25'28.4"E) from the
Bléhg Nappe (Fig. 2). Sample selection criteria included
regional diversity of the studied areas with previously con-
strained differences in the P-Tt evolution of the eclogites
(Majka et al. 2014; Froitzheim et al. 2016; Fassmer et al.
2017; Walczak et al. 2019). All of the samples comprise
well-preserved eclogite-facies mineral assemblages in mafic
lithologies.

Sample preparation and analytical methods

In order to investigate the samples and conduct microanaly-
sis, ca. 100 um-thick sections were prepared from each of
the sampled rocks. Furthermore, the eclogite samples were
crushed and sieved to a fraction <315 um, followed by
standard separation procedures involving Carpco and Frantz
electromagnetic separators and heavy liquid density segre-
gation. Zircon and apatite grains were hand-picked using a
binocular microscope, mounted in epoxy, and polished to
expose grain centers for laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) analyses. Quan-
titative mineral chemistry, back-scattered electrons (BSE)
imaging were performed on carbon-coated thick sections
(ca. 100 um) and rounded 1-inch grain mounts using a JEOL
SuperProbe JXA-8230 electron microprobe equipped with
five wavelength dispersive spectrometers at the Laboratory
of Critical Elements AGH-KGHM (AGH University of Sci-
ence and Technology, Krakéw, Poland). Analytical details
of electron probe microanalysis (EPMA) measurements are
presented in Supplementary Table S1.1. Data were corrected
to the ZAF procedure using in-house JEOL software.
Representative portions of each sample were also milled
for whole rock chemical analysis, which were performed
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in the Actlabs Activation Laboratories, Canada. Major and
trace element abundances were analyzed by ICP-MS fol-
lowing a lithium metaborate/tetraborate fusion and dilute
nitric digestion. LOI was determined by weight difference
after ignition at 1000 ‘C. The complete dataset of whole
rock geochemistry is presented in Supplementary Table S4.

Prior to the LA-ICPMS analyses, cathodoluminescence
(CL) imaging was performed on the zircon grains using a
JEOL JXA-8530F Field Emission EPMA at the Institute of
Petrology and Structural Geology, Charles University in
Prague. The CL images were used to couple trace element
and U-Pb analyses in the same zones within the grains.
U-Pb and trace element analyses of apatite and zircon were
conducted in 1-inch grain mounts using a Thermo Scientific
Element 2 sector field ICP-MS coupled to a 193 nm ArF
excimer laser (Teledyne Cetac Analyte Excite laser) at the
Institute of Geology of the Czech Academy of Sciences,
Prague, Czech Republic. The analytical details are provided
in Supplementary Tables S1.2—S1.5. Reproducibility and
age uncertainty of reference material are propagated for all
data involving the Concordia age calculation following the
recommendation of Horstwood et al. (2016). No common
Pb correction was applied to the data due to the high Hg
contamination of the commercially available He carrier gas,
which precludes accurate correction of the interfering 2**Hg
on the low signal of 2°Pb. The U-Pb dates are presented
as Concordia plots generated with ISOPLOT v. 4.16 (Lud-
wig 2012). Based on the Ti concentrations of zircon grains,
temperatures of zircon formation were calculated using the
calibration method described in Ferry and Watson (2007)
using ag;o, and ar;q, values of 1.

Results
Sample description

The eclogite LOF3/12 exhibits porphyroblastic texture
with porphyroblasts of garnet, omphacite and amphibole.
The matrix is mostly composed of symplectitic intergrowths
of plagioclase and clinopyroxene replacing the amphibole
(Fig. 3a). Garnet porphyroblasts are subhedral and contain
inclusions of quartz, amphibole, rutile and kyanite, with
minor ilmenite, biotite and apatite. Small aggregates of iron
oxides are omnipresent within the rock matrix. Rare individ-
ual subhedral grains of apatite (ca. 100 pum in size), as well
as intergrowths of ilmenite and rutile, occur in the matrix.
Eclogite LOF11/12 shows porphyroblastic texture with
garnet, amphibole, and omphacite porphyroblasts in the
matrix, mostly composed of symplectitic intergrowths
of secondary amphibole, clinopyroxene and plagioclase
(Fig. 3b). Subhedral garnet porphyroblasts include quartz,
omphacite, amphibole, rutile, apatite, kyanite, and iron
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sulfides. Quartz, kyanite, and aggregates of iron sulfides
and oxides occur in the matrix (Fig. 3b, c). The matrix
amphibole shows compositional zoning with transition to
clinopyroxene. Apatite occurs either as anhedral grains
between garnets, or as subhedral grains within the matrix.

The eclogite DG-TJ exhibits porphyroblastic texture
with garnet, amphibole, and omphacite porphyroblasts.
Garnet forms euhedral to subhedral grains rimmed by sec-
ondary amphibole and plagioclase (Fig. 3d). Inclusions in
garnet consist mostly of quartz, amphibole, rutile, ilmen-
ite, and to the lesser degree, biotite and apatite. The matrix
is dominated by symplectitic intergrowths of plagioclase
and clinopyroxene with different sizes of blasts. Acces-
sory phases in the matrix include commonly ilmenite and
rutile, whereas iron oxides and sulfides, apatite, titanite,
zircon, and epidote are rarer (Fig. 3d). Rutile, ilmenite,
and small grains of zircon (ca. 20 um) form intergrowths,

but zircon also occurs as single grains within the matrix
in close proximity to rutile and ilmenite (Fig. 4b). Titan-
ite occasionally forms overgrowths on rutile and ilmenite,
or anhedral grains in a short distance to these minerals
(Fig. 4a, b).

The eclogite IK13-077 has porphyroblastic texture, com-
posed of porphyroblasts of garnet, amphibole, and clinozo-
isite in a matrix of symplectitic intergrowths of amphibole,
clinopyroxene, and plagioclase (Fig. 3e). Irregular grains of
quartz occur in the matrix. Garnet forms euhedral to subhe-
dral grains with delicate reaction-rims of plagioclase and
amphibole, and inclusions of quartz, rutile, amphibole, and
zircon. Iron sulfides and rutile, accompanied by apatite and
zircon, are occasionally present in the matrix.

The eclogite MB17.01E exhibits porphyroblastic texture
with large porphyroblasts of garnet and amphibole. Euhe-
dral to subhedral blasts of garnet bear inclusions of quartz,

Fig.4 BSE images of the eclogites DG-TJ (a, b) and MB17.01E (c, d) presenting textural relations of rutile (Rt) being replaced by the ilmenite

(Ilm) and titanite (Ttn)
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amphibole, rutile, ilmenite, biotite, clinopyroxene, apatite,
iron sulfides, zircon, and calcite. Inclusions within garnet
sometimes involve two or more phases intergrown with each
other. Two types of symplectitic intergrowths are present in
the matrix: linear symplectites of plagioclase—biotite (P1-Bt)
and irregular symplectites of plagioclase—amphibole—clino-
pyroxene (Pl-Amp—-Cpx). The P1-Bt type formed close to
the garnet, whereas PI-Amp—Cpx type forms most of the
rock matrix (Fig. 3f). Accessory phases include ilmenite and
rutile, which usually form intergrowths commonly accom-
panied by zircon (Fig. 4c, d), and less common iron sulfides
and oxides, and apatite are present in the matrix.

Eclogites demonstrate variations in bulk composition
from 44.33 to 54.01 wt.% SiO,, 13.22-20.23 wt.% Al,Os,
8.84-20.65 wt.% Fe,0,, 5.71-9.02 wt.% MgO and
9.37-10.77 wt.% CaO (Supplementary Table S4). Chon-
drite-normalized trace element patterns of DG-TJ, IK13-077,
and MB17.01E are generally similar with a slight slope from
La to Lu ((La/Lu)y ratios of 2.09 to 3.03). The Lofoten sam-
ples LOF3/12 and LOF11/12 have lower concentrations of
rare earth elements (REE, i.e. Y +La-Lu) and steeper slope
((La/Lu)y ratios of 6.06 to 9.32), with positive Eu anomalies
(Euw/Eu* from 1.16 to 2.01).

Zircon
Lofoten-Vesteralen complex (Lofoten Archipelago)

Zircon from eclogite LOF3/12 forms anhedral to subhedral
grains with sizes from 60 % 80 to 100 x 200 pm. In total, 40
grains were analyzed for trace element and U-Pb data, from
which 20 trace element and 38 U-Pb analyses were accepted
for further statistics. Most of the zircons show complex to
irregular zoning, generally bright in CL imaging, sometimes
with patches of oscillatory zoning. Some of the grains also
exhibit dark domains in CL imaging with oscillatory zon-
ing that have thin bright rims in CL imaging (Fig. 5a). The
dark domains have higher concentrations of heavy rare earth
elements (HREE, 215.8-1313.1 ppm) and Th/U ratios of
0.74-1.62 compared to brighter domains (22.6-99.4 ppm
HREE, 0.01-0.02 Th/U), and yielded 2*’Pb/?*Pb dates from
1750+ 18 Ma to 1813 +22 Ma (n=15, from — 1.9 to 6.2%
disc.; Figs. 6a, 7a, 8a). Brighter domains yielded 206pp,238y
dates from 422 +5 Ma to 473 +6 Ma (from — 2.3 to 2.0%
disc.), with two outliers of 517 +6 Ma and 685 + 14 Ma
(— 0.3% disc. and 24.2% disc., respectively) in partially
altered zircons. Early Paleozoic grains form two popula-
tions of dates: an older one spanning from 473 to 449 Ma
and a younger population providing a Concordia age of
427.8+5.7Ma (n=10, 20, MSWD =0.02; Fig. 6b, c). Crys-
tallization temperatures for the zircon in the Lofoten samples
were calculated at 621-775 °C with Ti-in-zircon thermom-
etry (from < 2 to 30.7 ppm Ti; Supplementary Table S3.2).
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Eclogite LOF11/12 has a very low abundance of zircon,
resulting in investigation of only 5 grains (7 trace element
and 11 U-Pb analyses were accepted). Zircon grains are
anhedral or rounded, and ca. 60x 100 to 90 X 140 pym in
size (Fig. 5b). Four of the zircon grains exhibit core—rim
textures with cores showing oscillatory or complex zoning
and a darker contrast in CL imaging compared to the irreg-
ular, thin, and homogeneous rims. The oscillatory zoned
cores have high HREE concentrations (258.9-1076.6 ppm),
Th/U ratios of 1.04-2.38 and provide 2°’Pb/*’°Pb dates of
1767 +5.7 Ma to 1792 + 15 Ma (- 0.3-5.7% disc., Figs. 6d,
7b). One remaining zircon grain exhibits a slightly darker
rim compared to its core (Fig. 5b) and has lower concen-
trations of HREE (21.7-46.5 ppm) and Th/U ratios of
0.01-0.13 (Fig. 8b). The zircon yielded three 2°°Pb/?*8U
dates of 395+4 Ma (1.8% disc.), 411 +4 Ma (0.5%
disc.) and 421 +5 Ma (0.2% disc.) with an intercept age
425+ 30 Ma (Fig. 6e).

Lower Seve Nappe (Northern Jamtland)

Zircon from eclogite DG-TJ forms subhedral to anhedral
grains of 40 x50 to 80X 130 um in size. The grains show
oscillatory to sector or, rarely, irregular complex zoning.
In total, 33 grains were analyzed for trace element and
U-Pb characteristics, from which 20 trace element and 32
U-Pb analyses were accepted. Zircon grains are bright in
CL images with occasional dark cores with irregular zon-
ing and 10-50 pm in size. One zircon has a dark core (ca.
100 um-sized) with a convolute zoning, and a thin and
homogeneous bright rim (Fig. 5c). The large core was the
only dark domain analyzed, providing a high concentration
of HREE (2916.5 ppm), Th/U ratio of 1.12 and 2°Pb/>*%U
date of 524 +6 Ma (1.2% disc.; Figs. 6f, 7c). The bright
domains of zircons from DG-TJ sample are characterized
by HREE concentrations varying between 33.1-173.4 ppm
and low Th/U ratios 0.01-0.04. The 2°°Pb/**®U dates form a
tight cluster 440+ 5 Ma to 456+ 7 Ma (— 2.7-1.3% disc.),
which provide a Concordia age of 444.5+5.5 Ma (n=26,
26, MSWD =0.01; Fig. 6g). Several zircon domains pro-
duced outlier results with 2°°Pb/**¥U dates from 392 +4 Ma
to 500+ 9 Ma (— 0.7-3.8% disc.), higher Th/U ratios of
0.09-1.56, and elevated content of light rare earth elements
(LREE, Figs. 7c, 8c) which are probably related to altera-
tion or a mixed analysis of core (hidden below the sample
surface) and rim. Ti-in-zircon temperatures of 620-698 °C
were calculated for the bright zircon domains (from <2 to
8.6 ppm Ti; Supplementary Table S3.2).

Zircon grains from eclogite IK13-077 are elongated
and subhedral with sizes of 50 X 80 to 100 X 280 um. In
total, 29 grains were analyzed resulting in acceptance
of 20 trace element and 42 U-Pb analyses. The zircons
show distinct core-rim relations with oscillatory-zoned
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Fig.5 CL images of representative zircon grains from investi-
gated eclogites. LA-ICPMS analytical spots are marked for the
trace element and U-Pb measurements. Presented U-Pb data (white

15 - analysis
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TE analysis spot
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spots) include spot number, 2Pb/?38U date for data< 1000 Ma and
207pb/296Ph date for data> 1000 Ma with + 26 error (Ma) and discord-
ance (%) in brackets. Red spots—trace element measurements
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Fig.6 Concordia plots with results of U-Pb zircon dating

cores, which are dark in CL imaging, and rims with
oscillatory, convolute or irregularly-zoned CL bright
features which are occasionally homogeneous (Fig. 5d).
The cores are characterized by high concentrations
of HREE (707.7-2489.8 ppm) with Th/U ratios of
0.22-2.32, and provided 2°°Pb/?**U and 2°’Pb/?°°Pb
dates scattered from 920+21 to 1986+ 18 Ma (n=25;
— 4.2-8.7% disc.; Figs. 6h, 7d, 8d). Temperatures cal-
culated for conditions during the growth of zircon cores
range from 693 to 804 °C (5.6-28.0 ppm Ti; Supplemen-
tary Table S3.2). The rims show lower concentrations
of HREE (48.4-140.9 ppm), Th/U ratios of 0.01-0.04,
and low contents of Ti, usually below the detection
limit, yielding temperatures of < 614-644 °C. The rims

@ Springer

yielded 2°°Pb/?*8U dates of 458 +9 Ma to 492 + 10 Ma
(= 6.9-1.2% disc.), with a Concordia age 467.2 +5.9 Ma
(n=13, 26, MSWD =0.91; Fig. 6i).

Blahg Nappe (Nordgyane Archipelago)

Zircon in eclogite MB17.01E forms subhedral, anhedral
to rounded grains with sizes of 50X 60 to 130X 200 um.
Twenty-five grains were analyzed with 20 trace element
and 28 U-Pb analyses that were accepted for further sta-
tistics. Zircon grains show oscillatory or sector zoning,
with occasional presence of brighter rims in CL imag-
ing (Fig. 5e). Zircons have low concentrations of HREE
(32.0-130.7 ppm) and Th/U ratios ranging from 0.02 to
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Fig. 7 Diagrams presenting age vs Th/U ratio in zircons. 2°°Pb/>*3U
and 27Pb/?%Pb dates below+10% discordance are presented for
data < 1000 and > 1000 Ma, respectively

0.17 (Fig. 8e). Twenty-four zircons yielded a cluster of
concordant 2°°Pb/?3¥U dates (— 3.1-1.8% disc.) continu-
ously spread from 395 +4 to 430 +5 Ma (Figs. 6], 7e).
Calculated Ti-in-zircon temperatures yielded a range of
618 to 765 °C (from <2 to 12.2 ppm Ti; Supplementary
Table S3.2) without visible correlation between tempera-
tures and ages.

Apatite
Lofoten-Vesteralen complex (Lofoten Archipelago)

Apatite in the Lofoten eclogite forms subhedral to anhe-
dral grains with sizes from ca. 50 um up to several hundred
microns in diameter, usually forming intergrowths with gar-
net, but singular grains can also be found within the matrix
(Fig. 9a, b, c). Apatite grains are homogeneous in the BSE
images and show limited compositional variations in major
elements, i.e., 40.14-42.58 wt.% P,0s, and 51.99-56.08
wt.% CaO (Supplementary Table S2.1). The halogen com-
position of apatites from the Lofoten eclogites is variable
between the three main halogen compounds: F, Cl, and OH.
For the LOF3/12 eclogite, the fluorapatite component is
dominant (0.87 to 1.20 a.p.f.u. F), joined with the chlorapa-
tite component substitution (0.13-0.51 a.p.f.u. CI), and the
hydroxylapatite component (0.31-0.53 a.p.f.u. OH; calcu-
lated based on ideal stoichiometry; Ketcham 2015; Fig. 10b;
Supplementary Table S2.1). In the case of the LOF11/12
eclogite, apatites have a less significant fluorapatite compo-
nent (0.10-0.99 a.p.f.u. F), with higher contents of the chlo-
rapatite component (0.20-1.65 a.p.f.u. Cl), as well as higher
concentrations of the hydroxylapatite component (0.25-1.18
a.p.f.u. OH; Fig. 10b; Supplementary Table S2.1). Chon-
drite-normalized REE patterns of Lofoten apatites are gen-
erally flat for LREE with positive Eu anomalies (Eu/Eu*
up to 3.76; Figs. 8f, g, 10c), followed by a negative slope
from Gd to Lu representing depletion in HREE (Fig. 8f,
g) with negative Y anomalies (Y/Y*=0.48-0.81; Fig. 8&f,
g). Positive Eu anomalies recorded in apatite are similar to
positive Eu anomalies in the whole rock composition for
these eclogites. Additionally, trace element characteristics
of apatites from the Lofoten Archipelago include high Sr/Y
ratios of 4.41-275.38 for LOF3/12, and 39.89-2868.17 for
LOF11/12, together with high Th/U ratios from 0.70 to
8.67 (Fig. 10d). Apatites from eclogite LOF11/12 have the
lowest concentrations of REE (65—-1197 ppm) amongst the
investigated eclogites, with a strong depletion of HREE with
respect to LREE (La/Luy ratio 9.73-130.13; Supplemen-
tary Table S3.4; Fig. 10e). Eclogite LOF3/12 apatites have
the highest concentrations of As out of all samples (aver-
age 176 ppm, Supplementary Table S3.4). LA-ICPMS
U-Pb dating of apatite from Lofoten eclogites yielded lower
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Fig.8 Chondrite normalized plots for a—e zircon, f—j apatite and whole rock data. Chondrite normalizing values are taken from McDonough and

Sun (1995)

intercept ages of 322 +28 Ma (LOF3/12) and 354 +33 Ma
(LOF11/12; Fig. 11a, b). Six U-Pb analyses of apatites from
eclogite LOF11/12 plot along a separate trend in Concor-
dia space suggesting the presence of a younger population
with a lower intercept age 227 +24 Ma (Fig. 11c¢).
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Lower Seve Nappe (Northern Jamtland)

Apatites from the two LSN eclogites (DG-TJ and IK13-077)
form subhedral to anhedral grains in the rock matrix that are
homogeneous in BSE imaging, differing in size from a few
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Fig. 9 BSE images of microtextures containing the apatite in eclogite samples. Amp amphibole, Ap apatite, Bt biotite, Ccp chalcopyrite, Czo cli-
nozoisite, Di diopsite, Grt garnet, IIm ilmenite, P/ plagioclase, Po pyrrhotite, Omp omphacite, Rt rutile, Ttn titanite, Qz quartz

dozen to a few hundred micrometers in diameter (Fig. 9d, e).
The major cations do not show strong variations between the
two samples with 41.32-43.41 wt.% P,05 and 52.69-56.86
wt.% CaO (Supplementary Table S2.1). Regarding the
halogen composition, apatites in both eclogites have minor
chlorapatite components (0.00-0.10 a.p.f.u. Cl). Fluorapa-
tite is the dominant type of apatite in eclogite DG-TJ
(1.05-1.49 a.p.f.u. F) with a subordinate hydroxylapatite
component (0.50-0.95 a.p.f.u. OH). In contrast, apatites in
eclogite IK13-077 have more significant hydroxylapatite

component concentrations in relation to the fluorapatite
component (0.83-1.06 a.p.f.u. OH and 0.89-1.14 a.p.f.u.
F; Fig. 10b, Supplementary Table S2.1). The two eclogites
from the LSN also yield different apatite trace element char-
acteristics and U-Pb dating results. The main differences
in the REE concentrations include higher REE content in
apatite from eclogite DG-TJ compared to IK13-077, i.e.,
420-1207 ppm vs. 63-372 ppm, respectively (Fig. 10a, c,
e, f, Supplementary Table S3.4). Apatites from both eclog-
ites show bell-shaped chondrite-normalized patterns, with
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Fig. 10 Diagrams presenting
detailed trace element and vola-
tile composition of apatite. a
LREE vs. St/Y plot against the
SVM classification diagram of
O'Sullivan et al. (2020); dotted
red line marks the end of fields
defined by the initial database
above which continuation of
the fields is extrapolated for the
purpose of the figure (abbrevia-
tions for groups: ALK =alkali-
rich igneous rocks; IM =mafic
I-type granitoids and mafic
igneous rocks; LM =low- and
medium-grade metamorphic
and metasomatic; HM = partial-
melts/leucosomes/high-grade
metamorphic; S=S-type
granitoids and high aluminium
saturation index (ASI) ‘felsic’
I-types; UM =ultramafic rocks
including carbonatites, lherzo-
lites and pyroxenites). b Trian-
gular plot of halogen composi-
tion of studied apatites based on
the EPMA measurements (OH
contents calculated based on the
ideal stoichiometry of apatite
X position). ¢ Sums of REE vs.
values of Eu anomalies. d Sr/Y
ratios vs. Th/U ratios. e Sums
of HREE vs. sums of LREE.

f Sum of REE vs. content of
Na in apatite. g Concentration
of Sr vs. calculated F content.
h Values of Eu anomalies vs.
calculated F contents
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Fig. 11 Concordia plots with results of U-Pb apatite dating

average La/Smy=0.30 and 0.55 and La/Luy=9.33 and
5.50, in eclogites DG-TJ and 1IK13-077, respectively. The
Eu anomalies for both samples are negative (average Eu/
Eu*=0.73; Figs. 8h, i, 10c, h; Supplementary Table S3.4).

8238 U/206Pb12

LA-ICPMS U-Pb analyses of apatites yielded two different
lower intercepts ages, with 415 +25 Ma (MSWD =0.65) for
eclogite DG-TJ, and 436 + 18 Ma (MSWD =0.88) for eclog-
ite IK13-077 (Fig. 11d, e).
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Blahg Nappe (Nordgyane Archipelago)

Apatites in the Bldhg Nappe eclogite (MB17.01E) form
subhedral to anhedral grains ca. 100 X200 ym in size
(Fig. 9f). BSE imaging of separated apatite grains revealed
the presence of linearly oriented, micro- to nanoinclu-
sions (ca. <2 um in diameter) of chalcopyrite within oth-
erwise homogenous grains. The main cation compositions
in the apatites are consistent with 41.20-43.12 wt.% P,O4
and 53.91-56.25 wt.% CaO (Supplementary Table S2.1).
Fluorapatite is the dominant endmember in the apatite
(1.01-1.55 a.p.f.u. F), which usually also have low con-
tent of chlorapatite (0.00-0.03 a.p.f.u. Cl). However, there
are a few analyses that record higher concentrations of
Cl (0.06-0.43 a.p.f.u.). The hydroxylapatite component
comprises the rest of the anion composition, assuming
ideal stoichiometry (0.45-0.98 a.p.f.u. OH; Fig. 10b, Sup-
plementary Table S2.1). Apatites from the Bldhg Nappe
eclogite recorded the highest concentrations of REE
(1418-4284 ppm) among the studied eclogites, especially
with visible enrichment in LREE (957-3749 ppm), exhibit-
ing a decline towards HREE in the chondrite-normalized
pattern (average La/Luy=110.67; Figs. 8j, 10c, e, f; Supple-
mentary Table S3.4). Apatites from eclogite MB17.01E also
have the highest concentrations of Na (333-1433 ppm), U
(4.61-51.62 ppm), and Th (0.56-18.09 ppm), together with
elevated amounts of Fe in the structure (271-1068 ppm). The
U-Pb dating of apatites, based on analyses of 30 grains, pro-
vided a lower intercept age of 390+ 12 Ma (MSWD =0.34,
Fig. 111).

Discussion

Inherited zircon—records of events prior
to subduction and metamorphism

Out of the whole set of samples, inherited zircon grains
were present in both eclogites from LVC (LOF3/12 and
LOF11/12) and also in one of the samples from the LSN
(IK13-077). The inherited zircon domains are usually found
as the cores of composite grains that are dark in CL images
and commonly exhibit irregular boundaries with CL-bright
rims. The presence of oscillatory growth zoning, high HREE
contents and Th/U ratios well above 0.4 (Figs. 5a, b, d, 7a, b,
d, 8a, b, d) indicates the igneous origin of zircon (cf., Hoskin
and Black 2000; Kelly and Harley 2005; Rubatto 2017). In
the Lofoten eclogites, the age cluster at ca. 1800 Ma from the
inherited zircon domains is consistent with earlier geochro-
nology of the crystalline basement rocks of the LVC (Corfu
2004a; Fig. 7a, b). All the U-Pb data from the inherited
domains plot along a discordia line with upper and lower
intercepts at ca. 1800 Ma and ca. 420-440 Ma, respectively,
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indicating that a relic component of the Paleoproterozoic
mafic protolith metamorphosed under eclogite-facies condi-
tions during Caledonian metamorphism (Fig. 6a—e; Markl
and Bucher 1997). In case of the LSN eclogite, U-Pb dat-
ing of inherited zircon domains resulted in scattered dates
ranging from 883 to 1986 Ma with cluster of ages around
1000 Ma (Fig. 7d). These ages correlate well with the U-Pb
ages of detrital zircon from the metasediments of Middle
Allochthon within Seve Nappe Complex (Gee et al. 2014,
2015). This suggests that the mafic protolith was supplied
with zircons derived from the surrounding sedimentary
rocks, followed by later (U)HP metamorphism during
subduction.

Metamorphic zircon—isotopic and trace element
records of metamorphism

Metamorphic zircon domains in all samples exhibit varying
levels of brightness in CL images, either forming rims on the
relic cores or are found as whole grains that vary in texture
from homogenous to heterogeneous with different zoning
patterns (Fig. 5). The contrast with the inherited zircon is
easily recognized when both domains are present, with met-
amorphic domains being much brighter, common for meta-
morphic zircon (cf., Rubatto 2002, 2017; Corfu et al. 2003a,
b; Whitehouse and Platt 2003; Bingen et al. 2004; Chen et al.
2010). The two textural types of metamorphic zircon share
similar trends in trace element characteristics, such as low
concentrations of HREE compared to the inherited domains
(Fig. 8a—e). The variable Th/U ratios of 0.00-0.17 and U-Pb
ages in range of 467.2 Ma to 395.4 Ma (Figs. 6, 7) indicate
various records of Caledonian metamorphism for different
eclogites.

In case of the zircons from the LVC eclogites, depletion
in HREE, manifesting in flat chondrite normalized patterns
(Lu,/Gd, < 3; Fig. 8a, b), indicate that zircon grew in the
presence of garnet (cf., Rubatto 2002; Harley et al. 2007;
Rubatto and Hermann 2007). Additionally, a weak negative
Eu anomaly in chondrite normalized plots (Eu/Eu* >0.75;
Fig. 8a, b) suggests zircon growth in plagioclase-unstable
conditions at high pressures (Rubatto and Hermann 2007).
Earlier Lu—Hf dating of garnet resolved the age of eclog-
ite-facies metamorphism to 399 + 10 Ma (Froitzheim et al.
2016). The 2°Pb/?*8U dating of zircon in this study provided
two populations of Early Paleozoic ages, an older one span-
ning from 475 to 450 Ma and a younger one with a Con-
cordia age of 427.8+5.7 Ma (n=10, 20, MSWD =0.02;
Fig. 6b, ¢). The older population correlates with the amphi-
bolite facies metamorphic events recorded between 469 and
461 Ma in the Lofoten area (Corfu 2004a; Steltenpohl et al.
2011a, b; Froitzheim et al. 2016). The 427.8 +5.7 Ma zircon
population, which records garnet growth, does not match the
previous Lu—Hf garnet age of 399 + 10 Ma from eclogite at
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Fig. 12 Summary of the geochronological data for each of the stud-
ied complexes, presenting data from this study and earlier works.
Error bars are given with 2¢ confidence level. [1] This study; [2]
Steltenpohl et al. (2011a, b) [3] Corfu (2004a); [4] Froitzheim et al.
(2016); [5] Steltenpohl et al. (2003); [6] Brueckner and Van Roer-
mund (2007); [7] Fassmer et al. (2017); [8] Root and Corfu (2012);
[9] Bender et al. (2019); [10] Walczak et al. (2019); [11] Terry et al.
(2000b); [12] Holder et al. (2015); [13] Cutts and Smit (2018); [14]
March et al. (2022)

the same mafic exposure (Fig. 12a; Froitzheim et al. 2016).
Diffusional resetting of the Lu—Hf system in garnet is not
predicted as temperatures did not exceed ~ 650 °C (Froit-
zheim et al. 2016; Bloch et al. 2020). Thus, it is possible
that the zircon may record an earlier stage of HP metamor-
phism and an older generation of garnet growth, progress-
ing to UHP metamorphism at 399 + 10 Ma. It is also pos-
sible that the differences between these age records could
reflect two separate events of HP metamorphism, first at ca.
425 Ma (this study) and second at ca. 399 Ma (Froitzheim

et al. 2016) in the subduction-exhumation cycles following
the dunk tectonics model for the Scandinavian Caledonides
(Fig. 12a; Brueckner et al. 2004; Brueckner 2006; Majka
et al. 2014). Both scenario span the evolution of the Bal-
tica-Laurentia collision (425-400 Ma; Kylander-Clark et al.
2009).

The two eclogite samples collected from the LSN show
different geochemical and geochronological characteristics
of zircon (Figs. 6f—i, 7c, d, 8c, d). In the case of sample
1K 13-077, the zircon grains have well defined core and rim
textures, with inherited Proterozoic cores that occur to a
much lesser extent in sample DG-TJ (Fig. 5c, d). This was
most likely caused by the variability in the composition of
the initial rocks that were subducted. Even though the meta-
morphic domains have HREE concentrations significantly
lower than the inherited cores, they have the same REE slope
in the chondrite normalized plots (Fig. 8d) with ratios of
Lu,/Gd, from 17.4 to 70.8, suggesting that growth of the
metamorphic zircon preceded garnet (Rubatto 2002; Harley
et al. 2007; Rubatto and Hermann 2007). This interpretation
is in agreement with the 2°°Pb/?*8U age of 467.2+5.9 Ma
being older than previous results of Sm—Nd and Lu—Hf gar-
net dating of ca. 458 Ma for the samples from LSN (Brueck-
ner and Van Roermund 2007; Fassmer et al. 2017; Figs. 2b,
61). Therefore, the 467.2 +5.9 Ma age is interpreted as the
growth of the metamorphic zircon during prograde stages
of subduction of the LSN before garnet growth (Fig. 12b).

Zircons from eclogite DG-TJ, in contrast to those
from the eclogite IK13-077, are almost completely com-
posed of metamorphic domains. Only a single analysis
of a grain core yielded higher concentrations of HREE
and Th/U ratios, similar to other inherited zircon cores
in this paper. However, the U-Pb date obtained within
this grain was significantly lower at 524 + 6 Ma, suggest-
ing that it is possibly an inherited grain overprinted by
metamorphism. The concordia age of 444.5 +5.5 Ma for
the metamorphic zircon from eclogite DG-TJ (Fig. 6g) is
consistent with earlier 446.3 +3.7 Ma and 445.2+2.1 Ma
U-PDb ages of zircon and rutile, respectively (Root and
Corfu 2012). These ages collectively contrast the older
Sm—Nd and Lu—Hf garnet ages of ca. 458 Ma from the
Tjeliken eclogites (Brueckner and van Roermund 2007;
Fassmer et al. 2017; Figs. 2b, 6g). Chondrite normalized
plots of the DG-TJ metamorphic zircon show flat HREE
patterns with Lu /Gd, ratios < 3, suggesting zircon grew
coeval with or subsequent to garnet (Rubatto 2002; Harley
et al. 2007; Rubatto and Hermann 2007). Textural evi-
dence shows that at least some zircon growth was sup-
plied with Zr by rutile partially replaced by ilmenite and
titanite (Fig. 4a, b), typically linked with retrogressive
metamorphism during decompression (Kohn et al. 2015).
The calculated Ti-in-zircon temperatures of 620-698 °C,
representing conditions of the zircon growth, are high
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enough to exceed the closure temperature for Pb diffusion
in rutile (570-630 °C), which is in agreement with rutile
recording isotopic closure at ca. 445 Ma during exhuma-
tion and cooling of the rocks (Cherniak 2000; Kooijman
et al. 2010). This explains the correlations between the
U-Pb ages of zircon and rutile that are younger than garnet
crystallization (Brueckner and van Roermund 2007; Root
and Corfu 2012; Fassmer et al. 2017). Therefore, the U-Pb
age of 444.5+ 5.5 Ma corroborates the previous postula-
tion that zircon grew coevally with breakdown of rutile
during the retrograde metamorphism during exhumation
(Fassmer et al. 2017; Fig. 12b).

Zircon grains in eclogite MB17.01E all feature bright
domains in CL images with sector or patchy zoning and a
lack of distinct inherited core—metamorphic rim textures
(Fig. 5e). The flat HREE patterns of metamorphic zircon
in the chondrite-normalized plot (Lu,/Gd, < 3; Fig. 8e)
suggest that zircon grew either coeval with or subsequent
to garnet (Rubatto 2002; Harley et al. 2007; Rubatto and
Hermann 2007). Similar to the eclogite DG-TJ, microtex-
tural features suggest that some zircon could have formed
due to rutile breakdown (Fig. 4c, d). The Lu—Hf garnet
date of 404.5 +7.9 Ma from the Nordgyane eclogite (Cutts
and Smit 2018) suggests the age of garnet re-equilibration
after multiple HP-HT metamorphic events. The low preci-
sion of the Lu—Hf age was attributed to high Lu/Hf ratios
and homogenized composition of garnet (Cutts and Smit
2018; see sample 14-06-FJ). Recent zircon and rutile U-Pb
geochronology of gneisses that accompany eclogites on
Fjortoft island provided a collection of concordant Cal-
edonian dates ranging from ca. 450 Ma to ca. 378 Ma,
suggesting either a protracted period of zircon recrystal-
lization and Pb-loss, or multiple discrete zircon-forming
metamorphic events (Walczak et al. 2019; March et al.
2022). Two distinct high-grade metamorphic events in the
tectonic evolution of this area were proposed. The first
event has been constrained to 446.2 +2.1 Ma, whereas
the second includes multiple events from ca. 437 to ca.
423 Ma, with scattered younger dates of ca. 417-397 Ma
related to the retrograde metamorphism (Walczak et al.
2019). Additionally, monazite U-Pb geochronology pro-
vided two populations of Caledonian ages, one clustered
around 423 Ma and interpreted as the possible age of early
stages of (U)HP metamorphism, and the second population
at ca. 385 Ma that could be related to cooling in the region
(March et al. 2022).

Our U-Pb zircon data for the Fjgrtoft eclogite, forming
a continuous span of dates from ca. 430 to 395 Ma, repro-
duce previous geochronological patterns from gneisses in
the area. The lack of any clusters within the specific ages
suggest that the previously distinguished second metamor-
phic event is more likely a part of a longer process includ-
ing several cycles of (U)HP-HT metamorphism within short
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intervals from each other occurring at the final stages of the
Scandian collision and transitioning smoothly into retrogres-
sion metamorphism related to exhumation. In such case, it
is difficult to resolve those cycles with the resolution of the
zircon U-Pb dating in the eclogite MB17.01E. The continu-
ous concordant cluster of dates indicates prolonged zircon
growth from 430 to 395 Ma, which could also be a result of
partial overprint due to thermal event(s) postdating zircon
growth.

Trace element characteristic of apatite in eclogites

The results of BSE imaging and EPMA-WDS analysis dem-
onstrate that apatites from all studied eclogites have similar
major element content and no chemical zoning is apparent.
However, significant variations exist in trace element and
halogen content (Fig. 10). In particular, both the absolute
REE content and the REE patterns for apatites vary between
the eclogite samples. The absolute apatite REE content is
positively correlated with bulk rock REE content, suggest-
ing the former is a function of the latter. The most com-
mon substitution mechanisms that allow incorporation of
REE into the apatite structure include 2REE*" — 3Ca*";
REE* 4+Na® —2Ca’*; REE* +Si0,* —Ca’* +PO,?
(Fleet and Pan 1995; Pan and Fleet 2002). Because sam-
ples DG-TJ, MB17.01E and, to a lesser degree, IK13-077,
all show linear positive correlations between Na vs. REE
(Fig. 10f), the REE** 4+ Na™ — 2Ca?* substitution seems to
be the predominant among the studied apatites.

In contrast to the correlation of absolute REE content
between apatite and bulk rock, the apatite REE trends gener-
ally do not match the bulk rock REE trends, with the excep-
tion of the positive Eu anomaly from apatite in eclogite
LOF11/12. The dissociated REE patterns indicate that apa-
tites also provide distinct records of metamorphic processes
in the eclogite (Fig. 8f—j). All apatites share the general
trend of negative HREE slopes with negative Y-anomalies
in the chondrite-normalized plots with respect to the bulk
rock. These patterns can be attributed to the incorporation
of HREE and Y into garnet, which is an abundant phase in
the eclogites, and possibly, to a lesser extent, into zircon (cf.
Grauch 1989). The apatite LREE patterns also do not follow
the bulk rock REE trends. Apatites in all samples show flat
to positively inclined LREE patterns, with distinctly elevated
LREE pattern of MB17.01E apatites (Figs. 8f—j, 10a, ). The
data prevent drawing far-reaching conclusions, nevertheless,
these patterns are partially explained by coeval or subse-
quent growth of apatites with phases preferentially incor-
porating LREE, such as epidote in DG-TJ eclogite (Fig. 4b;
cf. Gieré and Sorensen 2004; Henrichs et al. 2018, 2019;
Jepson et al. 2021) or monazite, which has been reported
in eclogites from the studied regions (Terry et al. 2000b;
Holder et al. 2015; March et al. 2022).
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High concentrations of Sr are recorded by all apatites
investigated here, with extremely high Sr concentrations in
apatites from Lofoten region, replicating the bulk composi-
tion of the Lofoten eclogite samples (Fig. 10a; Supplemen-
tary Table S4). The high Sr contents and lack of distinct
negative Eu anomaly in chondrite-normalized patterns of
apatites generally suggest the absence of plagioclase during
their growth in the investigated eclogites (Figs. 8f—j, 10a,
c¢). The LREE, Th, and U enrichment in apatites from high-
grade metamorphic processes can be the result of titanite
and/or allanite breakdown during prograde metamorphism,
together with solid state diffusion during prolonged time
spent in HT conditions (Bingen et al. 1996; Cherniak 2010;
Henrichs et al. 2018, 2019; O’Sullivan et al. 2020). Apatite
could have been stabilized by F supplied by biotite break-
down, thus becoming a sink for LREE, Th, and U in the
eclogite (cf., Bingen et al. 1996; Jepson et al. 2021). In that
sense, the apatite could have crystalized coevally with zir-
con and/or garnet, but at the high temperature conditions
it behaved as an open system until cooling below ~ 550 °C
(Bingen et al. 1996; Chew and Spikings 2015; Jepson et al.
2021). Therefore, characteristics of LREE and HREE pat-
terns, presence / absence of Y and Eu anomalies, as well as
characteristics of Sr concentrations, fingerprint metamorphic
processes recorded by apatites, indicating formation during
the HP history of the eclogites.

Apatite as a fingerprint of metasomatic processes

Fluorapatite is the dominant type in most of metamorphic
and magmatic rocks due to preferential partitioning of F into
the apatite structure with varying additions of OH or Cl,
depending on the conditions of apatite growth and/or altera-
tion processes (Zhu and Sverjensky 1991; Sha and Chappell
1999; Pan and Fleet 2002; Piccoli and Candela 2002; Spear
and Pyle 2002; Schettler et al. 2011; Harlov 2015). Among
studied eclogites, apatite halogen compositions show dis-
persion with varying concentrations of F, Cl and OH within
the same sample. The dispersion of halogens could suggest
interactions with fluids since halogens in apatite are very
sensitive to such changes and can easily exchange with the
fluid not necessarily affecting the overall composition of
apatite.

In case of both LVC samples, apatites contain high
amount of Cl, including a few analyses in LOF11/12 sample
where Cl is the main halogen component (Fig. 10b, Sup-
plementary Table S2.1). Presence of Cl-rich phases (e.g.,
amphibolite, biotite, scapolite) is one of the known fea-
tures of metamorphic rocks in the Lofoten region (Kullerud
1992, 1995, 1996; Kullerud and Erambert 1999). There-
fore, we interpret the Cl-rich component of apatite to be
inherited from the eclogite protolith or fluids responsible

for eclogitization of the protolith, whereas later-stage fluid
induced dissolution-reprecipitation processes resulted in the
exchange of Cl with more preferential F and OH (cf. Harlov
and Forster 2003; Krause et al. 2013). Re-equilibration of
halogens may also be reflected in trace element dispersions
as indicated by decreasing Sr and Eu contents in apatite
grains with lower CI concentrations and consequently higher
concentrations of F (Fig. 10g, h; Supplementary Tables S2.1,
S3.4). This also explains the lower concentrations of REE
recorded in Lofoten samples and the lack of correlation
between Si, Na and REE (Fig. 10f).

In the apatites from eclogite DG-TJ from the LSN, the
dominant end-member is fluorapatite with slightly varying
OH components and negligible contents of CI. Despite dis-
perse halogen composition there are no clear indications of
potential metasomatic alteration in trace element of apatites
in this sample (Fig. 10b; Supplementary Table S2.1). The
relatively uniform, bell-shaped chondrite-normalized REE
patterns with well-defined Y and Eu negative anomalies
show the consistent chemistry of apatites during the evolu-
tion of the Tjeliken eclogite (Fig. 8h). If the dispersion of
F and OH in apatites from DG-TJ eclogite indicates inter-
actions with the fluids, the trace element would not have
responded to this interaction and remained robust records
of crystallization.

The apatites from eclogite IK13-077 differ from the
DG-TJ sample regarding halogen composition where OH
component is more pronounced with some trace amounts
of CI also present (Fig. 10b; Supplementary Table S2.1).
Additionally, there is a correlation between halogen discrep-
ancies and the trace element characteristics of apatites with
Sr concentrations decreasing and Eu/Eu* negative anoma-
lies getting more pronounced with increasing F content in
apatites (Fig. 10g, h). The REE in IK13-077 apatites have
lower concentrations compared to DG-TJ and are more vari-
able with dispersed chondrite-normalized patterns for LREE
and HREE (Fig. 8i; Supplementary Table S3.4). Addition-
ally, the less clear correlation between Si or Na vs. REE,
shifted similarly to the LVC samples, could possibly reflect
post-crystallization alteration processes, which might be
responsible for partial removal of REE (particularly LREE)
from the structure due to fluid-induced alterations during
retrogression (Fig. 12b; cf., Harlov and Forster 2003; Krause
et al. 2013).

The halogen composition of the MB17.01E eclogite
from the Blédhg Nappe is similar to the samples from LSN
described above with the dominant substitution of fluorapa-
tite with a lesser contribution of the OH component and
uncommon increase of Cl contents (Fig. 10b). The disper-
sion of the halogen composition in this sample could indicate
apatite growth during a dynamically changing environment
over an extended period of time (i.e., multiple metamorphic
events with different fluid compositions), or heterogeneous
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metasomatism of the apatite after crystallization. The com-
positional trace element characteristics of apatites from
MB17.01E eclogite generally contrast those of apatites from
the other regions with elevated concentrations of LREE as
well as U and Th. The chondrite-normalized REE patterns
are uniform in the LREE region, whereas towards the HREE
they become more scattered (Fig. 8j). Enrichment in the
LREE indicates lack of other LREE-bearing phases during
apatite growth whereas scattered HREE content is attributed
to the influence of the behaviour of garnet and zircon. To
conclude, the preserved linear trend of Na vs. REE, high
amounts of LREE and U, slight dispersion of the Eu anom-
aly, negative Y anomaly and the negative slope of HREE
chondrite-normalized patterns indicate that apatite crystal-
lized in HP conditions in the presence of garnet and absence
of plagioclase, followed by metasomatism in the presence of
plagioclase and partial consumption of garnet that released
HREE + Y. The lack of LREE dispersion may reflect that no
LREE-bearing phase grew during the fluid-alteration event
of apatite, therefore, no LREE was sequestered from apatite.

Apatite geochronology

The trace element records of apatites generally indicate they
formed as part of the HP eclogite mineral assemblage in the
presence of garnet and absence of plagioclase. Formation
of apatite in HP conditions necessitates that it formed in
temperature conditions exceeding the apatite Pb closure tem-
perature, based on previous P-T studies of the three regions
(Dobrzhinetskaya 1995; Majka et al. 2014; Froitzheim et al.
2016; Fassmer et al. 2017; Gilio et al. 2021). Thus, apatites
either record cooling or Pb loss due to metasomatism (e.g.,
dissolution-reprecipitation reactions).

For the LVC eclogites, the U-Pb apatite data include two
age populations (1) 354 +33 and 322 +28 Ma ages staying
within their uncertainties, and (2) 227 +24 Ma (Fig. 11a—c),
all considerably younger than the U-Pb zircon ages from
the LVC eclogites. The age discrepancy between zircon and
apatite in each sample is interpreted to be related to volume
diffusion of Pb, which occurs through the apatite structure
in temperature conditions above ca. 350-550 °C (Cherniak
2010; Chew et al. 2011; Chew and Spikings 2015). Con-
sequently, with regard to the trace element and halogen
composition of apatites from Lofoten samples, the ages of
354-322 Ma are interpreted to provide the timing of the
retrogressive metamorphism and metasomatic alteration
during exhumation of the eclogites. The age is consistent
with earlier “°Ar/*°Ar geochronology of micas that sug-
gested retrogression during the relatively broad timespan of
364-300 Ma (Fig. 12a; Steltenpohl et al. 2011a, b; Fournier
et al. 2019). The age of 227 +24 Ma in eclogite LOF11/12
suggests a younger overprint involving another reheating
episode(s) potentially associated with fluids that affected
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the U-PDb system in apatite, possibly due to extensional tec-
tonics related to the Pangea break-up and formation of local
sedimentary basins (e.g., Steltenpohl et al. 2004, 201 1a, b;
Fournier et al. 2014).

The different compositional characteristics of apatites
from the LSN suggest that apatite resolves different stages
and processes during exhumation of the LSN. The slightly
older apatite age suggests cooling during exhumation of
the IK13-077 eclogite at 436 + 18 Ma, possibly accompa-
nied by fluid alterations related to the active shear zones
as suggested by dispersions in its trace element content. In
contrast, the apatite data from eclogite DG-TJ do not show
strong evidence for fluid-induced alteration and are inter-
preted to record cooling of the eclogite at 415 +25 Ma below
500-350 °C. It is possible that the two ages may record the
same event considering the high uncertainty of the results,
however, it cannot be excluded that two distinct events are
recorded. This possibility supports the previously proposed
idea that the Tjeliken eclogite, together with its host gneiss,
may not be a part of LSN, but is rather a klippe of the Mid-
dle Seve Nappe (Stromberg et al. 1984; Majka et al. 2014;
Klonowska et al. 2016). In such case, apatites from eclogite
IK13-077 would represent exhumation of the LSN along its
basal shear zone with apatites from DG-TJ recording sub-
sequent activation (or prolongation) of the MSN-LSN shear
zone, exhuming the MSN rocks (including Tjeliken). Thus,
the potential discrepancy of the apatite U-Pb dates between
the two eclogites supports out-of-sequence thrusting of the
SNC in northern Jamtland, with distinct events occurring
at ca. 430 Ma and ca. 415 Ma (Bender et al. 2018; 2019).

For the Blahg nappe eclogite, the apatite lower intercept
age of 390+ 12 Ma constrains the age of cooling through
500-350 °C. The HREE, Eu and Y characteristics discussed
earlier suggest record of post-crystallization alteration, how-
ever, the U-Pb systematics are uniform, indicating record of
a single event (Fig. 11). This can be explained by the slower
diffusion of REE compared to diffusion of Pb in apatites
(Cherniak et al. 1991; Cherniak 2000), with metasomatism
occurring in temperature conditions below REE closure, but
above Pb closure. As a result, metasomatic patterns recorded
by REE may not correlate with their U-Pb record, unlike
for zircon. The age of apatite corresponds well to earlier
constraints on the cooling ages in the region (Krogh et al.
2011; Walsh et al. 2013; Kylander-Clark and Hacker 2014).
Altogether, the apatites in the LSN demonstrate older exhu-
mation ages compared to those in the LVC and in the Bléhg
nappe, suggesting earlier exhumation of (U)HP rocks found
in the tectono-stratigraphically higher Seve Nappe Com-
plex compared to those in the parautochthonous Baltican
basement.
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Conclusions

Comprehensive geochronological and geochemical inves-
tigations of zircon and apatite from eclogites provide new
data that significantly contribute to tectono-metamorphic
reconstructions in three regions of the Scandinavian Cal-
edonides. The HREE characteristics, combined with inter-
nal textural features, reveal both igneous and metamor-
phic origins of zircon. They also allow for constraining
the stages of growth along the metamorphic P-T path with
respect to other HREE- and Zr-bearing phases. The zircon
geochronology resolves the timing of prograde metamor-
phism in the eclogites from the Lofoten-Vesteralen com-
plex at 427.8 +5.7 Ma, and in one eclogite from the LSN
at 467.2 +5.9 Ma. The zircon age representing retrograde
metamorphism at 444.5+5.5 Ma is constrained in the
second eclogite from the LSN eclogite from Tjeliken Mt.
In contrast, protracted high-grade metamorphic event(s)
are recorded in the Blahg Nappe eclogite from ca. 430 to
395 Ma. The new geochronological data complete the ear-
lier zircon geochronology for future tectono-metamorphic
reconstructions of the Scandinavian orogen.

The apatite U-Pb data provide new important informa-
tion constraining timing of the late stages of retrograde
metamorphism and exhumation, previously not sufficiently
determined in the Scandinavian Caledonides. For the LVC
eclogite, apatite U-Pb ages of 354-322 Ma represent the
retrogressive metamorphic stage and the metasomatic
alterations during exhumation. The ages of 436 + 18 Ma
and 415 +25 Ma yielded by apatites from the LSN eclog-
ites correspond to previously determined exhumation
stages of the LSN, with apatite recording fluid altera-
tions in one of the studied eclogites, whereas apatite in
the second eclogite does not bear signs of alteration. The
390 + 12 Ma age of apatites from the Blahg Nappe eclogite
resolve cooling of the eclogite after periodic or prolonged
(U)HP-HT metamorphism.

In summary, this work demonstrates the high poten-
tial for applying zircon and apatite petrochronology in
eclogites in reconstruction of the metamorphic histories
of (U)HP terranes. Future studies should consider further
petrochronology of eclogites, particularly that of apatite,
to improve the dataset required to complete tectono-meta-
morphic history of the Scandinavian Caledonides, specifi-
cally their retrogressive stages reflected in apatite U-Pb
age record. Nonetheless, the combined use of coupled
trace element and U-Pb analyses of zircon and apatite
has proven its potential to resolve the prograde, peak, and
retrogressive metamorphic evolution of eclogites, high-
lighting the necessity of analyzing trace element composi-
tions when dating zircon grains as well as introducing the
capabilities of apatite petrochronology in eclogite studies.
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