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The Scandinavian Caledonides comprise nappe stacks of far-travelled allochthons that record closure of the
lapetus Ocean and subsequent continental collision of Baltica and Laurentia. The Seve Nappe Complex
(SNC) of the Scandinavian Caledonides includes relics of the outermost Baltoscandian passive margin
that were subducted to mantle depths. The earliest of the deep subduction events has been dated to ca.
500-480 Ma. Evidence of this event has been reported from the northern exposures of the SNC. Farther
south in the central and southern segments of the SNC, (ultra)high-pressure rocks have yielded younger
ages in the range of ca. 470-440 Ma.
This study provides the first record of the early Caledonian event in the southern SNC. The evidence has been ob-
tained by depth profiling of zircon grains that were extracted from the Tvdaraklumparna microdiamond-bearing
gneiss. These zircon grains preserve eclogite facies overgrowths that crystallized at 482.6 + 3.8 Ma. A second,
chemically-distinct zircon overgrowth records granulite facies metamorphism at 439.3 + 3.6 Ma, which corrob-
orates previous geochronological evidence for granulite facies metamorphism at this time. Based on these results,
we propose that the entire outer margin of Baltica was subducted in the late Cambrian to early Ordovician, but
the record of this event may be almost entirely eradicated in the vast majority of lithologies by pervasive late
Ordovician to early Silurian metamorphism.
©2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Far-travelled allochthons in the Scandinavian Caledonides (Fig. 1)
provide the foundation for investigation of lapetus Ocean closure and
subsequent Scandian (Siluro-Devonian) collision between Baltica and
Laurentia (Gee, 1975). The Lower Allochthon includes Early Paleozoic
successions that are clearly related to the Baltoscandian platform of
Baltica and also include Caledonian foreland basin deposits. Overlying
thrust sheets (Middle Allochthon) are of higher metamorphic grade
was derived from the outer margin of Baltica and, at highest levels,
the hyperextended continent-ocean transition zone. They are
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dominated by siliciclastc metasediments and an abundance of ca.
600 Ma mafic magmatic rocks (basalts, dolerites and gabbros) (e.g.
Gee et al., 2014; Gee and Stephens, 2020). lapetus Ocean terranes, in-
cluding ophiolites and volcanic arc-related assemblages, comprise the
overlying thrust sheets (Stephens, 2020 and references therein).

The allochthons from the outermost parts of the Baltoscandian
margin (the Seve Nappe Complex, SNC) have all been metamorphosed
in at least amphibolite facies (e.g. Gee et al., 2020). Many bear un-
equivocal records of high pressure (HP) and a few of ultra-high pres-
sure (UHP) metamorphism related to deep subduction to mantle
depths during the closure of the lapetus Ocean (e.g. Jandk et al.,
2013; Majka et al,, 2014; Klonowska et al, 2017; Bukata et al,
2018). The earliest of the deep subduction events has been recognized
in the SNC in the northern part of the mountain belt and has been
dated to ca. 500-480 Ma based U-Pb and Th-U-total Pb analyses of
zircon and monazite, respectively (e.g. Root and Corfu, 2012; Barnes
et al., 2019). Farther south, in central parts of the orogen, UHP
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Fig. 1. (A) Tectonostratigraphic map of the Scandinavian Caledonides (based on Klonowska et al., 2017 and references therein). (B) Simplified geological map of west-central Jamtland
(based on Majka et al., 2014). Sample JMY-19a location (63.20435°N, 12.35096°E) is indicated by the arrow.
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metamorphic rocks yield younger Lu-Hf and Sm-Nd garnet-
clinopyroxene-whole rock, Th-U-total Pb monazite and U-Pb zircon
(whole grain and ion microprobe) ages of ca. 470 to 445 Ma, all
interpreted to date prograde to peak metamorphism (Brueckner and
van Roermund, 2007; Majka et al., 2012; Root and Corfu, 2012;
Fassmer et al,, 2017; Klonowska et al.,, 2017; Petrik et al., 2019). This
spatially-distributed age pattern has led to various proposals for oro-
genic evolution, including oblique continent-arc/microcontinent colli-
sion or subduction of an irregular continental margin (e.g. Brueckner
and van Roermund, 2004; Gee et al., 2013; Fassmer et al., 2017).

In this study, we utilize zircon depth profiling to unravel the com-
plex tectonic history of UHP rocks in west-central Jimtland County,
Sweden, especially the age of the microdiamond-producing event
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(Majka et al., 2014). Previous studies have demonstrated the power of
this technique to provide high-spatial resolution in zircon geochronol-
ogy and trace element analysis (e.g. Kelly et al., 2014; Skipton et al.,
2016; Barnes et al., 2019). This study reveals a more complex Caledo-
nian geochronological record of the studied gneiss and, more generally,
demonstrates the strength of zircon depth profiling applied to
polymetamorphic terranes to extract complex histories. Applying this
technique to the microdiamond-bearing gneiss from Jamtland
(Tvardklumparna) has provided strong evidence for at least two sub-
duction episodes, which is in agreement with a previously proposed
‘dunk tectonics’ evolution for the Scandinavian Caledonides proposed
by Brueckner and van Roermund (2004) and Brueckner (2006). This
model hypothesizes that the Baltoscandian outer continental margin
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Fig. 2. (A) BSE images of representative zircon crystals from the Tvaraklumparna gneiss. Pits from ion beam mark the SIMS analytical spots, given numbers indicate the obtained 2°°Pb/2*8U
dates for the corresponding spot. (B) BSE images of zircon grains mounted in indium for LA-ICP-MS depth profiling analyses with exemplary zircon grains showing differences in
crystals shape.
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was repeatedly subducted into the mantle (‘dunked’) during successive
collisions with arcs and continental fragments during lapetus Ocean clo-
sure, including the final continental collision. The latter resulted in the
emplacement of the SNC onto the thrust sheets of the Baltoscandian
margin, including those hosting the Silurian flysch of the foreland ba-
sins, which are all now situated on the Baltoscandian platform.

2. Methodology
2.1. Sample Description

The studied rock was collected on Norder Tvaraklumpen (the north-
ern peak of the Tvaroklumparna ridge) in westernmost central Jamtland
(Fig. 1). It is the same sample (JMY019a; Majka et al., 2014) in which
microdiamond was first discovered in the SNC. This migmatitic
paragneiss reveals a well-developed shear fabric. It is composed of gar-
net, phengite, kyanite, quartz, K-feldspar, plagioclase, biotite and silli-
manite (also in form of fibrolite). Less abundant phases are monazite,
Al-spinel, rutile, ilmenite, zircon, titanite, apatite, carbonates, graphite
and diamond. In-situ chemical monazite dating of this gneiss yielded a
weighted average age of 445.1 & 3.5 Ma, interpreted as the timing of de-
compression and slight cooling after the UHP peak of metamorphism
(Klonowska et al., 2017), based on phase equilibrium themodynamic
modelling, petrochronological analysis of monazite trace element char-
acteristics and detailed studies of successive paragenetic assemblages,
both on Tvirdklumparna and also Areskutan, 50 km farther east
(Klonowska et al., 2014; Klonowska et al., 2017; Majka et al., 2012,
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2015). More detailed description of this particular sample and the
local geology can be found in Majka et al. (2014, 2015).

2.2. U-Th-Pb SIMS isotopic analysis

The zircon grains were separated from the crushed sample using
standard techniques of sieving, Wilfley table sorting, and hand picking
under a stereomicroscope. The zircon separate was then placed into
an epoxy mount together with the standards and were polished to re-
veal zircon grain interiors. Locations suitable for analysis were chosen
by careful examination of the internal textures of zircon. The internal
textures were observed with cathodoluminescence (CL) imaging using
the electron microprobe at Uppsala University (Fig. A5). After isotopic
analysis, the position of analytical points was checked again with
back-scattered electron (BSE) imaging carried out by the electron mi-
croprobe in the Laboratory of Critical Elements AGH UST - KGHM
(Fig. 2A).

The U-Th-Pb analyses were carried out with secondary ionization
mass spectrometry (SIMS) using a Cameca IMS 1280 ion microprobe
at the Nordsim Laboratory, Swedish Museum of Natural History,
Stockholm. The analytical procedures followed the method described
by Whitehouse and Kamber (2005). A spot size of 10 um was used.
The primary beam current that was applied was 5-10 nA at 13 kV. Anal-
yses used 12 scans per mass with a mass resolution of 4500. Every sixth
analysis was performed on the zircon standard 91500 (Wiedenbeck,
1995) for the correction of instrumental drift. Data reduction was con-
ducted with in-house Excel macros and the constructions of the
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Fig. 3. lllustrative examples of depth-profiles for zircon grains with Type-1 overgrowths. The depth-profiles on the left were extracted from ablation pit 2 and depict the 2°°Pb/238U date
profile and corresponding Th/U ratio profile. The integrations for each profile are shown by the thick black bar. The concordia date and Th/U for each integration is provided. The Th/U ratio
depth-profiles on the right side were extracted from ablation pit 1 and represent the same four grains as shown for the ablation pit 2 profiles. The integration for each overgrowth is shown
by the thick black bar with the resulting Th/U ratio that is used to correlate the overgrowths and their trace element patterns from ablation pit 1 with the geochronological integrations
obtained from ablation pit 2. The values of the HREE slope (Lun/Gdy) and Eu anomaly for each integration are provided.
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concordia diagrams were prepared using the Excel extension Isoplot
3.75 (Ludwig, 2012). Common lead (?°°Pb) was estimated from the
measured 2°*Pb content and corrected using a present-day common
Pb composition (Stacey and Kramers, 1975). Decay constants follow
the recommendations of Steiger and Jager (1977). All uncertainties on
the ages are given at the 20 confidence interval.

2.3. Zircon LA-ICP-MS depth-profiling

The zircon grains for depth-profiling were separated from remaining
material of the same microdiamond-bearing gneiss sample (JMY19a).

Geochronology Depth-Profile
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The rock was crushed and sieved, magnetic minerals were eliminated
with the use of Frantz isodynamic magnetic separator. Heavy minerals
were separated from two-grain size fractions (<150 um and
150-315 pm) using tetrabromoethane in a separatory glass funnel.
The zircon grains were hand-picked under a stereomicroscope. The zir-
con grains were found only in the smaller grain fraction.

Separated zircon grains were implanted into indium within an alu-
minium disc. Zircon crystal faces were placed parallel to the surface
and no polishing was applied to the mount. Prior to the analysis, the zir-
con mount was imaged in both BSE and SE (secondary electron) modes
in order to detect surface overgrowths, surface abrasion or fractures.
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Fig. 4. lllustrative examples of depth-profiles for zircon grains with Type-2 overgrowths. The depth-profiles on the left were extracted from ablation pit 2 and depict the concordia date
profile and corresponding Th/U ratio profile. The integrations for each profile are shown by the thick black bar. The resulting 2°Pb/?>3U date and Th/U for each integration is provided. The
Th/U ratio depth-profiles on the right side were extracted from ablation pit 1 and represent the same four grains as shown for the ablation pit 2 profiles. The integration for each
overgrowth is shown by the thick black bar with the resulting Th/U ratio that is used to correlate the overgrowths and their trace element patterns from ablation pit 1 with the
geochronological integrations obtained from ablation pit 2. The values of the HREE slope (Lun/Gdy) and Eu anomaly for each integration are provided.
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Imaging was conducted at AGH University of Science and Technology
(Krakéw, Poland) with an FEI Quanta 200 scanning electron microprobe
(SEM) operating under low-vacuum conditions with a 20 kV accelerat-
ing voltage. A total of 47 unpolished zircon grains were selected for dat-
ing on the basis of BSE and secondary electron images. The selected
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grains displayed well-visible crystal faces (Fig. 2B) with no overgrows
of other phases.

Depth-profiling of the zircon grains was conducted at the LA-ICP-MS
Laboratory at the University of New Brunswick (Fredericton, Canada),
using a Resonetics S-155-LR 193 nm Excimer laser ablation system
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coupled to an Agilent 7700x quadrupole ICP-MS. PleSovice zircon
(Slama et al., 2008) and FC-1 zircon (Paces and Miller Jr, 1993) were
used as the primary and secondary geochronological reference mate-
rials, respectively. NIST610 synthetic glass was used as the trace ele-
ment reference material. Both geochronological and trace element
references were analyzed between every few (3-6) unknowns, as well
as at the beginning and at the end of the unknown sample.

The U-Pb LA-ICP-MS analyses of zircon were conducted in con-
junction with the depth-profiling of Barnes et al. (2019) and
followed the laboratory protocols of McFarlane and Luo (2012).
The acquisition of both trace element and geochronological isotopic
data involved ablating two pits on every individual zircon grain, each
with a 33 um spot diameter. The ablation pit locations were placed
adjacent to each other on the same crystal face. The two ablation
pits in every zircon grain are hereafter classified as ‘ablation pit 1’
and ‘ablation pit 2’. Ablation pit 1 was created using a 3 Hz repetition
rate that was pulsed for a total of 206 s with a total quadrupole
sweep time of 0.543 s, analyzing elements Si, P, Ti, V, Sr, Y, Zr, Rare
Earth Elements (REE), Hf, as well as U, Th and Pb isotopes. Ablation
pit 2 was made with a 2.5 Hz repetition rate that was pulsed for a
total of ~15 s with a total quadrupole sweep time of 0.316 s, and an-
alyzed only U, Th and Pb isotopes. The raw data from both ablation
pit profiles was reduced with lolite v.2.5 software (Paton et al.,
2011) using the VisualAge data reduction scheme for geochronology
(Petrus and Kamber, 2012) and the Trace_Element_IS data reduction
scheme for all trace elements. For trace elements reduction, Si con-
tent in zircon was used as an internal standard. Age calculations
and construction of concordia diagrams were prepared using
IsoplotR online (Vermeesch, 2018). Where applicable, a common
Pb correction was applied in IsoplotR according to the model of
Stacey and Kramers (1975). Uncertainty of calculated concordia
age and weighted average age are given at the 20 confidence interval
and takes into account the mean square weighted deviation
(MSWD) of the dataset.

3. Results
3.1. U-Pb SIMS zircon dating

The zircon grains separated from the JMY-19a gneiss are up to
150 um in length and are slightly elongate or nearly isometric in shape
(Fig. 2A and B; Fig. A5). Back-scattered electron (BSE) imaging revealed
a complex internal structure of the studied grains (Fig. 2A). Cores com-
monly exhibit well-defined oscillatory zoning and are overgrown by
thin (up to 10 um), homogeneous zircon rims. Several grains display
more than one overgrowth.

The majority of the obtained zircon dates (Table A.1) range from ca.
1.5 Ga (2°7Pb/2%Pb age) to ca. 532 Ma (2°Pb/238U age), with two out-
liers of 460 Ma and 2.6 Ga. Due to the very small size of the overgrowths,
most of the dates belong to the zircon core, or reflect a core/rim mixture.
Moreover, most of the obtained dates are discordant, thus further pro-
cessing of the data is unjustified.

Geoscience Frontiers 13 (2022) 101112
3.2. LA-ICP-MS depth profiling

As demonstrated by Barnes et al. (2019), ablation pit 1 (trace ele-
ments depth-profiles) typically profiled through the majority of the zir-
con volume and sometimes ablated through entire grains. This could be
detected in the profiles of the JMY-19a zircon by a sharp, sudden reduc-
tion of the signal to nearly zero for the element signals. Initial observa-
tions of the JMY-19a zircon depth-profiling results for ablation pit 1 also
revealed a clear overgrowth-core profile for many of the grains,
reflecting the BSE images of the polished grains used for U-Pb SIMS dat-
ing (Fig. 2A). The overgrowths for the ablation pit 1 profiles were all
identified by Th/U ratios within the first 20 s of the depth-profile,
which distinctly differed from the Th/U ratios for the cores (Figs. 3 and
4). The majority of profiles resulting from the ablation pit 2 (geochro-
nology depth-profiles; Table A.2) did not proceed into the core domains,
and instead only analyzed overgrowth material as the depth of ablation
pit 2 is estimated to be <10 pm (Barnes et al., 2019). All integrations for
the overgrowths from ablation pit 2 profiles were obtained by identify-
ing plateaus in both 2°6Pb/238U dates and Th/U ratios, which revealed
two distinct isotopic and geochemical signatures of rim domains. Alto-
gether, the core and the two overgrowth types (hereafter referred to
as Type-1 and Type-2) provide three chemically distinct zircon domains
(Figs. 3 and 4 respectively).

Twenty-three core analyses were obtained from the results of abla-
tion pit 1. These integrations typically cover 30-60 s of the analyses
and were obtained from the 30-90 s interval of the depth profile,
avoiding potential inclusions and other disturbances of the profile. The
U and Pb isotopic ratios are concordant, or near concordant, in both
Wetherill (Fig. 5A) and Tera-Wasserburg space. The 2°°Pb/2*3U dates
are range from 847 + 10 Ma to 1706 + 31 Ma and 2°’Pb/?°°Pb dates
from 915 + 68 Ma to 1742 £ 50 Ma. The cores are characterised by
HREE enrichment with respect to MREE as indicated by Luyn/Gdy ratios
ranging from 11.1 to 34.3 (with two grains providing 5.4 and 42.7)
with an average of 19.8 (Fig. 5D and E). A range of Th/U ratios are also
recognized from 0.26 to 0.81 (with one grain providing 0.09) with an
average Th/U ratio of 0.53. The negative Eu anomalies

(Eun/Eu” = Eun/+/[Smy x Gdy]) are distinct, ranging from 0.03 to
0.52 with an average of 0.25. Ti content scatters from 6.4 to 70.0 ppm
(with one analysis of ~300 ppm). Additionally, positive Ce anomalies
(Cen/Ce" = Cen/+/[Lan x Pry]) are also pronounced, ranging from 1.2
to 468.0 with an average of 97.7. No correlations between dates
and geochemical signatures are recognized.

The two overgrowths were identified based on their distinct U-Pb
isotopic signatures from ablation pit 2 (Table A.2). Type-1 overgrowths
were clearly recognized on eleven grains, for which seven integrations
were determined to be concordant in Wetherill space and 4 slightly dis-
cordant (<10% normal discordance; Fig. 5B). Type-2 overgrowths were
discernable for seven grains, providing six concordant and one discor-
dant (~7% normal discordance) integrations (Fig. 5B). Concordia dates
were obtained for each individual integration as well as an average
concordia date for both overgrowth types. The first ~2 s of the depth-
profile results were not included in the integrations of the overgrowths
(Figs. 3 and 4) to avoid potential contamination of the results by the

Fig. 5. A summary of geochronological results (left side) and trace element analysis (right side) for the LA-ICP-MS depth-profiled zircon grains. (A) Wetherill Concordia plot for both core
and overgrown integrations. The core integrations were obtained from ablation pit 1, as the depth-profile of pit 2 did not typically ablate core material. The overgrowth integrations were
obtained from ablation pit 2 as this profile provided a better resolution of the U-Pb dates with depth. (B) A close-up of the overgrowth integrations plotted in Wetherill Concordia space.
The unfilled ellipses represent the individual integrations that were used to calculate the concordia date for each overgrowth that is depicted by the filled ellipses. (C) Illustrative plot for
comparing the individual concordia dates for each integration (i.e., the unfilled ellipses in panel B) vs. the Th/U ratio for the same integrations from the profile of ablation pit 2. The circles
represent integrations that could be correlated with overgrowths from the profile of ablation pit 1 of the same grain. The integrations represented by squares indicate overgrowths that
were not confidently observed in the respective profile from ablation pit 1. (D) Rare-earth element plots normalized to REE primitive mantle (McDonough and Sun, 1995) for the Type-1
overgrowths transposed on the total REE pattern of the zircon cores. (E) Rare-earth element plots normalized to REE primitive mantle (McDonough and Sun, 1995) for the Type-2 over-
growths transposed on the total REE pattern of the zircon cores. (F) lllustrative plot for comparing the individual Eu anomaly with the Th/U ratio for overgrowth integrations from the
profile of ablation pit 1. The coloured circles directly correspond with the coloured circles in plot C, as these represent overgrowths that could be traced between both ablation pits.
The grey circles represent integrations of overgrowths that did not have an equivalent from the results of ablation pit 2. One analysis from the Type-1 overgrowths is not included in

the graph due to its high Th/U ratio of 0.182.
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ejecta of ablation pit 1 as the location of ablation pit 2 was sometimes in
close proximity to previously ablated profile of pit 1. Integrations for
Type-1 yielded a cluster of concordia dates from 475 + 6 Ma to
487 + 8 Ma with one date at 497 4 3 Ma. The average concordia for
all dates is 482.6 & 3.8 Ma (MSWD = 1.2; weighted average age is
483.1 4+ 5.7 Ma). In contrast, Type-2 overgrowths are considerably
younger, spanning from 429 + 5 Ma to 453 4+ 5 Ma with an average
concordia date of 439.3 & 3.6 Ma (MSWD = 1.1; weighted average
age is 439.5 £ 6.6 Ma). The Th/U ratios were derived from the same in-
tegrations that provided the geochronological results. For Type-1, Th/U
ratios are spread of 0.02 to 0.18 with an average of 0.09. Type-2 shows
generally lower Th/U rations, spanning from 0.02 to 0.07 with an
average of 0.04 (Fig. 5C).

Trace element analysis for the overgrowths was conducted from ab-
lation pit 1 (Figs. 3 and 4, Table A.3). The Th/U ratios were used to cor-
relate the geochronological results from pit 2 with integrations of the
overgrowths observed in the profile pit 1. Eight of the eleven grains
with Type-1 overgrowths defined from pit 2 also exhibit an overgrowth
from the results of pit 1 that matches the Th/U value of the geochrono-
logical integration. Six of the seven grains with Type-2 overgrowths
provided similar comparisons. An additional eleven grains were found
to have distinct overgrowths in the pit 1 profiles with Th/U values that
approximately fall within the total range of Th/U ratios that are defined
by the geochronological integrations. However, it is not clear whether
these represent Type-1 or Type-2 as there are no overgrowths that
could be resolved with confidence from the respective pit 2 profiles to
provide geochronological information.

Altogether, the unambiguous Type-1 overgrowths from pit 1 pro-
vide Th/U values between 0.06 and 0.20 with an average of 0.09
(Fig. 5F). Type-2 is generally lower, with Th/U values of 0.02 to 0.07
with an average of 0.04. The negative Eu anomaly of Type-1 over-
growths is determined to be 0.22 to 0.82 with an average of 0.45
(Fig. 5D and F). This anomaly is weaker than that recognized for Type-
2 overgrowths, which range from 0.08 to 0.30 with an average of 0.18
(Fig. 5E and F). The eleven unassigned overgrowths also show negative
Eu anomalies in the range of 0.06 to 0.53. Together, all twenty-five over-
growths exhibit a relationship between higher Th/U ratios (correlated
with the older, Type-1 overgrowths) with weaker Eu anomalies, and
vice versa (Fig. 5F). The positive Ce anomalies of the overgrowths are
substantially weaker than those for the cores (Fig. 5D and E). For
Type-1, the Ce anomalies generally range from 0.9 to 7.4 with an aver-
age of 2.8. For Type-2, the anomalies are typically between 1.5 and
13.0 with an average of 4.3. However, it should be noted that the uncer-
tainties for the concentrations of La, Ce and Pr are typically quite high
relative to the reported value (Table A.3). Both overgrowths have dis-
persed HREE slopes, however Luy/Gdy values are generally similar to
that of the zircon cores (Fig. 5D and E). Type-1 yields 5.2 to 37.9 with
an average of 17.8, and Type-2 provides 2.7 to 62.4 with an average of
17.8. The content of Ti in both overgrowths is also broadly similar
(Tables A.3 and A.4). Ti content in Type-1is 11.1 4= 9.1 ppm to 39.0 &
19.0 ppm, and for Type 2 is 9.3 4 3.6 ppm to 32.2 4 5.0 ppm. Removing
potential outliers (based on MSWD), a weighted averages of 13.4 +
5.2 ppm (MSWD = 1.8) and 12.3 £ 4.4 ppm (MSWD = 2.2) were cal-
culated for Type-1 and Type-2 overgrowths, respectively (Table A.4).
Using the Ti-in-zircon thermometer of Ferry and Watson (2007), and
accounting for all uncertainties of the calibration and the Ti content in
the overgrowths, a temperature range of 695 °C to 845 °C was obtained
for Type-1, and 692 °C to 833 °C for Type-2 (Table A4).

4. Discussion
4.1. Geochronology and trace elements in zircon
The large spread of Eu anomalies, Th/U ratios and Ti content, to-

gether with wide span of ages, indicate the detrital character of the zir-
con cores and thus confirm a sedimentary protolith for the observed
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paragenesis. The obtained ages spanning from ca. 847 Ma to ca. 1.7 Ga
match well the previously published provenance patterns for the
SNC elsewhere (e.g. Gee et al., 2014; Ladenberger et al., 2014; Barnes
etal, 2019).

Both types of zircon overgrowths display similarly low Th/U ratios
typical for metamorphic zircon growing in presence of other Th-rich
minerals (e.g. monazite) that would sequester Th during zircon forma-
tion (Rubatto, 2017; Yakymchuk et al., 2018). Both types of over-
growths yield similar range of Ti content and calculated Ti-in-zircon
temperatures are broadly ranging between 692 °C to 845 °C with no
clear relations between obtained ages and calculated temperatures.

Evaluation of the REE patterns reveals a subtle difference in the Eu
anomaly between the Type-1 and Type-2 zircon. Both Eu anomalies
are negative, however, in the case of the Type-1 zircon overgrowths,
the observed Eu anomalies are weak to moderate, whereas the Eu-
anomaly is more pronounced in the Type-2 overgrowths. The values
of the Eu anomalies for the overgrowths presented here (0.22-0.83
and 0.08-030, respectively) match well with the range of Eu anomalies
for eclogite-facies (0.24-0.63) and granulite-facies (0.08-0.23) zircon of
Rubatto (2002, 2017). The weak Eu anomaly of the eclogite-facies zircon
can be explained by the absence of feldspar during zircon growth, which
otherwise would compete with zircon for incorporation of Eu
(Schaltegger et al., 1999; Rubatto et al., 2006, 2013). However, the
still-present anomalies may reflect the oxygen fugacity during zircon
growth, causing variable Eu?*/Eu** (e.g. Rubatto, 2002), or inheritance
from the host rock bulk composition if protolith was depleted in Eu
(Hermann et al., 2001; Gauthiez-Putallaz et al., 2016). By contrast, the
more prominent Eu anomaly of the Type-2 overgrowths strongly sug-
gests that feldspar during zircon growth was stable and sequestered a
portion of the Eu budget, indicating growth in lower pressure condi-
tions. Interestingly, both overgrowths exhibit weakened Ce anomalies
with respect to the core REE pattern. Multiple studies (e.g., Hoskin and
Sheltegger, 2003; Trail et al., 2012; Smythe and Brenan, 2016) have in-
dicated that the Ce anomaly is not controlled by other mineral phases
which preferentially incorporate Ce, but rather is strongly controlled
by oxygen fugacity. Therefore, reducing conditions for crystallization
of both zircon overgrowths are indicated by the weakened Ce anomaly,
which in turn may describe the still-present Eu anomaly for the Type-1
overgrowths (Rubatto, 2002). Altogether, these characteristics indicate
that the Type-1 overgrowths record eclogite-facies conditions, whereas
the Type-2 overgrowths are more characteristic for growth in the
lower-pressure granulite-facies where feldspar was stable.

The HREE of Type-1 and Type-2 overgrowths both overlap with the
zircon core chemistry. The HREE patterns in both types of overgrowths
are similar to each other and relatively similar to the REE pattern ob-
tained from the cores, with fairly high HREE enrichment compared to
MREE. Interestingly, the studied sample is garnet-bearing, and in such
rocks the zircon HREE content should be relatively depleted if the zircon
grew simultaneous with, or after garnet growth (Rubatto, 2017). The
granulite-facies Type-2 overgrowths would certainly have grown in
such conditions, yet do not show flat HREE patterns as would be ex-
pected. Furthermore, garnet would have presumably been present dur-
ing crystallization of the Type-1 overgrowths as well, provided the
metamorphic conditions for formation. The HREE patterns for both
overgrowths therefore indicate that these rims grew in the presence
of melt, creating an “open system” diffusion behaviour of HREE, thereby
preventing garnet from controlling the local reactive bulk HREE budget
for zircon (Rubatto, 2002). Higher HREE content may also result from
zircon crystallization along with garnet resorption, which is common
phenomenon during the early stages of decompression. However, a
few of the zircon rims for both overgrowths display relatively flat
HREE/MREE slope, which may indicate local control of HREE budget
by garnet. Therefore, the Type-1 overgrowth is interpreted to have
grown, possibly in the presence of melt, in eclogite-facies conditions,
most probably upon the earliest stage of decompression from peak
pressure conditions at 482.6 + 3.8 Ma. Whereas, the Type-2
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overgrowths formed in the presence of melt in granulite-facies condi-
tions, also probably in response to decompression at 439.3 4 3.6 Ma.

Both studied zircon overgrowths are thin (up to 10 pm), however,
based on the analyses performed, the mechanism(s) for formation re-
main ambiguous. Both mechanisms, limited growth time or resorp-
tion/dissolution, are probable. While Type 1 overgrowths could have
been downsized in volume due to resorption, Type 2 overgrowths de-
veloped nice crystal faces. On the other hand, development of Type 1
overgrowths could have been limited by generally lowered Zr activity
during their growth. It may be speculated that original Type 1 rims
were of the current size of Type 1 + Type 2 rims, but they were partially
dissolved and reprecipitated during M2. Unfortunately, we do not have
any solid evidence for such process, but it would result in thin
double rims.

4.2. Tectonic implications of the Tvdrdklumparna zircon rims

Identification of the protolith for this metamorphic rock can provide
information regarding the tectonic evolution of the Caledonides in
Jamtland. The studied sample contains a plethora of monazite indicating
the abundance of P, REE, U and Th in the whole rock. Furthermore, the
reducing conditions during both events suggest the sedimentary
protolith of this rock was anoxic. The presence of graphite, diamond
and methane (the latter in fluid and fluid-solid inclusions in garnet;
Majka et al., 2014) also indicates an organic-rich protolith. With these
characteristics in consideration, a prime candidate for such a protolith
would be a black shale. An organic-rich, anoxic black shale that is abun-
dant in elements such as P, U, Th, and REE (Lecomte et al., 2017), is
widely distributed on the Baltoscandian platform and throughout the
Caledonides, but especially present in the Jimtland region (Andersson
et al., 1985); it is called the Alum shale. This middle Cambrian to the
Early Ordovician formation may have been deposited across the Baltica
margin in a fore-arc of an active subduction zone (Gee, 1987), whereas
the protolith for the Tvdraklumparna gneiss is thought to have been de-
posited somewhat earlier in the Neoproterozoic (Cryogenian to early
Ediacaran). The latter is based on maximum depositional ages derived
by multiple detrital zircon dating campaigns (e.g. Gee et al., 2014) and
also the abundance of ca. 600 Ma mafic rocks within the SNC, both intru-
sive and extrusive (see Gee and Stephens, 2020 for more details).
Hence, it is inferred that the protolith for the Tvdardklumparna gneiss
has been a black shale, but its unmetamorphosed equivalent may not
be preserved in the lower nappes and/or in the Autochthon.

The zircons from the microdiamond-bearing gneiss at Tvaraklu-
mparna, indicating that (U)HP metamorphism occurred at or before
ca. 483 Ma, provide the first evidence of late Cambrian to early Ordovi-
cian subduction in west-central Jimtland. Farther to the northeast, in
northern Jamtland, the SNC has a more complex tectonothermal history
(see below), but in Vdsterbotten and Norrbotten, a similar timing for
(U)HP metamorphism has been obtained. The record in Vdsterbotten
is still somewhat uncertain, as (U)HP metamorphism has recently
been interpreted to have occurred at 472 + 2 Ma based on monazite in-
vestigations at the Saxnds microdiamond-bearing locality (Petrik et al.,
2019). However, 30 km to the north, near Kittelfjdll, zircon growth dur-
ing exhumation and decompression melting occurred at ca.
475-469 Ma (Bukata et al., 2020). This has been inferred on the basis
of trace element patterns, especially Eu anomalies, and petrological ev-
idence of partial melting during decompression, the latter obliterating
most of evidence of higher pressure metamorphism. Farther north, in
southern Norrbotten, (U)HP metamorphism (Albrecht, 2000; Bukata
et al,, 2018) has been defined at 481.9 4+ 1.2 Ma, based on zircon dating
(Root and Corfu, 2012). Decompression proceeded until ca. 470 Ma and
no partial melting of the eclogites and their host metasedimentary rocks
has been observed (Andréasson et al., 1985; Dallmeyer and Stephens,
1991; Barnes et al., 2019, 2020). Thus, together with the new evidence
from Tvdraklumparna reported here, it is now apparent that late
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Cambrian/early Ordovician subduction and exhumation of the Baltica
margin was more extensive than previously recognized.

Evidence supporting this early Caledonian subduction is recorded in
the overlying lapetus Ocean-related thrust sheets where both arc-
volcanics (Claesson et al., 1983) and ophiolites (e.g. Sturt and Thon,
1978; Dunning and Pedersen, 1988) of late Cambrian to early Ordovi-
cian age occur. Ophiolites of potentially similar age, directly overlie
the SNCin west-central Jimtland (Bergman, 1992) and adjacent eastern
Trendelag (Nilsson and Roberts, 2014). Early Ordovician accretion along
the Baltoscandian margin has also been inferred from the foreland basin
record presently preserved in the nappes beneath the SNC. Hinterland-
derived turbidites are present in the Lower Allochthon from southern
Norway, through Jamtland and Vdsterbotten (Greiling and Garfunkel,
2007), to southern Norrbotten; and early Ordovician sediments in
southern Norway provide mineralogical and geochemical evidence in-
dicative of island-arc accretion along the Baltoscandian margin
(Bjerlykke, 1974).

In northern Jamtland, the SNC (U)HP rocks have provided a substan-
tial record of subduction at ca. 460 Ma (Brueckner and van Roermund,
2007; Grimmer et al., 2015; Fassmer et al., 2017). This age was derived
using various isotopic techniques applied to eclogites, gneisses, and gar-
net peridotites and pyroxenites. Thus, it is probable that at least some
parts of the SNC in Sweden have been affected by (U)HP metamorphism
in the Middle Ordovician, i.e. substantially younger than in Norrbotten
(and perhaps southern Vdsterbotten) and central Jamtland, as reported
here. Although no evidence for subduction at this time has been
published for Tvardklumparna, monazite from the nearby microdia-
mond-bearing gneiss at Areskutan provides a record of high pressure
metamorphism at 455 £+ 11 Ma (Majka et al.,, 2012). Subduction at
this time for the microdiamond-bearing gneisses on Areskutan (and
possibly Tvdrdklumparna) might coincide with the record for subduc-
tion in northern Jamtland. The subsequent episode of exhumation and
decompression melting recorded by the Tvdaraklumparna Type-2 zircon
overgrowths at 439.3 & 3.6 Ma coincides with the record for similar
melting on Areskutan between ca. 445 and ca. 435 Ma (Gromet et al.,
1996; Majka et al., 2012; Ladenberger et al., 2014; Klonowska et al.,
2017), indicating that these closely comparable SNC garnetiferous
migmatites experienced the same final tectonothermal history during
Scandian collision with Laurentia and emplacement onto Baltoscandian
platform. Additionally garnet contains microdiamond and magnesite
with kyanite and phengite inclusions, the only solid HP assemblage pro-
duced probably during M1. This event would be followed by exhuma-
tion interrupted by short subduction period and followed by further
exhumation to granulite facies conditions at ca. 439 Ma. This scenario
does not require formation of a complete new HP paragenesis and ex-
cludes excursion to amphibolite facies conditions, which in turn ex-
cludes isobaric heating scenario, however it supports existence of
decompression melting.

The collective evidence suggests two subduction events that are sep-
arated by ca. 20 m.y. in the SNC in both central and northern Jamtland.
The interpretation that substantial parts of the SNC experienced at least
two episodes of pre-Scandian subduction and exhumation is in line with
the dunk tectonics model proposed for the Scandinavian Caledonides
(Brueckner and van Roermund, 2004; Brueckner, 2006). Such repeated
burial processes have been defined in several orogens worldwide, e.g. in
the ‘yo-yo tectonics’ in the Nigde Massif in Turkey (Umhoefer et al.,
2007) and the Sesia Zone, in the Italian Alps (Rubatto et al., 2011). Re-
cently, Walczak et al. (2019) provided evidence for repeated subduction
of the Baltoscandian margin in the hinterland Western Gneiss Region,
where the already accreted SNC underthrust Laurentia in the latter
part of the Silurian and Early Devonian. It can therefore be inferred
that a substantial part of the Baltoscandian passive margin, now located
in Jamtland, Vasterbotten and Norrbotten, was subducted in the late
Cambrian (or earliest Ordovician) and exhumed later in the Ordovician.
The more southerly parts (Jamtland and perhaps southern
Visterbotten) were also subjected to a second episode of subduction
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at ca. 460 Ma, with exhumation continuing into the late Ordovician and
early Silurian during the final stages of closure of the lapetus Ocean.
Subsequent Scandian (Siluro-Devonian) collision of Baltica and
Laurentia resulted in the final architecture of the entire mountain belt.

In summary, the Tvardklumparna gneiss of the Seve Nappe Complex
in the Scandinavian Caledonides serves as an instructive example of
rocks that record long and complicated tectonometamorphic histories
experienced during orogenic evolution. Recognition of subduction and
exhumation in the late Cambrian/early Ordovician for the (U)HP rocks
in west-central Jdmtland has only been possible by utilizing the LA-
ICP-MS depth-profiling zircon dating method. This, in turn, demon-
strates the power of modern high spatial resolution petrochronological
techniques for investigating complex tectonic processes.
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