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Abstract: The Tsäkkok Lens of the Seve Nappe Complex in the Scandinavian Caledonides comprises eclogite 
bodies hosted within metasedimentary rocks. These rocks are thought to be derived from the outermost margin 
of Baltica along the periphery of the Iapetus Ocean, but detrital records from the sedimentary rocks are lack-
ing. Many metasedimentary outcrops within the lens expose both well-foliated metapelitic rocks and massive 
calc-silicates. The contacts between these two lithologies are irregular and are observed to trend at all angles to 
the high-pressure foliation in the metapelites. Where folding is present in the metapelites, the calc-silicate rocks 
are also locally folded. These relationships suggest metasomatism of the metapelites during the Caledonian oro-
genesis. Zircon U-Pb geochronology was conducted on sixty-one zircon grains from a  calc-silicate sample to 
investigate if they recorded the metasomatic event and to assess the detrital zircon populations. Zircon grains 
predominantly show oscillatory zoning, sometimes with thin, homogeneous rims that have embayed contacts 
with the oscillatory-zoned cores. The zircon cores yielded prominent early Stenian, Calymmian, and Statherian 
populations with a subordinate number of Tonian grains. The zircon rims exhibit dissolution-reprecipitation of 
the cores or new growth and provide ages that span similar time frames, indicating overprinting of successive 
tectonic events. Altogether, the zircon record of the calc-silicate suggests that the Tsäkkok Lens may be correlated 
to Neoproterozoic basins that are preserved in allochthonous positions within the northern extents of the Cale-
donian Orogen.

Keywords: Scandinavian Caledonides, Seve Nappe Complex, Tsäkkok Lens, metasomatism, detrital zircon U-Pb 
geochronology
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INTRODUCTION

The architecture of the Scandinavian Caledonides 
provides an excellent record of Wilson-cycle tec-
tonics from ocean basin formation, closure, and 
subsequent continental collision (e.g., Gee et  al. 
2008). During Caledonian orogenesis, the conti-
nental crust of the Baltican margin was subduct-
ed to mantle depths beneath an Iapetus oceanic 
arc complex (e.g., Gee et al. 2020, Stephens et al. 
2020). Exhumed remnants of the subducted Bal-
tican crust are represented by the Seve Nappe 
Complex (SNC), preserving multiple localities of 
ultra-high pressure (UHP) to high pressure (HP) 
metamorphic rocks (e.g., Gee et al. 2013, 2020). In 
southern Norrbotten, the Tsäkkok Lens (the focus 
of this study; Fig. 1) and the tectonically under-
lying Vaimok Lens (e.g., Zachrisson & Stephens 
1984, Andréasson 2020) both comprise siliciclas-
tic and calcareous metasedimentary rocks that 
host eclogites (Kullerud et  al. 1990, Andréas-
son & Albrecht 1995, Andréasson 2020). In the 

Tsäkkok Lens, some of the eclogite protoliths are 
recognized as pillow basalts (Kullerud et al. 1990), 
whereas the eclogite protoliths for the Vaimok 
Lens are interpreted to be mafic dykes (Andréas-
son & Albrecht 1995), and all are interpreted to 
be related to rifting and Iapetus Ocean forma-
tion (e.g., Andréasson & Albrecht 1995, Root & 
Corfu 2012, Gee et al. 2013, Gee et al. 2020). The 
metasedimentary lithologies are generally sim-
ilar, consisting of quartzites, metapsammites, 
metapelites, calc-silicates, and marbles (e.g., An-
dréasson 2020) but the pelitic and calcareous lith-
ologies are much more prevalent in the Tsäkkok 
Lens compared to the Vaimok Lens (Kullerud 
et al. 1990, Albrecht 2000).

The timing of eclogite-facies metamorphism is 
similar for both lenses at c. 482 Ma (Root & Cor-
fu 2012, Fassmer et al. 2021) but the metamorph-
ic conditions for the Tsäkkok Lens (~2.5 GPa and 
~620°C; Bukała et al. 2020a, Fassmer et al. 2021) 
are lower than the conditions for the Vaimok Lens 
(~3.0 GPa and ~720°C; Bukała et al. 2018). 
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Fig. 1. Geological map of the Tsäkkok Lens (modified after Kullerud et al. 1990, Barnes et al. 2020b). The locations and GPS 
co-ordinates of the two outcrops discussed in the main text are provided on the map. The map location in northern Sweden is 
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Influx of Ca-rich fluids in the Vaimok Lens 
was recorded during exhumation of the lens by 
both eclogites (Bukała et al. 2018) and metasedi-
mentary rocks (Barnes et  al. 2019). Dehydration 
and fluid migration within the Tsäkkok Lens 
eclogites at high pressure conditions was recently 
documented by Bukała et al. (2020a), but a simi-
lar instance of Ca-rich fluid influx in the lens has 
not been documented during exhumation. Never-
theless, the timing and conditions of eclogite-fa-
cies metamorphism suggest common history of 
subduction and exhumation during Caledonian 
orogenesis for the two lenses (Andréasson 2020). 
However, a  potential correlation of the Tsäkkok 
Lens with the Vestgötabreen Complex on Svalbard 
(Barnes et  al. 2020a) may suggest the Tsäkkok 
Lens originated from a  more northerly position 
before Caledonian orogenesis and is not close-
ly related to the Vaimok Lens in Neoproterozoic 
time. Detrital zircon records have been reported 
for the Vaimok Lens (Gee et al. 2015, Barnes et al. 
2019) but no such studies have been conducted in 
the Tsäkkok Lens to compare the provenance of 
the metasedimentary rocks.

In this study, we apply U-Pb geochronology to 
detrital zircon grains from a  calc-silicate in the 
Tsäkkok Lens that provides a  clear and well-ex-
posed record of metasomatism. In the Vaimok 
Lens, a  previous study (Barnes et  al. 2019) was 
successful at dating fluid influx and related meta-
morphism in the metasedimentary rocks by in-
vestigating the zircon rims in the metasediments. 
The concept was similar for the Tsäkkok Lens 
to evaluate if metasomatism occurred at a  sim-
ilar time as in the Vaimok Lens, thus providing 
potential link between the Vaimok and Tsäkkok 
lenses during the subduction-exhumation pro-
cess. Furthermore, the sedimentary provenance of 
the calc-silicate was investigated to compare with 
provenance data of the Vaimok Lens (e.g., Gee 
et al. 2015, Barnes et al. 2019) and explore possible 
correlations between the Tsäkkok Lens and Neo-
proterozoic basins that are preserved in allochtho-
nous positions in more southerly and northerly lo-
cations in the Caledonides.

FIELD OBSERVATIONS

Fieldwork was conducted in the Tsäkkok Lens to 
identify the structures and relationships of the 

various lithologies. Two key outcrops (named 
TS17-33 and TS17-35; Fig. 1) were chosen to demon-
strate field relationships between mica schists and 
calc-silicates (Fig. 2). The mica schists are gener-
ally well-foliated whereas the calc-silicate rocks 
are massive. At both outcrops, the boundary be-
tween the mica schist and the calc-silicate is high-
ly irregular and both parallels and transects the 
foliation of the mica schists (Fig. 2A–D). At out-
crop ‘TS17-33’, the foliation ‘S1’ was interpreted 
to have developed during prograde to peak meta-
morphism and is folded by cm-scale F2 folds that 
formed during exhumation of the lens (Barnes 
et  al. 2020b). Locally, the foliation is cut by the 
contact with the calc-silicate (Fig. 2B). However, 
extensions of the calc-silicate into the mica schist 
parallel to S1 are observed to be folded along with 
the F2 folds in the mica schist (Fig. 2D). At out-
crop ‘TS17-35’, the calc-silicate is clearly folded in 
a pattern that resembles F2 (Fig. 2E), based on the 
description by Barnes et al. (2020b).

PETROGRAPHIC OBSERVATIONS

Several samples of the mica schists and calc-sil-
icate rocks were obtained. Standard 30 µm thin 
sections were cut from the samples for transmit-
ted light microscopy and back-scattered elec-
tron imaging (Fig. 3). Back-scattered electron 
(BSE) images was done with the Jeol JXA8230 
Superprobe at AGH University of Science and 
Technology, Krakow, Poland. The mica schists 
are dominated by white mica, with minor re-
placement of biotite or chlorite, and also contain 
garnet (occasionally pseudomorphed by chlo-
rite), plagioclase, and quartz (Fig. 3A). Accesso-
ry minerals can include titanite, monazite, ap-
atite, allanite, clinozoisite, and zircon. Notably, 
monazite is found as relics within coronas of ap-
atite, allanite and clinozoisite. The mica schists 
are well-foliated, with a  foliation defined by the 
alignment of white mica and quartz bands, and 
are often folded on the cm-scale (Fig. 3A). The 
main minerals of the calc-silicate are epidote, 
plagioclase, calcite, quartz, muscovite, biotite, or 
chlorite (Fig. 3B–D). Accessory phases include 
titanite and zircon. No foliation development or 
folding of the calc-silicate rocks are observed in 
thin section.
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ZIRCON U-PB GEOCHRONOLOGY

A calc-silicate sample from outcrop ‘TS17-35’ was 
crushed using standard crushing techniques. The 
disaggregated sample was sieved to extract the 
60–250 µm size fraction. This fraction was fur-
ther processed using heavy liquid density sepa-
ration to obtain a heavy mineral concentrate. Us-
ing a  binocular microscope, zircon grains were 
identified and hand-picked. These zircon grains 
were mounted into an epoxy that was subsequent-
ly polished to expose the zircon cores for U-Pb 
geochronology. To identify locations for analysis, 
the zircon interiors were imaged using BSE and 
cathodoluminescence (CL) imaging with a  JEOL 
6610LV scanning electron microprobe at the 
University of Ottawa. An accelerating voltage of 
15 KeV was used for the imaging. 

Zircon U-Pb geochronology was conducted 
using a Photon Machines Analyte Excite 193 nm 
excimer laser attached to an Agilent 7700x 
ICP-MS (LA-ICP-MS) at the University of Otta-
wa (Ottawa, Canada). A  26 µm beam diameter 
was used at a repetition rate of 11 Hz and fluence 
of 5.31 J/cm2. A helium carrier and argon make-
up gas flow were 0.985 and 0.75 l/min respec-
tively. 140Ce was used to monitor for sharp peaks 
indicative of ablation of an inclusion.  204Pb was 
monitored; counts during ablation were not sig-
nificantly different from background levels and 
thus no common lead correction was applied. 
Zircon ‘91500’ (Wiedenbeck et al. 1995) was used 
for internal calibration while Plešovice zircon 
(Sláma et al. 2008) was used as secondary refer-
ence material for accuracy assessment. The ref-
erence materials were measured at the beginning 
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and end of the ablation session and for every six 
unknown analyses. Data reduction was done us-
ing GLITTER v4.4 (www.glitter-gemoc.com). Un-
certainties on individual analyses are reported at 
the 1σ level. Further zircon analysis of the same 
sample was conducted using standard 30 µm 
thin sections. Zircon in the sections were locat-
ed and BSE images were obtained using a  JEOL 
JXA8530F EMP at Uppsala University (Uppsala, 
Sweden). Zircon U-Pb geochronology of the thin 
sections was conducted at the Vegacenter in the 
Swedish Museum of Natural History (Stockholm, 
Sweden). The detailed methodology can be found 
in Bukała et  al. (2020b). The individual uncer-
tainties are reported at the 2σ level.

The zircon grains are generally sub-rounded to 
rounded and elongate in shape. The BSE and CL 
images of the zircon cores revealed that they are 
predominantly characterized by oscillatory zoning 
with one grain showing sector zoning (Fig.  4A). 
The zonation of the cores often ends abruptly at the 
grain edge or at boundaries with thin, unzoned 
zircon domains. The boundaries are sharp and 
sometimes embayed towards the zircon core. Both 
the zircon cores and rims were targeted for U-Pb 
geochronology. Sixty-one zircon grains were dat-
ed with a collective one hundred and nine analyses 
obtained from the zircon cores, and only five anal-
yses acquired from the rims as they were frequent-
ly thinner than the beam diameter that was used. 
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Weighted averages of the 207Pb/206Pb age were 
calculated for multiple points on the same zircon 
cores (Fig. 4B; Tabs. S1 and S2  – attached as supple-
mentary files in online version). The weighted aver-
age 207Pb/206Pb ages can be grouped as 883 ±52 Ma 
to 979 ±68 Ma (n: 5), 1050 ±24 Ma to 1187 ±46 Ma 
(n: 20), 1339 ± 32Ma to 1565 ±14 Ma (n: 20), and 
1657 ±20 Ma to 1804 ±26 Ma (n: 13) with two more 
individual ages of 1864 ±29 Ma and 1917 ±15 Ma. 
Single ages of the zircon rims are 917  ±28  Ma, 
1046 ±31 Ma, 1126 ±33 Ma, 1317 ±31 Ma, and 1441 
±25 Ma. The rim dates are all younger than the 
ages for their respective cores (Fig. 4B, Tab.  S1). 
Analyses of the zircon cores and rims are typ-
ically concordant except for the oldest zircon 
rim, which exhibits ~16% normal discordance.

DISCUSSION

The outcrop relationships, both lithological and 
structural, indicate that the calc-silicate rocks 
were formed due to metasomatism. The irregular 
boundary of the calc-silicate with the mica schist 
represents the metasomatic front (Fig. 2). Provid-
ed that the metasomatic front seemingly transects 
the prograde-to-peak S1 and that the calc-silicate 
is not itself foliated (Figs. 2 and 3), the metasomat-
ic events likely occurred during metamorphism of 
the Tsäkkok Lens during subduction or perhaps 
during exhumation as the calc-silicates are fold-
ed by F2 folds. It is also possible that metasoma-
tism proceeded in diagenetic conditions prior to 
subduction, although that would be difficult to ex-
plain considering the foliated vestiges of the mica 
schist that can be observed within the massive 
calc-silicates (Fig. 2C).

Fluid activity related to dehydration of eclog-
ite bodies within the Tsäkkok Lens at high pres-
sure conditions was recently presented by Bukała 
et al. (2020a). Furthermore, documentation of the 
influx of Ca-rich fluids is recorded in the Vaimok 
Lens during exhumation by both eclogites (Bu-
kała et  al. 2018) and the metasedimentary rocks 
(Barnes et al. 2019). Influx in the latter is evinced 
by retrogression of monazite to form coronas of 
apatite, allanite and clinozoisite, similar to ob-
servations for the Tsäkkok Lens mica schists, and 
also recorded by thin, irregular zircon rims that 
formed by dissolution-reprecipitation of detrital 
cores. The fluids responsible for metasomatism 

are Ca-rich, similar to the fluid composition in-
terpreted for metasomatism of the Tsäkkok Lens. 
The zircon grains in the calc-silicate apparently 
did not react with the Ca-rich fluids as they did in 
the Vaimok Lens. Instead, the rims of the zircon 
from the Tsäkkok Lens mica schists yielded dates 
from early Neoproterozoic to middle Mesopro-
terozoic time and do not show Caledonian signa-
tures (Fig. 4A). Provided the irregular boundar-
ies of these zircon rims with the cores, they likely 
represent dissolution-reprecipitation or growth 
due to subsequent magmatic or metamorphic 
events, representing recycling of the zircon grains 
through multiple tectonic episodes. It is possible 
that the temperature conditions of the metaso-
matic event(s) during Caledonian orogenesis in-
fluenced how the fluids reacted with zircon, as ex-
humation of the Vaimok Lens proceeded through 
hotter temperatures (up to ~750°C; Bukała et  al. 
2018) than compared to the maximum tempera-
ture of the Tsäkkok Lens (~620°C; Bukała et  al. 
2020a).

The zircon grains that were dated are charac-
teristic of detrital zircon that were deposited as 
part of the protoliths of the mica schist and not 
related to metasomatism and formation of the 
calc-silicate rocks. Although the number of detri-
tal grains that were dated (n: 60) is not statistical-
ly optimal (Vermeesch 2004, Coutts et  al. 2019), 
the dataset provides a good first-order assessment 
of the significant populations. Overall, the detri-
tal record is dominated by early Stenian, Calym-
mian, and Statherian material, with a subordinate 
Tonian record (Fig. 4B; Bingen et al. 2008, Bingen 
& Solli 2009). Sources for Tonian, Calymmian and 
Statherian zircon are widespread throughout the 
North Atlantic Region (Bingen et al. 2008, Bingen 
& Solli 2009), whereas sources for early Stenian 
provenance are seldom. In general, the early Ste-
nian population is not typical for detrital zircon 
signatures throughout the SNC and underlying 
nappes, which are rather dominated by late Ste-
nian populations (e.g., Be’eri-Shlevin et  al. 2011, 
Kirkland et al. 2011, Ladenberger et al. 2014, Gee 
et al. 2014, 2015, Barnes et al. 2019). In southern 
Norrbotten, late Stenian populations dominate 
the Sarek Lens and the Grapesvare Nappe of the 
Vaimok Lens (Barnes et al. 2019, Kjøll 2020). The 
Maddåive Nappe, thought to be within the Vaimok 
Lens (Albrecht 2000), contains a dominant early 
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Stenian population while lacking late Stenian zir-
con (Gee et al. 2015). Interestingly, the Maddåive 
Nappe has also been mapped as a  correlative to 
the Tsäkkok Lens (Thelander 2009). If indeed it 
is the case, then the Tsäkkok Lens may not share 
a common history with the Sarek or Vaimok lens-
es in the Neoproterozoic.

It is difficult to ascribe the affinity of the Tsäk-
kok Lens to Baltica or Laurentia using the detrital 
zircon record (Slagstad & Kirkland 2017), howev-
er, the presence of the early Stenian population al-
lows for exploration the lens’ origin with respect 
to vestiges of Neoproterozoic basins preserved in 
the Caledonides in more southerly or northerly 
locations. Early Stenian sources are rare within 
both Grenvillian and Sveconorwegian orogens 
in general. Potential southern sources are from 
the Adirondack Mountains and the Frontenac 
terrane in the Grenville Orogen (e.g., McLelland 
et al. 2004, Peck et al. 2013), and the Telemarkia 
and Bamble-Kongsberg terranes in the Sveconor-
wegian Orogen (Bingen & Solli 2009). However, 
the early Stenian magmatic suites in the Gren-
ville Orogen are hosted within a regional setting 
that was dominated by Ectasian tectonic activi-
ty (e.g., Hanmar et  al. 2000). The apparent lack 
of Ectasian record in the Tsäkkok Lens (Fig. 4) 
does not support derivation of the early Stenian 
grains from the Grenville Orogen. The Telemark-
ia terrane, and the nearby Idefjorden terrane and 
the Eastern Segment of the orogen, also contain 
Ectasian magmatic suites although they are vol-
umetrically subordinate (Bingen & Solli 2009, 
Bergström et  al. 2020, Stephens & Wahlgren 
2020). Furthermore, the Bamble-Kongsberg ter-
rane lacks Ectasian rocks and has been shown 
to tectonically overlie the Telemarkia terrane 
to the west (Andersson et al. 1996, Ebbing et al. 
2005). In Neoproterozoic time, it could have been 
a more prominent source terrane supplying ear-
ly Stenian material without the input of Ectasian 
detritus. Indeed, the Särv and Sætra nappes in the 
southern Caledonides both contain early Stenian 
detrital zircon records with subordinate Ectasian 
zircon populations, similar to the Tsäkkok Lens, 
but they are also dominated by late Stenian ma-
terial (Be’eri-Schlevin et al. 2011, Gee et al. 2014). 
Therefore, it is plausible that the Tsäkkok Lens 

was supplied by the Bamble-Kongsberg terrane, 
but if related to deposition of the Särv and Sætra 
nappes, it would require an explanation as to why 
late Stenian source terrains do not appear to have 
contributed to the deposition of the lens yet pro-
vided a significant source for the nappes.

Early Stenian source terrains are not identi-
fied in northern Scandinavia, Greenland nor oth-
er regions of the high Arctic (e.g., on Svalbard), 
yet there are instances of early Stenian detrital zir-
con records in northern basins. One hypothesis is 
that the source terrains of the late Mesoproterozo-
ic detritus (including early Stenian zircons) were 
lost due to subduction of Sveconorwegian crust 
during Caledonian orogenesis (Gee et  al. 2017). 
Examples of such northern basins’ sedimenta-
ry successions are the Nyborg Formation within 
the Gaissa Nappe in the northern Scandinavian 
Caledonides (Gee et al. 2017) and the Slyngfjellet 
Formation of the Sofiebogen Group in the Sval-
bardian Caledonides (Wala et al. 2021). Both for-
mations contain dominant early Stenian detri-
tal zircon records with subordinate late Stenian 
contributions. These formations are also thought 
to be deposited during late Cryogenian to ear-
ly Ediacaran time (e.g., Jensen et al. 2018, Ziem-
niak et  al. 2019, Wala et  al. 2021). Considering 
the presence of pillow basalts that are likely relat-
ed to rifting and incipient opening of the Iapetus 
Ocean (Kullerud et  al. 1990), this time frame is 
also suitable for deposition of the Tsäkkok Lens. 
Furthermore, lava flows have been documented 
within the Sofiebogen Group (Gołuchowska et al. 
2012), which can possibly be linked to volcanic re-
cord preserved in the Tsäkkok Lens. Such link is 
in agreement with a  possible shared Caledonian 
history with the Vestgötabreen Complex on Sval-
bard (Barnes et al. 2020a).

In summary, the current dataset suggests that 
Tsäkkok Lens sediments are unrelated to those of 
the Sarek and Vaimok lenses. The sediments could 
have been sourced from the Bamble-Kongsberg 
terrane in the south but appears to be more like-
ly that it originated in association with Neopro-
terozoic basins preserved in the northern Caledo-
nian Orogen. Further detrital zircon studies are 
required for such correlations to be unequivocally 
established.
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CONCLUSIONS

Field evidence for metasomatism of deformed 
metapelitic rocks is abundant in the Tsäkkok 
Lens. The timing of metasomatism is not recorded 
by zircon rims but likely occurred during the sub-
duction-exhumation cycle of the lens in late Cam-
brian to Early Ordovician time. Instead, the rims 
indicate that the zircons were subjected to multi-
ple tectonic events. The zircon cores provide a de-
trital record that is dominated by early Stenian, 
Calymmian, and Statherian populations with 
a  subordinate Tonian population. The early Ste-
nian population is rare within the Scandinavian 
Caledonides. A potential source terrain for this in-
put is the Bamble-Kongsberg terrane in southern 
Norway, however, no detrital zircon records in the 
southern Scandinavian Caledonides are observed 
to be similar to the Tsäkkok Lens (i.e., lacking 
a dominant late Stenian signature). Neoproterozo-
ic basins that are preserved in allochthonous po-
sitions in the northern extents of the Caledonides 
(e.g., metasedimentary rocks of the Gaissa Nappe 
and the Sofiebogen Group) have prominent ear-
ly Stenian records with subordinate late Stenian 
input and are potentially good correlatives of the 
Tsäkkok Lens in Neoproterozoic time. Further in-
vestigations of the Tsäkkok Lens are required to 
establish such connections.
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