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Ionmicroprobe U–Pb zircon dating of intermediate to felsic rocks coupled with bulk-rock geochemistry analyses
and compared to previously published data shows that the Thores Suite of the Pearya Terrane of northern
Ellesmere Island (Arctic Canada) represents an Early Ordovician (c. 490–470 Ma) suite formed in an island arc
setting. Interestingly, three out of five dated samples contain abundant xenocrystic zircon that have ages span-
ning from c. 2690 Ma to c. 520 Ma. The vast majority of xenocrystic zircon are Precambrian in age and typical
of Laurentia. The youngest well-pronounced age cluster around 580–570 Ma is inferred to be an expression of
the Timanide Orogen, traditionally ascribed to Baltica. This geochronological dataset provides new insight on
the origin of the Thores Suite of the Pearya Terrane, which was traditionally thought to be formed due to the
M'Clintock orogenic event and commonly treated as independent from Caledonian tectonism. We suggest that
the Thores island arc formed on a sliver of continental crust within the Iapetus Ocean. The timing of igneous ac-
tivity recordedby the Thores Suite is consistentwith other island arcs and subduction-relatedmetamorphic units
that occur within the Caledonides of northern Scandinavia and Svalbard. Hence, we suggest that the Thores vol-
canic island arc was closely associatedwith age equivalent arcs developedwithin the northern Iapetus Ocean. Its
juxtapositionwith the other successions of the Pearya Terrane is explained by a large-scale, left lateral, strike-slip
system operating along the northeastern margins of Baltica and Laurentia, coeval with the main collision be-
tween the two continents. This strike-slip system was responsible for the juxtaposition of multiple terranes
with contrasting Precambrian histories that can be traced in the present day High Arctic, e.g. in southwest Sval-
bard and the Pearya Terrane.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The early stages of Iapetus Ocean closure involved formation of
intraoceanic island arcs subsequently followed by subduction of conti-
nental crustal lithologies of the adjacent continents. In the North Atlan-
tic region, evidence for this process is especially well preserved within
the Middle and Upper allochthons of the Scandinavian Caledonides
that bear multiple occurrences of late Cambrian/early Ordovician high
pressure (HP) and island arc rocks (e.g. Gee et al., 2013). These HP
units are the relicts of the subducted Iapetus oceanic and Baltica conti-
nental plates, whereas the island arc lithologies represent intra-
Iapetus suprasubduction zone magmatism. High pressure rocks of
broadly similar age are also known from the Svalbard Caledonides in
the high Arctic (e.g. Barnes et al., 2020; Bernard-Griffiths et al., 1993;
ciences, Uppsala University,

.V. This is an open access article und
Hirajima et al., 1988; Peucat et al., 1989), but the upper plate of the sub-
duction system in which they formed (island arc or active continental
margin) is not preserved in-situ. The only early Paleozoic volcanic arc
complex thus far recognized in the high Arctic has been described in
the composite Pearya Terrane of northern Ellesmere Island (Trettin
et al., 1982) which formed due to collision of Meso- to Neoproterozoic
crystalline and sedimentary lithologies of the Pearya Terrane Succes-
sions I and II with and island arc during the M'Clintock Orogeny
(Trettin, 1991). Similarly, broadly coeval HP units from Svalbard may
have formed by initial intra-Iapetus oceanic subduction and subsequent
arc collisionwith a continental fragment of probable Laurentian affinity,
thus providing a possible link between HP metamorphism in Svalbard
and island arc magmatism preserved in the Pearya Terrane (e.g. Gee
and Teben’kov, 2005; Labrousse et al., 2008; Majka et al., 2015).

We present U–Pb isotopic results of ion microprobe analysis of zir-
con from various felsic to intermediate lithologies in the Thores Suite
within Succession III of the Pearya Terrane. These rocks have been
interpreted as island arc lithologies juxtaposed with peri-Laurentian
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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basement during the M'Clintock Orogeny and dated to c. 488–480 Ma
(Estrada et al., 2018a; Trettin et al., 1982). Our age estimates suggest
arc magmatism extended over a longer time span through c. 469 Ma,
overlapping with the proposed timing of the M'Clintock Orogeny.
More importantly, some of the dated samples revealed the common oc-
currence of inherited coreswithin zircon that yielded older ages ranging
from Neoarchean to Cambrian. Based on this discovery we suggest that
the Thores Suite records arc-related magmatism located either at the
northern Laurentia margin or on a sliver of Precambrian continental
crust (i.e. microcontinent) within the Iapetus Ocean. The new data
sheds new light on a character of the Thores Suite magmatism and al-
lows us to formulate an alternative tectonic scenario that accommo-
dates High Arctic subduction complexes within the ‘Caledonian’ realm
without the need to involve a separate M'Clintock orogenic event.

2. Geological setting

ThePearyaTerraneofnorthernEllesmere Island(Fig. 1) is considered
to beexotic to theCanadianandGreenland shieldsmostly becauseof the
abundanceof Tonianorthogneiss (e.g. Estrada et al., 2018a;Maloneet al.,
2017; Trettin, 1998). Pearya forms a composite terrane subdivided into
fivemegaunits (Fig. 1) as follows: (a) Succession I dominated by Tonian
orthogneiss andminor metasedimentary rocks, (b) Succession II com-
prising late Proterozoic to earliest Paleozoic (meta)sedimentary units
and arc-related volcanics (Hadlari et al., 2014; Malone et al., 2014),
(c) Succession III consistingof an arc complex includingEarlyOrdovician
ultramafic, mafic, intermediate and felsic rocks (Estrada et al., 2018a;
Trettin, 1998) as well as associated (meta)sedimentary units;
(d) Succession IV forming a sequence of Ordovician unmetamorphosed
terrigenous and volcanoclastic sedimentary rocks, carbonate and calc-
alkaline volcanic rocks (Trettin, 1998), and (e) Succession V comprised
of late Ordovician to late Silurianmarine sedimentary rocks that uncon-
formably overlie Succession IV (Trettin, 1998). Succession III is divided
into an unnamedmetavolcanosedimentary sequence and themagmatic
Fig. 1. (a) Circum-Arctic region with the location of the study area marked by a rectangle, (b
(c) Geological map of the M'Clintock Inlet area with the sample locations marked (modified af
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Thores Suite which is the focus of this study. The contact between the
two Succession III units is poorly defined, but ismost likely tectonic. Suc-
cession III is in fault contactwith Successions II and IV.

The metavolcanosedimentary series consists of various
metasedimentary lithologies differing in metamorphic grade,
which may imply further tectonic subdivision of the unit. These
rocks are represented by lower greenschists facies metatuffs and
carbonate-chlorite-bearing tuffaceous slates as well as chloritoid-
garnet-bearing schists. The latter are considerably higher in meta-
morphic grade, but it is unclearwhether they are just amphibolite fa-
cies or represent anHPmember of the Succession III. The slates occur
withmetabasalts of E-MORB affinity (Estrada et al., 2018a). U–Pb zir-
con dating of the lower greenschists facies metatuffs yielded a
weighted average of c. 570 Ma for three samples and has been
interpreted as an expression of possible intraoceanic Timanian arc
volcanism (Estrada et al., 2018a). Other detrital zircon components
in the samples span between c. 707 and 492 Ma, the latter defining
a possible maximum depositional age for the metavolcanic units.

The Thores Suite consists of ultramafic rocks represented mainly
by pyroxenites and peridotites, as well as gabbros, monzogabbros,
monzodiorites, monzonites, quartz monzonites, trondhjemites and
granodiorites (Estrada et al., 2018a; Trettin, 1998; Trettin et al.,
1982). The two largest outcrops of these rocks are located west
and east of M'Clintock Inlet, and referred to as the M'Clintock Body
West and East, respectively (Figs. 1, 2; Table 1). Geochemically, the
Thores Suite bears typical characteristics of subduction-related
rocks and its mafic members follow trends of volcanic arc basalts
(Estrada et al., 2018a). Limited Nd and Sr isotopic data from the
Thores Suite rocks substantially differ from those derived for the E-
MORB metabasalts of the metavolcanosedimentary unit (see
Estrada et al., 2018a for more details). Conventional U–Pb zircon
dating of a quartz monzonite yielded 481 + 7/−6 Ma (Trettin
et al., 1982), whereas LA-ICP-MS zircon dating of two samples of
monzonite yielded ages of 488 ± 2 Ma (Estrada et al., 2018a).
) simplified geological map of northern Ellesmere Island (modified after Trettin, 1998),
ter Trettin & Mayhr, 1996). GPS coordinates are listed in Table 1.



Fig. 2. Field photographs of the sampled rocks of the Thores Suite.

Table 1
Samples locations.

Sample ID Lithology GPS coordinates Location

KK17 - 10A Granite 82°41′03.1”N 76°59′56.1” W M'Clintock West
KK17 - 12G Q Monzonite 82°40′06.9”N 76°55′19.2” W M'Clintock West
KK17 - 14C Syenite 82°36′38.7”N 74°42′31.5” W M'Clintock East
KK17 - 15B Monzodiorite 82°40′21.1”N 77°12′44.9” W M'Clintock West
KK17 - 16A Granite 82°39′42.4”N 77°21′24.9” W M'Clintock West
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Estrada et al. (2018b) suggest that Succession III formed due to
activation of Early Ordovician subduction beneath an ancient
Timanian island arc covered by Cambrian sediments. This process
3

led to formation of a new island arc that eventually collided with
Successions I and II to form the composite Pearya Terrane during
the M'Clintock orogeny. The location of the collision is inferred to
be proximal to Laurentia based on similarities in detrital zircon sig-
nature of Succession II and the Franklinian margin (Malone et al.,
2014). Docking of the island arc with Succession II was estimated
to occur by c. 475 Ma (Trettin, 1998) based on the age of a
syntectonic intrusion. This agrees with a single Ar–Ar hornblende
step-heating age date derived by Estrada et al. (2018b) for one of
the E-MORB basalts. The M'Clintock orogeny was supposed to be
completed by c. 465 Ma based on the age of a post-tectonic intrusion
(Trettin, 1991).
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3. Methods

3.1. Whole-rock analyses

Major and trace element analyses were obtained for all samples se-
lected for U–Pb zircon dating (see below) by inductively coupled
plasma emission spectrometry (ICP-ES) and inductively coupled plasma
mass spectrometry (ICP-MS) at the BureauVeritasMineral Laboratories,
Canada according to their standard procedure (https://www.bvlabs.
com/markets-services/mining/exploration-geochemistry). The geo-
chemistry results are shown in Table 2.
3.2. Zircon analyses

U–Pb zircon geochronology using a sensitive high-resolution ionmi-
croprobe (SHRIMP IIe/MC) was performed at the Micro-Area Analysis
Laboratory at the Polish Geological Institute – National Research Insti-
tute in Warszawa (Poland). Heavy mineral separates were obtained
by standard crushing, grinding,magnetic andheavy liquidmethods. Zir-
cons for analysis were hand picked, comountedwith standard reference
materials Temora II (Black et al., 2004, 2003) and 91500 (Wiedenbeck
et al., 1995; Wiedenbeck et al., 2004) in 2.5 cm epoxy mounts and
polished to expose the grain interiors. The grains were imaged in
cathodoluminescence (CL) using a HITACHI SU3500 scanning electron
microscope.

U–Pb zircon dating followed the analytical procedures of Williams
and Claesson (1987), Williams (1998) and Nawrocki et al. (2018.) The
91,500 zircon standard was used for calibration of U concentration
Table 2
Major and trace element whole-rock results.

Sample ID KK17 - 10A KK17 - 12G KK17 - 14C KK17 - 15B KK17 - 16A

Lithology Granite Q Monzonite Syenite Monzodiorite Granite
SiO2 69.72 67.22 58.41 54.32 70.12
TiO2 0.17 0.12 0.14 0.15 0.14
Al2O3 15.98 17.60 20.69 21.61 15.87
FeO (tot) 1.60 1.62 2.39 3.82 1.86
MnO 0.03 0.03 0.06 0.05 0.07
MgO 0.27 0.58 0.30 1.69 0.50
CaO 1.56 1.14 3.74 9.78 2.57
Na2O 7.74 7.94 6.72 5.17 6.93
K2O 1.51 2.30 3.61 1.43 0.85
P2O5 0.04 0.07 0.05 0.08 0.05
LOI 1.30 1.30 2.60 2.00 0.80
Total 99.92 99.92 98.71 100.10 99.76
Rb 18.4 30.6 51.2 36.2 10.8
Sr 468.4 452.3 6371.1 1301.7 1009.3
Y 8.3 8.8 19.9 4.7 19.9
Zr 104.7 111.0 164.0 34.7 106.1
Nb 3.2 3.5 30.7 0.8 7.5
Cs 0.3 0.8 1.4 0.6 0.2
Ba 1232 922 6268 430 1997
La 15.5 14.8 145.6 12.6 25.4
Ce 26.7 23.7 258.3 17.2 45.9
Pr 2.81 2.19 26.20 1.65 4.93
Nd 9.7 7.7 84.2 6.1 17.7
Sm 1.43 1.38 11.46 1.09 3.14
Eu 0.49 0.37 2.96 0.47 0.76
Gd 1.41 1.29 7.81 1.00 3.15
Tb 0.22 0.20 0.91 0.14 0.50
Dy 1.35 1.31 4.09 0.91 3.06
Ho 0.29 0.28 0.61 0.18 0.68
Er 1.04 0.97 1.79 0.53 2.12
Tm 0.18 0.17 0.23 0.07 0.34
Yb 1.14 1.22 1.46 0.46 2.44
Lu 0.22 0.22 0.19 0.08 0.41
Hf 2.6 2.8 2.7 0.9 3.5
Ta 0.1 0.3 1.2 0.1 0.6
Th 4.0 7.4 63.6 5.0 14.9
U 2.4 1.9 32.7 0.7 6.2
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and the Temora II standard was used to correct for U/Pb fractionation.
Analyses were conducted with a 3.5 nA negative O2ˉ primary ion
beam focused to ca. 23 μmdiameter spot and amass resolution ca. 6500.

Data reduction and plottingwere performed using the SQUID Excel
Macro of (Ludwig, 2000) and ISOPLOT (Ludwig, 2003). Age interpreta-
tions are based either on the measured 207Pb/206Pb ratio corrected for
common Pb using the 204Pb-method (see Williams, 1998) for zircon
older than 1000Ma or themeasured 206Pb/238U ratio corrected for com-
mon Pb using the 207Pb method for ages younger than 1000 Ma. The
long-term reproducibility of Temora standardwas 416.79+‐−0.54Ma
while the reproducibility during the analyseswas 416.88+−0.78Ma.

4. Results

Samples for this study were collected from theM'ClintockWest and
M'Clintock East bodies of the Thores Suite. Five representative felsic to
intermediate lithologies were chosen for further petrographic, geo-
chemical and geochronological studies. The GPS coordinates and litho-
logical type for each sample site are presented in Table 1. Outcrop
photographs are shown in Fig. 2.

4.1. Petrography

All studied samples are coarse grained, holocrystalline igneous rocks
(Fig. 3) that show small to intermediate degrees of alteration. Based on
the petrographic observations they are classified as granite, quartz-
monzonite, syenite and monzodiorite.

Sample KK17-10A is a granite that consists of anhedral plagioclase,
microcline, quartz, biotite and white mica (Fig. 3A). Minor secondary
zeolite, carbonate and epidote occur as well. Accessory phases are
titanite, zircon and apatite. Plagioclase is altered and partly replaced
by fine grained sericite. A sample of quartz monzonite, KK12-12G, con-
sists mainly of alkali feldspar, sodic to calcic plagioclase, quartz, biotite
and white mica (Fig. 3B). Accessory phases are represented by apatite
and zircon. Biotite is rarely replaced by secondary chlorite. Late carbon-
ate is locally present. Sample KK17-14C is classified as syenite and is the
most altered sample examined. It consists mainly of alkali feldspar
(sanidine) and plagioclase (Fig. 3C). Biotite, white mica, amphibole, ep-
idote and secondary carbonate are also observed. Accessory phases in-
clude titanite, apatite and zircon. Plagioclase is extensively replaced by
sericite. Biotite is commonly affected by chloritization. Sample KK17-
15B is a monzodiorite. The major rock forming minerals are coarse
grained plagioclase, green amphibole and alkali feldspar with lesser ep-
idote, white mica, biotite, tourmaline and apatite (Figs. 3D,E). Plagio-
clase is commonly altered and locally replaced by opaque minerals
(Fig. 3E). Finally, granite sample KK17-16A comprises similar minerals
to KK17-10A. However, this sample has been affected by stronger defor-
mation than the other samples, which is expressed by grain size reduc-
tion (especially quartz). The subhedral plagioclase is affected by
sericitization, whereas biotite is locally replaced by chlorite.

4.2. Geochemistry

Geochemical data from five samples that are not significantly altered
is plotted on several commonly usedmajor and trace element diagrams
used for classification and establishing the geotectonic setting (Fig. 4).
The results of this study are plotted together with the only other avail-
able data from this region published by Trettin (1998) and Estrada
et al. (2018a).

Based on the TAS diagram (Middlemost, 1994, Fig. 4A), the samples
are classified as granite (KK17-10A, KK17-16A), syenite (KK17-14C),
quartz monzonite (KK17-12G) and monzodiorite (KK17-15B), which
is in agreement with the petrographic observations. The diagram of
Schandl and Gorton (2002) indicates that the studied samples plot
within the oceanic arc environment (Fig. 4B). All analyses plot within
the volcanic arc granitoid field on the Pearce et al. (1984) diagram

https://www.bvlabs.com/markets-services/mining/exploration-geochemistry
https://www.bvlabs.com/markets-services/mining/exploration-geochemistry


Fig. 3. Representative photomicrographs of the studied samples: (a) anhedral plagioclase from granite sample KK17-10A, (b) quartz monzonite sample KK17-12G comprising mainly
plagioclase and alkali feldspar, (c) altered syenite sample KK17-14C - note mafic minerals: amphibole, biotite and epidote, (d) monzodiorite sample KK17-15B consisting mainly of
felspar, plagioclase and amphibole, (e) plagioclase partly replaced by fine grain opaque minerals, the sample KK17-15B, (f) quartz, plagioclase and feldspar rich granite sample KK17-
16A, plagioclase is commonly affected by sericitization. Abbreviations of mineral: Pl – plagioclase, Kfs – K-feldspar, Qtz – quartz, Bt – biotite, Wm- white mica, Ep - epidote,
Amp – amphibole and Cb – carbonate.
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(Fig. 4C). The results are consistent with evolution of the Thores Suite
within a convergent tectonic environment.

The Thores Suite felsic to intermediate rocks show rather similar
trend on the REE diagram (Boynton, 1984; Fig. 4D). They display an en-
richment of light rare earth elements relative to heavy rare earth ele-
ments. The Eu anomaly is either absent to slightly negative (samples
KK17-12G, KK17-16A) or positive (sample KK17-15B). All samples
also show a similar trend on a multi-element diagram normalized to
primitive mantle (McDonough and Sun, 1995; Fig. 4E). Notably the Ba,
Rb, U and Th, LREE as well as Sr show distinct enrichment, whereas
5

Nb–Ta and HREE show characteristic depletion. This trend is typical
for an island arc environment. Similar trends and values have been re-
ported for Andean type continental arc (e.g., Thorpe et al., 1984).

4.3. Geochronology

All five samples of intermediate to felsic lithologies contain zircon.
Concentrations of Th in all dated zircons range between 15 and
1230 ppm, whereas U shows a spread from 62 to 4225 ppm (Supple-
mentary Appendix A). The samples KK17-14C and KK17-15B yielded



Fig. 4. Geochemistry of the studied samples. Following diagrams are shown: (a) TAS diagram (Middlemost, 1994), (b) Schandl and Gorton (2002) discrimination diagram (ACM – active
continental margin, WPVZ – within plate volcanic zone, WPB – within plate basalts, MORB – mid-ocean ridge basalts), (c) Pearce et al. (1984) discrimination diagrams (syn-COLG –
syncollisional granitoids, WPG – intraplate granitoids, ORG – mid-oceanic ridge granitoids, VAG – volcanic island arc granitoids), (d) Chondrite normalized REE plot (Boynton, 1984),
(e) Primitive mantle normalized multi-element plot (McDonough and Sun 1995). The studied samples are marked as open symbols, whereas the grey symbols are the data from the
literature: rectangles (Trettin, 1998) and triangles (Estrada, Tessensohn, and Sonntag, 2018b). The diagrams were prepared using GCDkit software (Janoušek et al., 2006).
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subhedral, CL-dark zircon grains. Zircon in KK17-15B revealsweakoscil-
latory and sector zoning (Fig. 5). Zircon in KK17-14C has a mottled ap-
pearance and does not show any obvious zoning. Some grains from
this sample display narrowCL-bright rims (Fig. 5). Zircon from the sam-
ples KK17-10A, KK17-12G and KK17-16A are euhedral, occasionally
subround, oscillatory zoned with very clear, CL-bright cores and darker
rims. All samples are characterized by bimodal size distribution of zir-
con grains with larger crystals not exceeding 300 μm in maximum di-
mension and smaller ones not exceeding 50 μm in diameter.

There is a significant spread in the U–Pb ages and degree of discor-
dance within the analyzed samples that is interpreted to reflect the
combined effects of Pb loss, inheritance and/or mix of inherited and
magmatic components. The 206Pb/238U age of the magmatic zircons
ranges between 480 ± 4 Ma and 469 ± 4 Ma (Fig. 6 and Appendix A).
The older zircons are interpreted as inherited grains. They are recog-
nized in the samples KK17-10A, KK17-12G and KK17-16A (see also
Fig. 5 for CL images). The 206Pb/238U age for the younger xenocrystic
grains range from 961 ± 10 Ma to 519 ± 6 Ma, the older inherited zir-
cons yield 207Pb/206Pb ages between 2686 ± 9 Ma and 1045 ± 17 Ma
(Fig. 7, Appendix A). The xenocrystic core dates cluster around
580–519 Ma (five grains), 625 (one grain) 890–792 Ma (thirteen
grains), 1045–942 Ma (four grains), 1360 Ma and 1620 (each popula-
tion one grain), 1865–1835 (two grains) as well as 2686–2455 Ma
6

(eight grains). The distribution of inherited ages and probability plot
for all 35 analyses are presented on Fig. 7.

Zircon frommonzodiorite sample KK17-15B have a relatively simple
age distribution and no inherited grains. The oldest 13 of 20 207Pb-
corrected 206Pb/238U dates define a weightedmean age of 470± 3Ma
(MSWD = 1.5). The remaining dates ranging down to 430 Ma are
interpreted to reflect Pb loss. Analyses from the sample of syenite,
KK17-14C show amore significant spread of 207Pb-corrected U–Pb ages
from 488 to 262 Mawith no obvious inheritance. Most of the analyses
are interpreted to record Pb loss. The oldest 6 analyses define aweighted
mean 206Pb/238U age of 478 ± 6Ma (MSWD= 1.0). All three samples
KK17-10A, KK17-12G and KK17-16A show a large spread in U–Pb ages
that coupledwith theCL images is interpreted to reflect the combinedef-
fects of inheritanceandPb-loss (Fig. 5). Analyses fromthegranite sample
KK17-10A vary from 2616 Ma to 325 Ma. Core analyses from inferred
xenocrystic zircon show a U–Pb age spread from 2616 Ma to 528 Ma.
Two older rim analyses (10.1 & 23.2) are interpreted to record analytical
mixtures of rim and core domains. The 6 youngest analyses of the rims
are interpreted to record Pb-loss. The remaining 4 rim analyses define a
207Pb-corrected 206Pb/238Uweightedmean age of 469±4Ma (n=4 of
20,MSWD=0.9). Thequartzmonzonite sampleKK17-12Ghas a signifi-
cant component of inherited cores as well. The core ages vary from
2686Ma to 541Ma althoughmanyof the analyses are discordant. Eleven



Fig. 5. Representative cathodoluminescence (CL) images of the analyzed zircon grains with spot locations marked by ellipses. U\\Pb data are presented in Appendix A.
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rim analyses give a 207Pb-corrected 206Pb/238U weighted mean age of
480 ± 4 Ma (MSWD= 1.4, n= 11 of 35). The youngest two analyses
are interpreted to record Pb-loss. Granite sample KK17-16A yielded the
inherited cores ages ranging from2457Ma to 519Ma. Theoldest zircons
are strongly discordant (>20%). Five younger analyses are inferred to re-
cord Pb-loss. The remaining zircon rims define a 207Pb-corrected
206Pb/238Uweightedmeanageof478±4Ma(MSWD=1.7,n=13of33).

5. Discussion

5.1. Age, petrogenesis and ancestry of the Thores Suite

Traditionally the Thores Suite was interpreted as a remnant of
ophiolitic and plutonic complexes that originated above an intraoceanic
subduction system formed in northern Iapetus (e.g. Trettin, 1998).
Estrada et al., 2018b proposed a more complex model involving a
build-up of an Ordovician island arc on a former late Neoproterozoic is-
land arc of Timanian origin and its Cambrian sedimentary cover. The lat-
termodel is based largely on the age and character of various lithologies
of Neoproterozoic and Cambrian meta-volcanosedimentary and sedi-
mentary units of the Succession III in the Pearya Terrane. A critical as-
sumption of the model is an intrusive relationship between the Thores
Suite and the Neoproterozoic-Cambrian units of the Succession III
even though (1) the contact is now most probably tectonic, and
(2) there is no evidence for recycling of the Succession III (meta)sedi-
mentary units in igneous rocks of the Thores Suite. The U–Pb data pre-
sented herein addresses the second concern since zircon from two
granitic samples and a sample of quartz monzonite provide ages of in-
heritance ranging from c. 2680Ma to c. 520Ma. The age of the youngest
inherited grain of 519 ± 6 Ma is older than the maximum deposition
age of volcanoclastic sedimentary rocks of the Succession III, whereas
the cluster around 580–570Mamatches well 573+6/−2Maweighted
average of pyroclastic component in the same sequence (Estrada et al.,
2018a). Thus the xenocryst data confirms that felsic to intermediate
rocks of the Thores Suite may have indeed at least partially recycled
the Cambrian to Neoproterozoic units of the Succession III. However,
xenocryst ages older than c. 710 Ma (i.e. the oldest date yielded by the
Succession III) require a more extensive evaluation of potential sources
and allow additional examination into the origin of the composite arc
fragment represented by Succession III and the Thores Suite.

The spread xenocryst ages clearly shows that at least some Thores
Suitemagmas intruded through heterogeneous Precambrian basement.
The Neoarchean to earliest Neoproterozoic age signature is typically
found in the circum-Arctic region (e.g. Olierook et al., 2020) andmay be
diagnostic for its provenance (e.g. Hadlari et al., 2014; Kirkland et al.,
2009;Malone et al., 2014). For example, a gap in the obtained zircon age
record, between 1620Ma and 1360Ma (but thedated population is lim-
ited), matches North American Magmatic Gap (1610–1490 Ma, Van
Schmus et al., 1993), which suggests a Laurentian origin for the sampled
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basement. On the other hand, a cluster of c. 1040–940Mamay equally
beassociatedwithbothLaurentiaandBaltica,eitherwithaproposedArc-
tic arm of the Grenville-Sveconorwegian Orogen (Lorenz et al., 2012) or
more likely the Valhalla Orogen, a convergentmargin arc systemdevel-
oped on the external margin of Rodinia (Cawood et al., 2010). Igneous
rocks of c. 974–964 Ma in Succession I of the Pearya Terrane are
interpreted to record involvement of the Pearya Terrane in the Valhalla
orogen(Maloneet al., 2017). Thepresenceof this agegroup in theThores
Suite xenocryst population suggests a primary tie betweenSuccession III
and other units of the Pearya Terranewithwhich it collided during the
M'Clintock orogeny.

Evenmore interesting are latest Tonian to Cryogenian ages clustering
between 890 Ma and 790 Ma and the Ediacaran population spanning
580–570 Ma. The younger cluster is typical for the Timanide Orogen of
Baltica (e.g. Kuznetsov et al., 2007; Pease et al., 2004) as well as numer-
ous peri-Gondwanan and peri-Laurentian terranes associated with the
opening and closure of the Iapetus Ocean and evolution of the Appala-
chian orogen (van Staal et al., 2013, 2020 and references therein). Al-
though direct ties between the northern Appalachian orogen and
crustal fragments in the North Atlantic have been proposed
(e.g., Pettersson et al., 2010), we view evolution of the Pearya Terrane
in themore northern reaches of the Iapetan realmmore likely and there-
fore focus on North Atlantic correlations. The possible north-western ex-
tension of the Timanides toward Svalbard and northern Greenland,
potentially affecting the (future) northern Laurentian margin, was also
proposed and documented (e.g. Estrada et al., 2018b; Kuznetsov et al.,
2007; Majka et al., 2008, 2014,; Mazur et al., 2009; Rosa et al., 2016). Im-
portantly, Malone and McClelland (2020) provide unequivocal evidence
for the occurrence of c. 540Ma intermediate, volcanic arc magmatism in
the Pearya Terrane, which is based on U–Pb zircon dating coupled with
trace-element andHf isotopic analyses of the dated zircons. Thus, it is in-
deed likely that the spatial extent of the Timanide tectonism was much
larger than hitherto recognized and could have spanned toward
Laurentia sensu stricto or affected foundered blocks of continental crust
possessing crustal signatures typical for Laurentia. It is also apparent
that the Thores Suite igneous rocks intruded into and interacted with a
basement that either included sedimentary units with similar detrital
zircon signatures to the age pattern obtained from the inherited zircon
cores in this study or consisted of a more structurally complex terrane
comprising Neoarchean to latest Neoproterozoic or even Cambrian crys-
talline and sedimentary rocks. Interestingly, it supports a hypothesis of
Hadlari et al. (2014) that the island arc in question might have been
built upon the continental crust of Pearya, with the critical distinction
that the Thores Suite records arc magmatism in the upper plate of a con-
vergent margin setting distal to the northern Laurentian margin.

The geochemical character of the igneous rocks in the Thores Suite
confirms their island arc affinity. The available geochronological con-
straints suggest this arc developed in the Early and Middle Ordovician,
between c. 480 Ma and c. 469 Ma. The age of xenocrysts observed



Fig. 6. Terra-Wasserburg plots. Data used for age calculations aremarked byblack ellipses. Grey ellipses indicate analyses not included in the age calculations due to the Pb loss, inheritance
or mixed age, see text for more details. The plotted analyses are 1σ error ellipses uncorrected for common Pb.
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Fig. 7. (a) Diagram showing the distribution of xenocrystic zircon grains, crystallization
age inferred for the studied samples is marked by orange line, (b) probability plot for all
inherited zircons from samples KK17-10A, KK17-12G and KK17-16A. 207Pb/206Pb ages
are shown for grains older than 1000 Ma and 206Pb/238U ages for younger zircons. The
analyses plotted on both diagrams are 90–110% concordant for ages >1000 Ma and
80–120% concordant for ages <1000 Ma.
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suggests that the arc formed on Laurentian crust or a fragment of Lau-
rentian crust affected by late Neoproterozoic (Timanian?) tectonism.
Development of an Early to Middle Ordovician arc along the Laurentian
margin sensu stricto in thenorthern Iapetus realmhas not beenhitherto
recognized, but has been proposed in models attempting to account for
the origin of arc fragments from the Arctic region that are now included
within the Cordilleran orogen (e.g., Strauss et al., 2017). In addition
Dalslåen et al. (2020) suggested formation of an intraoceanic island
arc proximal to the Laurentia margin by c. 487–480Ma that is currently
preserved within the Upper Allochthon of the central Norwegian
Caledonides. A system of volcanic island arcs of a corresponding age
that was particularly well developed along the Baltoscandian margin
of Baltica also currently occurswithin the Upper Allochthon of the Scan-
dinavian Caledonides (e.g. Pickering and Smith, 1995; Roberts et al.,
2010; Stephens and Gee, 1989). However, these arcs have an intra-
oceanic origin and do not show any obvious evidence for a continental
crustal component, which at first glance precludes any connection be-
tween the Thores Suite and the Upper Allochthon of the Scandinavian
Caledonides. Therefore, an alternative tectonic mechanism allowing
for a formation of an island arc built atop continental crust is necessary.

The earliest stages of opening of an infant ocean involve hyperexten-
sion and subsequent breakup of a continent. Rarely is newly formed
9

ocean devoid of any slivers of continental crust imbedded within oce-
anic lithosphere (e.g., Jan Mayen microcontinent in Northern Atlantic;
Gudlaugsson et al., 1988). Hyperextension of the Baltoscandian margin
of Baltica was documented in detail (e.g. Andersen et al., 2012; Jakob
et al., 2019) and proposed for segments of the Laurentian margin (van
Staal et al., 2020), thus providing a viable mechanism for generation of
continental fragments during rifting of Rodinia. A similar style of rifting
is likely for the northern Laurentian margin as well (e.g., Strauss et al.,
2019). Subduction initiation in northern Iapetus resulted in arc con-
struction across both oceanic and rifted continental substrates leading
to development of a composite intra-oceanic island arc system that in-
cludes continental crustal components.

The timing of rift and arc development in the northern Iapetus re-
main poorly constrained. The Thores Suite zircons yield inheritance
ages as young as 580–570 Ma and c. 520 Ma which postdate traditional
timing (630–600 Ma) for opening of the Iapetus Ocean (Johansson,
2009; Murphy et al., 2004; Torsvik et al., 1996). On the other hand, the
Central Iapetus Magmatic Province (CIMP) was active until c. 550 Ma
(Ernst and Bell, 2010). The Volyn Large Igneous province of southern
Baltica operated between c. 580 Ma and c. 545 Ma (Compston et al.,
1995; Paszkowski et al., 2019; Shumlyanskyy et al., 2016). Gumsley
et al. (2020) reported occurrence of an alkali gabbro in the Caledonian
basement of western Svalbard dated to c. 560 Ma and ascribed it to
CIMP. The Seiland Igneous Province of the northernmost Scandinavian
Caledonides yielded ages in the range of 574–526 Ma (Roberts et al.,
2010). It is likely that this voluminous and predominantly mafic
magmatism contributed to further dismembering of the Laurentian and
Baltican continental crusts, which could have caused opening of mar-
ginal basins along continental margins similar to that envisioned for
the Taconic seaway (e.g., Zagorevski and van Staal, 2011). In such a sce-
nario, slivers of continental crust may have rifted away from either con-
tinental margin as late as the early Cambrian and shortly afterwards
become basement for an intra-oceanic island arc.

In summary, it is apparent that the Thores Suite represents a remnant
of intra-oceanic island arc presumably formedon a fragment of continen-
tal crust rifted from the Laurentianmargin in the Ediacaran to the early
Cambrian. This continental sliver must have been either affected by the
Timanianmetamorphic and/or magmatic event or covered by sedimen-
tary units formed in the latest Neoproterozoic to earliest Cambrian
(Fig.8). Themeta-volcanosedimentaryunitsofSuccession IIIof thePearya
Terranemay represent a partial remnant of the continental basement on
whichtheEarlytoMiddleOrdovicianislandarc formed. Intra-oceanicsub-
ductionbeneath this continental sliver resulted in formationof theThores
volcanic arc in the Early Ordovician (Fig. 8). Possible candidates for the
lower plate representatives (or their equivalents) are blueschists, low
temperature eclogites and associated blueschist faciesmetasedimentary
rocks of the Vestgötabreen Complex from Svalbard (Hirajima et al.,
1988; Kośmińska et al., 2014) that yield Early to Middle Ordovician ages
for HPmetamorphism (Barnes et al., 2020; Bernard-Griffiths et al., 1993;
Kośmińska et al., 2019; Peucat et al., 1989). Interestingly, HP zircon in
these blueschists and eclogites reveals inheritance broadly similar to
that described from the Thores Suite felsic rocks (Kośmińska et al.,
2019). Subducted continental material that is age equivalent to the arc
basement indicates subductionerosionsuch that theVestgötabreenCom-
plex is representative of the Thores Suite arc basement (Fig. 8). Other HP
rocks known from the northernmost Iapetus realm are eclogites of the
RicharddalenComplex innorthernSvalbard. Theyare thought tohaveun-
dergoneHPmetamorphism in theMiddleOrdovician based onU–Pb dat-
ing of titanite (Gromet and Gee, 1998), although the currently available
geochronologicaldatabase ispoor. TheRicharddaleneclogites areembed-
ded in a host dominated by Tonian to Cryogenian orthogneiss (Gromet
andGee, 1998; Peucat et al., 1989). A Tonian igneous suite, referred to as
the Berzeliuseggene unit, records Torellianmetamorphism, a Cryogenian
tectonometamorphic event linked to Timanian tectonism, (see e.g.Majka
andKośmińska, 2017) aswell as earlyCaledonianHPmetamorphismthat
is was also described in southern Svalbard (Majka et al., 2014, 2015).



Fig. 8.Asimplifiedcartoonshowinghypotheticaltectonicscenarioforthedevelopmentofthe
Thores island arc. Abbreviations used: NES –Northeastern Basement Province of Svalbard,
NWS –Northwestern Basement Province of Svalbard, P-I – Pearya Succession I, P-II – Pearya
SuccessionII,P-III–PearyaSuccessionIII,SWS–SouthwesternBasementProvinceofSvalbard.
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Collectively, the Richarddalen Complex and Berzeliuseggene unit are
interpreted to characterize the missing crustal puzzle piece that served
as basement to the Thores Suite island arc (Fig. 8). However, more geo-
chronologic and other isotope studies are required to target these units
to unequivocally support this hypothesis.

5.2. The Thores Suite - the northernmost witness of the Caledonian
contraction

Notwithstanding, the discussion presented above leads to an emerg-
ing question whether the M'Clintock orogenic event should be still
treated as an independent entity or rather as one of multiple phases of
Caledonian orogeny and in broader sense the Caledonian Wilson cycle.
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Elvevold et al. (2014) emphasized possible connection between the
eclogites of the Richarddalen Complex and HP rocks of the Tromsø
Nappe in the northernmost Norwegian Caledonides. Similarly, Barnes
et al. (2020) showed striking similarities between coeval low tempera-
ture HP rocks of the Vestgötabreen Complex and from the Tsäkkok Lens
of theMiddle Allochthon of the Swedish Caledonides. Thus, it is justified
to speculate that all these units could have formed in the same complex
system of (multiple) intra-Iapetian island arcs. The arrival of the
Baltoscandian continental margin into this complex subduction system
in the south (i.e. in the northern Swedish and Norwegian segments of
the Caledonides using current coordinates) would inhibit its further de-
velopment in the north (Arctic-Barents segment of the Caledonides)
and eventually cause its termination. The Baltoscandianmargin subduc-
tion beneath an island arc in the northern and central Scandinavian
Caledonides was already active at c. 495–470 Ma (e.g. Barnes et al.,
2019; Bukała et al., 2020; Petrík et al., 2019), reaching its fully developed
stage at c. 460–450 Ma (e.g. Brueckner and van Roermund, 2004;
Fassmer et al., 2017). At the same time, the subduction system in the
Arctic-Barents segment of the orogen would change its mode into
transpression in much similar way to e.g. the Guatemala Suture cur-
rently separating the North American and Caribbean plates (e.g.
Brueckner et al., 2009). Indeed, potential field interpretation presented
by Barrère et al. (2009, 2011) shows a change in direction of the Caledo-
nian suture in the Barents Sea region and it is interpreted to be an effect
of left-lateral faulting (Barrère et al., 2011). Activation of this large, sinis-
tral strike-slip system along the northeastern edge of Baltica was re-
sponsible for escape and juxtaposition of various crustal domains with
differing histories including the mosaic of terranes currently exposed
in Pearya and Svalbard (e.g. Bazarnik et al., 2019; Beranek et al., 2015;
Colpron and Nelson, 2009; Malone et al., 2014; Mazur et al., 2009).
This process could have started in the Ordovician (McClelland et al.,
2012), continued at least until the late Silurian – Early Devonian (e.g.
Faehnrich et al., 2020), and probably even beyond reaching the Late De-
vonian. In this model, juxtaposition of Successions I and II with Succes-
sion III of the Pearya Terranewould not reflect arc collision attributed to
M'Clintock Orogenesis. Formation of the Thores Suite would reflect the
early stages of the sensu stricto Caledonian orogenic contraction. This
scenario links several tectonic phenomena commonly treated indepen-
dently by various authors in the past and provides a plausible explana-
tion for the currently observed basement architecture of this portion of
theHighArctic. Nevertheless, additional geochronological andpetrolog-
ical investigations of all of the geological units discussed herein are
needed to build a comprehensive tectonic model for evolution of
Iapetus in this region.

6. Conclusions

The new ion microprobe U–Pb zircon dating results of various felsic
to intermediate lithologies from the Thores Suite of the Succession III of
the Pearya Terrane of northern Ellesmere Island support the following
major conclusions:

(1) The dated samples of granites, quartz-monzonite, syenite and
monzodiorite yielded igneous zircon ages ranging from 480 ±
4 Ma to 469 ± 4 Ma. These results extend the timing of igneous
activity within the Thores Suite beyond the previous range of c.
488–481 Ma. Geochemical characteristics of the dated samples
confirm volcanic island arc origin of the Thores Suite.

(2) Zircon from two granite samples and a sample of quartz-
monzonite reveal inheritance interpreted to be characteristic of
Laurentia with a c. 580–570 Ma component typical of the
Timanide Orogen of northeast Baltica. Based on the occurrence
of inherited zircon cores and their ages, it is suggested that the
Thores Suite was formed in an island arc built on a sliver of con-
tinental crust within northern Iapetus.

(3) The age of the Thores Suite rocks matches ages of similar rocks
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occurring within the Upper Allochthon of the Scandinavian
Caledonides as well as of high pressure rocks from the Svalbard
and northern Scandinavian Caledonides. Hence, the Thores is-
land arc formed part of well-developed Early to Middle Ordovi-
cian Caledonian subduction system and should not be treated
independently of it.

(4) Possible northern(most) location of the Thores island arc
allowed its incorporation into large-scale sinistral strike slip-
system responsible for escape and juxtaposition of terranes
with mixed affinities. This system was already active during
the early stages of the Baltica subduction beneath island arcs
and fully developed during the main Caledonian continental
collision between Baltica and Laurentia farther south. How-
ever, entirely Laurentian ancestry might be also considered
as plausible.
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