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We use zircon U-Pb, Hf and O isotopes to constrain the depositional ages and provenance of metasedi-
mentary rocks of the Paleoproterozoic Karrat Group of West Greenland and to understand the tectonic
processes leading to basin development on the eastern Rae craton. An older supracrustal assemblage
(Qeqertarssuaq complex) deposited after ca. 2.6 Ga is separated by an unconformity with a younger
supracrustal assemblage (the Karrat Group). The Qaarsukassak Formation at the base of the Karrat
Group was deposited after ca. 2.0 Ga, with dominantly Archean age modes. The youngest siliciclastic
rocks (Niikavsak and Marmorilik formations) in the Karrat Group have maximum depositional ages rang-
ing from ca. 1980 to 1950 to 1900 Ma and contain dominant detrital zircon age modes between ca. 2.50

ﬁfﬁg"gﬁ;hmmlogy and 1.93 Ga. A ca. 1.92 Ga supracrustal assemblage referred to as the northern domain (Karrat Group,
Hf isotopes sensu lato) is geographically separated from the Karrat Group (sensu stricto) by the Praven igneous com-
Zircon plex. The stratigraphy and detrital zircon profiles are compared to broadly coeval sedimentary units on
Rae craton the Rae craton and a unifying model of their deposition is presented. The Rae craton is the dominant

Trans-Hudson orogen detritus source; initially these sources were mostly local, changing to a mix of local and distal sources
including the western Rae craton. The tectonic setting of the Karrat basin transitioned from extensional
to convergent to collisional during its basin evolution, reflecting Wilson cycle phases within an epeiric
sea. Accordingly, zircon Hf isotopes in our dataset track the evolution of the opening and closing of the
Manikewan Ocean. Detrital zircon Hf isotopes in our dataset reveal a greater proportion of juvenile detri-
tus (especially ca. 2.15-1.95 Ga) than is known from the currently exposed crustal record, pointing to the
importance of the detrital zircon record for understanding Paleoproterozoic crustal and tectonic

evolution.
© 2024 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

The Karrat Group is a Paleoproterozoic supracrustal sequence
that crops out over several hundred kilometers along the coast of
central West Greenland (Fig. 1) and unconformably overlies
Archean rocks of the Rae craton (Henderson and Pulvertaft,
1987). Reconstructing the age, stratigraphy, and depositional envi-
ronments of the Karrat Group provides an opportunity to better
understand the basin tectonic evolution prior to, and during, oro-
geny related to the Trans-Hudson and Rinkian orogens and the
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building of proto-Laurentia. Within the eastern Rae craton, Paleo-
proterozoic supracrustal sequences that were deposited prior to
the Trans-Hudson orogen include the Piling, Penrhyn, and Hoare
Bay groups, located in eastern Canada, and the Karrat and Anap
niina groups, located in West Greenland.

Early work postulated that the Piling, Penrhyn, and Karrat
groups were correlative, based on similarities in lithostratigraphy
and timing of deformation by ca. 1.9-1.8 Ga orogenic events
(Jackson and Taylor, 1972; Kalsbeek et al., 1998). Mapping and
research initiatives led by the Geological Survey of Canada (e.g.,
Corrigan et al., 2001) and the Geological Survey of Denmark and
Greenland (e.g., Rosa et al., 2018) have led to a greater understand-
ing of the stratigraphy, age, and tectonic history of the supracrustal

1342-937X/© 2024 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana Research.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gr.2024.07.011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gr.2024.07.011
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:camille.partin@usask.ca
https://doi.org/10.1016/j.gr.2024.07.011
http://www.sciencedirect.com/science/journal/1342937X
https://www.elsevier.com/locate/gr

CA. Partin, B.S. McDonald, M. McConnell et al.

[[] Phanerozoic rocks

[ 2.0 - 1.8 Ga magmatic arcs
] Paleo- to Mesoproterozoic plutonism
[[] Paleoproterozoic - Silurian cover sequences

[ Mesoproterozoic cover sequences
1 Mesoproterozoic Gardar Province
Trans-Hudson Orogen
[ Hudsonian plutonism
[ JlIsland arcs
[ Mafic volcanic rocks
[ Paleoproterozoic cover sequences
[ Paleoproterozoic crust
[_JArchean cratons

—— Major fault or shear zone
_a_ Baffin-Rinkian suture

=== Extent of THO
=== Limit of Reindeer Zone

Ellesmere

Gondwana Research 134 (2024) 222-244

D

Ingelfield
.. belt

&

. Aasiaat

%7 domain 3
| Nagssugtogidian
¥ orogen

Grenville

Fig. 1. Geological map of Canada-Greenland, highlighting Paleoproterozoic metasedimentary units of the Rae and other Archean cratons, as well as the location of the Rinkian
belt where the Karrat Group is located (modified from Corrigan et al., 2009; Kolb et al., 2016). Position of Canada with respect to Greenland is shown at 100 Ma (pre-rift) from

GPlates. Baffin-Rinkian suture (BRS) from Grocott et al. (2023).

successions of the eastern Rae craton. One outcome of geochrono-
logical work showed that the Penrhyn and Piling groups were
deposited at different times, with the Penrhyn Group being
younger than 1.90 Ga, whereas the Piling Group is older than
1.90 Ga, thus their traditional correlation no longer holds (Partin
et al., 2014a). Whether or not the Karrat Group correlates with
either the Piling or the Penrhyn groups of the Foxe Fold belt has
not been rigorously tested. Similar to the Penrhyn and Piling
groups, the Karrat Group has been interpreted to represent an epi-
continental rift to foreland succession (Grocott and Pulvertaft,
1990; Sanborn-Barrie et al., 2017) prior to deformation by the
Rinkian-Nagssugtoqidian orogen (Henderson and Pulvertaft,
1987) and the Trans-Hudson orogen (Kirkland et al., 2017). The
uppermost Karrat Group (Niikavsak Formation) was recently inter-
preted to be deposited in concert with the ca. 1.92 Ga Thelon oro-
gen (Sanborn-Barrie et al., 2017), which is older than the ca. 1.9 Ga
Foxe orogen that coincides with the deposition of the uppermost
Piling Group (e.g., Corrigan et al., 2009). Our comprehensive
geochronology and provenance analysis study here, spanning over
2600 detrital zircon grains, can clarify the Canada-Greenland con-
nection of the sedimentary basins of the eastern Rae craton.
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Previous geochronology studies of the Karrat Group have thus
far been limited to U-Pb ages, with no corresponding Hf or O iso-
tope data, with the primary goal of constraining the maximum
depositional age of Karrat Group units (Kalsbeek et al., 1998;
Sanborn-Barrie et al., 2017). Thus, a detailed provenance study of
each unit of the Karrat Group has not been conducted. The use of
combined zircon U-Pb, Hf, and O isotopes can reveal the deposi-
tional history and tectonic setting of the Karrat Group, as well as
the tectonic events that affected the eastern Rae craton in Green-
land, beyond what is currently known or dated. This is because
detrital zircon grains tend to capture a more representative crustal
record than the exposed and known crustal record and can be use-
ful in reconstructing poorly understood tectonic events (e.g.,
Gehrels, 2014). Provenance analysis has the potential to distin-
guish between the various candidates for which orogenic events
in Laurentia (e.g., Rinkian, Nagssugtogidian, Thelon) might be
responsible for shedding syn-orogenic sediment into the Karrat
basin. Here, we use zircon U-Pb, Hf, and O isotopes to determine
the age, provenance, and tectonic setting of the Karrat Group. We
use these data to compare with other pre- and syn-orogenic strata
in northeast Laurentia, including the Piling and Penrhyn groups,
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that were deposited on the Rae craton prior to orogenic events of
the Trans-Hudson orogen that closed the Manikewan Ocean. Addi-
tionally, because very little is known about the basement rocks of
the eastern Rae craton (e.g., Thrane, 2021), our combined U-Pb, Hf,
and O isotopic approach also provides insight into the composition
and history of Archean rocks in the study area.

2. Geological setting

The Karrat Group was deposited on Archean gneisses and
orthogneisses of the Umanak gneiss (Henderson and Pulvertaft,
1987). Basement ages of the Rae craton in West Greenland
(Thrane, 2021) show a bimodal age distribution from
3168 + 12 Ma to 2662 + 8 Ma north of the Preven igneous complex
(~73.5 to ~ 76°N) and a more uniform spread of ages from
3157 + 3 Ma to 2706 + 3 Ma south of the Praven igneous complex
to Maarmorilik (~72.5 to ~ 70.5°N).

2.1. Stratigraphy

The Karrat Group (Fig. 2) is a siliciclastic-carbonate-volcanic
rock succession that was originally divided into two formations,
the Qeqertarssuaq and Niikavsak formations (Henderson and
Pulvertaft, 1967), followed later by the additions of the Qaarsukas-
sak, Kangilleq, and Marmorilik formations (Henderson and
Pulvertaft, 1987; Guarnieri et al.,, 2016; Grocott and McCaffrey,
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2017). Recent mapping by the Karrat Zinc project team (e.g., Rosa
et al., 2018) separates the Qeqertarssuaq Formation from the rest
of the Karrat Group on the basis of a regional unconformity surface
above the now-named Qeqertarssuaq complex and an additional
phase of deformation within it (Guarnieri et al., 2022, 2016). Thus,
the Karrat Group is defined as the Qaarsukassak, Kangilleq,
Marmorilik, and Nikavsak formations. The stratigraphic relation-
ships between these units are complex, and the age control on
these formations is poor. The Kangilleq Formation was deposited
unconformably on the Qegertarssuaq complex or Qaarsukassak
Formation (Rosa et al., 2016). The Qaarsukassak Formation infills
paleotopography (paleo-valleys) created by this erosional uncon-
formity and thus is deposited directly on basement rocks in its type
area in Kangerluarsuk Fjord (Guarnieri et al., 2016), or on the
Qegertarssuaq complex. The Marmorilik Formation is deposited
directly on basement rocks, whereas the Niikavsak Formation
occurs on variable substrates (Kangilleq, Qaarsukassak, Marmori-
lik, and basement rocks). True stratigraphic thickness is not known,
but the entire succession of the Karrat Group is thought to be > 5
km thick (Henderson and Pulvertaft, 1987).

The Qeqertarssuaq complex varies considerably both in lithol-
ogy (semipelitic to pelitic schist, quartzite, quartzitic schist, mar-
ble, hornblende schist, and amphibolite) and in structural
thickness (140-3000 m), and was metamorphosed to amphibolite
facies conditions (Henderson and Pulvertaft, 1987). The Qaarsukas-
sak Formation is relatively thin and variable in stratigraphic thick-
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Fig. 2. Stratigraphy of supracrustal rocks, including the Karrat Group (Qaarsukassak, Kangilleq, Marmorilik, Niikavsak formations), across coastal West Greenland from
Maarmorilik (south) to Holm @ (north). Stratigraphic thickness for Karrat Group units estimated from field observations; tectonostratigraphic thickness highly uncertain for
the northern domain metasedimentary rocks (Karrat Group, sensu lato). The Progven igneous complex is the geological boundary between the Karrat Group and the northern
domain metasedimentary rocks. Estimated stratigraphic position of samples is shown.
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ness, consisting of a fining-upward sequence of quartzite,
metasandstone and metamudstone, and graphitic quartzite, over-
lain by calcitic metacarbonate rocks, which are in turn overlain
by quartzite and marble (Guarnieri et al., 2016). The Qaarsukassak
Formation is bounded by the Niikavsak Formation and Archean
basement rocks, on which a depositional contact is preserved
(Partin, 2018). Thickness variations along strike suggest that it
was deposited into pre-existing topographical lows on Archean
rocks within a fluvial to shallow marine environment associated
with a marine transgression.

The Marmorilik Formation is dominantly composed of calcitic
and dolomitic metacarbonate rocks, with a basal sequence domi-
nated by siliciclastic rocks, including quartzite, conglomerate,
and calcareous metasandstone (Garde, 1978; Rosa et al., 2017).
Symmetrical ripple marks in the basal metasandstone unit of the
Marmorilik Formation suggest it was deposited in a shallow mar-
ine environment; the presence of stromatolites in the dolomitic
marble suggests the shallow marine environment (<100 m water
depth) continued throughout the carbonate succession (Partin,
2018). The Marmorilik Formation is separated from outcrops of
the Qaarsukassak Formation by a basement topographic high
(Fig. 2), suggesting that these two formations were deposited in
separate sub-basins (Grocott and Pulvertaft, 1990). It is not known
if they were deposited coevally. The Marmorilik Formation has a
structural thickness of ~1600 m and is metamorphosed to lower
amphibolite facies (Garde, 1978; Grocott and McCaffrey, 2017;
Pedersen, 1980). The uppermost Marmorilik Formation “semi-
pelite” unit is tentatively correlative with Niikavsak Formation;
however, this is uncertain because the Marmorilik and Niikavsak
formations are not in contact with each other (Henderson and
Pulvertaft, 1987). We test this correlation in this study.

The Kangilleq Formation is a package of alkaline to transitional
basalt mafic metavolcanic rocks that include pillow lava, tuff, and
volcaniclastic rocks, which is stratigraphically above the Qaar-
sukassak Formation (Rosa et al., 2017). The Kangilleq Formation
has a structural thickness ranging from ~10 to 850 m and is
interbedded with the basal unit of the Niikavsak Formation, sug-
gesting a conformable relationship between these two units
(Rosa et al., 2017). Thus, our geochronological results from the
Niikavsak Formation provide insight into the absolute age of Kan-
gilleq volcanism on the eastern Rae craton.

The Niikavsak Formation is primarily composed of meta-
greywacke and pelitic schist interpreted to represent turbidite, or
flysch-type, deposits and is at least 4000 m thick (Henderson and
Pulvertaft, 1987). Despite deformation, including foliation, thrusts,
and chevron-style folds in some areas, many primary sedimentary
structures are preserved, including normal grading, flute casts,
scour structures, flame structures, parallel cross-bedding, convo-
lute lamination, and climbing ripples (Grocott and Vissers, 1984;
Henderson and Pulvertaft, 1987). Henderson and Pulvertaft
(1987) interpreted the Niikavsak Formation to represent flysh
deposits in a foreland basin setting, whereas Grocott and
Pulvertaft (1990) did not favor a foreland model due to a lack of
slumps, seismoturbidites, and/or lateral facies changes. More
recently, Grocott and McCaffrey (2017) argued for foreland basin
for the upper Nikavsak Formation, and a post-rift sequence for
the lower Niikavsak Formation. Previous work has suggested that
the Niikavsak Formation broadly correlates with other pre-to-syn
orogenic siliciclastic units on the Rae craton (e.g., Jackson and
Taylor, 1972), which we address in our study.

Supracrustal rocks attributed to the Karrat Group crop out from
the Maarmorilik and Agpat areas in the south (~70°50'N) to the
Red Head locality in the north (~75°). Reconnaissance geological
mapping revealed differences between the supracrustal rocks
assigned to the Karrat Group north of the Prgven igneous complex
(~72°10'N to 73°05’'N) and those that occur south of the Praven
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igneous complex (Rosa et al.,, 2018). The map compilation by
Escher and Watt (1976) notes that the “metagreywacke” map unit
has a “gneissic aspect north of 72°30’N”. Thus, the differences were
initially thought to reflect differences in metamorphic grade, but
field observations show that the lithofacies and stratigraphy differ
greatly between the northern supracrustal rocks and the southern
supracrustal rocks (Marmorilik, Nligatsiaq, and Pangnertdq 1:100 k
map sheets; Henderson and Pulvertaft, 1987; updated recently by
Guarnieri et al., 2022). We explore this difference between supra-
crustal rocks north and south of the Prgven igneous complex in
our study.

Deformation by orogenic events resulted in at least three defor-
mation events (Rosa et al., 2018) that are characterized by com-
pressional tectonics, including both thin- and thick-skinned
thrust faults. The first event affecting the Karrat Group is defined
by east to southeast tectonic transport and a thin-skinned fold-
and-thrust belt, attributed to the Rinkian orogen. The second and
third events are defined by north-northeast to northeast and
southeast tectonic transport, respectively, and are attributed to
deformation associated with the Nagssugtoqidian orogen, or possi-
bly as further deformation associated with the Rinkian orogen
(Guarnieri and Baker, 2022; Rosa et al., 2018). On the other hand,
Grocott and McCaffrey (2017) interpret the structural evolution
to include an eastward tectonic transport followed by northwest-
ward tectonic transport in the “Karrat Fjord thrust system” during
some combination of the Rinkian and Nagssugtoqidian orogens, or
possibly from an east-west orogenic event related to the conver-
gence and collision of Baffin Island and West Greenland (Grocott
et al., 2023). Additionally, a top-to-the-northwest ductile shear
zone at Tussaaq (Rosa et al., 2018), first identified by Escher and
Stecher (1978), that occurs north of the Prgven igneous complex
could be important for understanding the differences between
the northern and southern supracrustal rocks and/or the origin of
the Preven igneous complex.

2.2. Existing age constraints on the Karrat Group

Kalsbeek et al. (1998) produced the first U-Pb detrital zircon
ages for the Niikavsak Formation. They found a dominant popula-
tion of ca. 2.1-1.95 Ga grains, which, guided by whole-rock Sm-Nd
data, they tentatively interpreted as being derived from a mag-
matic arc, which they inferred to be either no longer preserved,
under inland ice cover, or otherwise unknown. A metagreywacke
sample with a youngest detrital zircon of 1969 + 9 Ma showed
ca. 2169-2476 Ma and ca. 2532-3040 Ma zircon populations, the
older of which were assumed to be derived from local basement
rocks. More recent detrital zircon U-Pb geochronology (Sanborn-
Barrie et al., 2017) showed youngest detrital zircon for the Niikav-
sak Formation (on Karrat Island) is 1953 + 31 Ma with primary age
peaks between ca. 2.00 and 1.97 Ga and secondary age peaks
between ca. 2.7 and 2.5 Ga. The youngest detrital zircon for a
psammite from the northern supracrustal rocks from the northern
edge of the belt on Holm Island is 1905 + 20 Ma.

The Proven igneous complex covers an area of ~4500 km? in the
Upernavik region and is composed of various igneous phases that
were emplaced over 30 Myr from ca. 1.87 to 1.90 Ga. These phases
include charnockite (1869 + 20 Ma; Thrane et al., 2005), quartz
diorite (1876 + 4 Ma), quartz monzonite (1893 + 9 Ma), and gran-
odiorite (1900 + 4 Ma) phases (Sanborn-Barrie et al., 2017). The
Preven igneous complex intrudes Archean orthogneisses plus the
supracrustal rocks of the Karrat Group and contains inclusions of
metasedimentary rocks (Thrane et al., 2005). The Prgven igneous
complex was originally interpreted to have resulted from
collision-induced delamination during the Rinkian orogen
(Thrane et al., 2005), but has been recently reinterpreted as I-
type granites that formed in an upper-plate, continental magmatic
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arc setting, which has led to a new tectonic model (Grocott et al.,
2023). Older phases of the Prgven igneous complex overlap in
age with the ca. 1.899-1.886 Ga monzogranite-granodiorite Qikiq-
tarjuaq plutonic suite (Rayner et al., 2012; Rayner, 2017) on the
Cumberland Peninsula of eastern Baffin Island. The Qikiqtarjuaq
plutonic suite intrudes Archean basement rocks of the Rae craton
and the Hoare Bay Group and crosses the Baffin suture that stiches
the Rae craton and Meta Incognita microcontinent (Rayner, 2017).

Low Th/U zircon rims dated at 1840 + 7 Ma provide a constraint
of high-temperature metamorphism in the northern Karrat Group
(Sanborn-Barrie et al., 2017). Two samples of the Prgven igneous
complex also contain low Th/U zircon rims at 1836 + 17 Ma and
1829 + 6 Ma (Sanborn-Barrie et al., 2017). These zircon rim ages
show that regional high-temperature (granulite facies) metamor-
phism of the Prgven igneous complex and the supracrustal rocks
found north of the Preven igneous complex occurred at similar
times. Additionally, U-Pb ages on apatite (1826 + 9 Ma formed at
>485 °C) and titanite (1768 + 8 Ma formed at <452 °C) from the
Kangilleq Formation are interpreted to represent metamorphic
mineral growth during the terminal collision of the Rae craton with
the Superior craton during the Trans-Hudson orogen and the
younger Nagssugtogidian orogen, respectively (Kirkland et al.,
2017). Further, Sm-Nd, Pb-Pb, and Lu-Hf isochron-ages from the
Proven igneous complex show ca. 1840-1800 Ma model ages
(Thrane et al. 2005). Ca. 1795-1782 Ma cooling ages from Ar-Ar
(hornblende) are interpreted to represent cooling to greenschist
facies (Sidgren et al., 2006). Thus, dating of metamorphic mineral
phases (zircon rims, titanite, apatite) provides an age for peak
metamorphism at ca. 1.83 Ga for the southern domain Karrat
Group and ca. 1.84 Ga for the northern domain Karrat Group. From
this spectrum of ages, it is reasonable to assign peak regional meta-
morphism of the Karrat Group to ca. 1.83-1.80 Ga with cooling ca.
1.79-1.77 Ga, which represents a time of indentation tectonics in
northeast Laurentia, between the Superior craton and Churchill
province (Corrigan et al., 2021).

2.3. Paleoproterozoic orogenic events affecting the Rae craton in
Canada and west Greenland

The Rinkian orogen was originally defined based on its struc-
tural style, including nappes with superimposed domes, and the
presence of the Karrat Group cover sequence, spanning a
~600 km-wide collisional zone from the Disko Bugt area to Red
Head (Pulvertaft, 1973; Escher and Watt, 1976; Grocott and
Pulvertaft, 1990; Connelly et al., 2006). The Rae and North Atlantic
cratons in West Greenland are separated by the Nagssugtoqidian
orogen with a suture in the Disko Bugt region that likely repre-
sented a south-dipping subduction zone (Connelly et al., 2006;
Connelly and Thrane, 2005; Garde and Hollis, 2010; Kolb, 2014;
van Gool et al., 2002). The collision of the Rae and North Atlantic
cratons, the collision of the Rae craton and the Aassiat domain
(St-Onge et al., 2009), as well as the terminal collision in the
Trans-Hudson orogen of the Superior craton with the Rae craton
and its constituents are thought to be responsible for the compres-
sional tectonic structures and metamorphism in the Karrat Group.
Recently, a ca. 1.81 Ga suture has been proposed to exist between
the Rae craton of Baffin Island and the Rae craton of West Green-
land, called the Baffin-Rinkian suture, representing a former sub-
duction zone of oceanic lithosphere between 1.95 Ga and 1.82 Ga
(Grocott et al., 2023).
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3. Materials and methods
3.1. Samples

Samples were collected from outcrop during field expeditions
from 2015 to 2017 (Fig. 3) in West Greenland. Zircon grains were
separated from eight samples and analyzed by the laser-ablation
split stream inductively coupled plasma mass spectrometry (LASS
ICP-MS) technique for zircon U-Pb and Hf isotopes, as well as O iso-
topes by ion microprobe: four metasandstones (arkose to litharen-
ite) from the Niikavsak Formation (571308, 566448, 566439,
566451), one metasandstone (subarkose) from the Qeqeqtarssuaq
Formation (572830) and one metasandstone (arkose) from north
of the Preven igneous complex (572505), and two metasandstones
(litharenite) from upper Marmorilik Formation (572862, 572883).
The same techniques were used to analyze two Archean orthog-
neiss samples (572806, 572848) to further elucidate local base-
ment ages and their Lu-Hf and O isotope systematics. Sample
photos are shown in Supplementary Data (Fig. S1). Additional sam-
ples were analyzed for detrital zircon U-Pb analysis by single-
instrument by LA-ICP-MS for this study: four samples from the
Qeqertarssuaq complex (560230, 561812, 570206, 569835), eight
samples from the Qaarsukassak Formation (569801, 562318,
562309, 568083, 569938, 560205, 569901, 568050), four samples
from the Niikavsak Formation, (560207, 562311, 569940,
568075), two samples from the Marmorilik Formation (561279,
569919), and two metasedimentary samples from north of the
Preven igneous complex (571201, 571239). The U-Pb data for sam-
ples 571201, 571239, 560205, and 569801 generated at Geological
Survey of Denmark and Greenland laboratories were recently
included in two publications (Grocott et al., 2023; Guarnieri
et al.,, 2023), however those data are integrated here to provide
an in-depth analysis of variations in provenance within and sur-
rounding the Karrat stratigraphy. Overall, twenty-three detrital
samples were analyzed from different formations within the Karrat
Group and five samples from within the Qeqertarssuaq complex.

3.2. Analytical methods

3.2.1. Mineral separation

Samples collected in 2015-2017 during field work in West
Greenland (572862, 572883, 572806, 572848, 572505, 572830,
571308) were processed at the University of Saskatchewan for
later analysis by LASS ICP-MS and ion microprobe at the University
of Alberta. Samples were crushed using a combination of the Ter-
minator Jaw Crusher and a SELFRAG (at the Saskatchewan
Research Council). The samples were further processed using a
DMP-100 Disc Mill to achieve a uniform grain size distribution
then sieved to collect a grain size distribution between 90 pm to
300 pum prior to water density separation. Samples were dried
prior to density separation that used methylene iodide
(3.32 g/cm?) at the Saskatchewan Research Council and the Univer-
sity of Saskatchewan. A Frantz Magnetic Separator (Model L-1)
with a 20-degree forward slope, voltage at 29.4 V, and current at
0.45 A was used to separate magnetic and non-magnetic mineral
fractions. To decrease bias, a representative zircon grain population
was picked, with respect to morphology, color, magnetic fractions,
and grain size. All other samples collected in 2015-2017 were pro-
cessed at the Geological Survey of Denmark and Greenland using
similar standard zircon separation techniques.
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Group analyzed in this study.

3.2.2. Backscattered electron and cathodoluminescence imaging

At the Canadian Centre for Isotopic Microanalysis (University
of Alberta), polished zircon mid-sections of unknown zircon
grains and zircon reference materials were exposed using dia-
mond grits and coated with 10 nm of high-purity Au. Zircon
grains were imaged by backscattered electron (BSE) and
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cathodoluminescence (CL) using a Zeiss EVO MA15 scanning
electron microscope, equipped with a high-sensitivity, broadband
CL detector and a BSE detector. Beam conditions were 15 kV and
3-53nA sample current. Zircon spot targets were chosen based
on the BSE and CL images, avoiding inclusions or metamict
zones.
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3.2.3. U-Pb geochronology and Hf isotopes

The LASS ICP-MS technique at the University of Alberta, which
uses two independent mass spectrometers for the collection of
multiple isotope systems during a single ablation (Fisher et al,,
2014), was employed for the determination of the U-Pb age and
Hf isotope composition of zircon grains in ten samples. A single
collector Element2 XR ICP-MS was used for the U-Pb isotope sys-
tem and a Thermo Neptune Plus multicollector (MC) ICP-MS was
used for the Lu-Hf isotope system. The laser beam diameter was
33 um, with an 8 Hz repetition rate and producing a laser fluence
of 3 J/cm?. Both samples and standards were ablated for 40 s at
each spot to measure the 2%°pPb/238U, 207pb/235U, 296pb/207ph,
176 4/ 77Hf, and '7®Hf/7Hf ratios. Data were processed using Iolite
3.X, via a custom-made data reduction scheme (Fisher et al., 2017).
LH94-15 was used for the primary standard for the U-Pb isotope
system with PleSovice and 91500 as the secondary standards. For
the Lu-Hf system, PleSovice was the primary standard with FC-1
as the secondary standard. MUN-1 and MUN-3 synthetic zircon
standards were used to correct for Yb interferences. A summary
of zircon reference material data for the LASS ICP-MS analysis ses-
sions is shown in Supplementary Data (Fig. S2).

An additional 20 samples were analyzed for detrital zircon U-Pb
geochronology at the Geological Survey of Denmark and Greenland
in Copenhagen using a Thermo-Scientific ELEMENT2 Sector Field
ICP-MS coupled to a NWR UP213 laser ablation unit equipped with
a frequency-quintupled solid state Nd:YAG laser. Methods
followed those of Frei and Gerdes (2009) and are summarized in
Thrane (2021).

Combining datasets from the two methods provides interlabo-
ratory confirmation of age data, strengthening confidence in
replication of geochronological results. All U-Pb detrital zircon ages
were filtered to include those with <+10 % discordance and are
illustrated using a combined frequency histogram with probability
density curves (Fig. 4). The maximum depositional age calculation
(Table 1) was determined via a weighted average of the three
youngest detrital grains (Supplementary Data). Filtering criteria
(discordance +10 %, Th/U>0.1 (Hoskin and Schaltegger, 2003), error
correlation < 1) in addition to a visual inspection of zircon quality
and considerations of metamorphic age were used to determine
the youngest detrital grains. For the higher metamorphic grade
northern domain metasedimentary samples, a higher Th/U cutoff
of 0.4 (Yakymchuk et al., 2018) was used.

3.2.4. Oxygen isotopes

A Cameca IMS 1280 multicollector ion microprobe at the
University of Alberta was used to analyze the oxygen isotopes
(80/'%0) of individual zircon spots. Oxygen isotope analysis was
conducted prior to LASS analysis; thus, there were far more oxygen
isotope analyses conducted (n = 845) than are reported here
(n = 335), as those presented are associated with concordant
U-Pb data in the same zircon zone. On the ion microprobe, a
133Cs* primary beam with 20 keV energy impact and current of
1.5-2.0 nA was used. Before the analysis the ~ 12 pum probe was
rastered for 45 s; during analysis, a rectangular area measuring
~15 x 18 um and ~2 pm deep was created. For charge compensa-
tion, a normal incidence electron gun was used and negative sec-
ondary ions were extracted through 10 kV into the secondary
column. Faraday cups L'2 (*0~) and H’2 ('80™) at mass resolutions
(m/Am at 10 %) of 1950 and 2250 detected separated oxygen ions
simultaneously. The instrumental mass fractionation (IMF) was
monitored by repeated analysis of two reference materials (RM
S0081 = UAMT1 with 5'®0ysmow = +4.87 %0; R. Stern, unpublished
laser fluorination data, University of Oregon) after four unknowns
and TEM2 (8'80ysmow=38.20 %o; Black et al., 2004) after every 12
unknowns. The primary reference material resulted in standard
deviations of 0.10-0.13 %o per session with the IMF ranging from
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0.1-1.4 %.. The within-spot counting statistics, between spot geo-
metric effects, and correction for IMF gave uncertainties of +0.25
at a 95 % confidence for 3'80ysmow. The secondary reference mate-
rial (TEM2) was further analyzed on multiple spots and multiple
grains, resulting in mean values for §'80ysyow = +8.23 + 0.04 %o
(MSWD=0.94; n =31), +8.20 + 0.06 %0 (MSWD=1.2; n = 22, 1 reject),
+8.20 + 0.05 %o (MSWD=0.85; n = 20), and + 8.29 + 0.07 %o
(MSWD=0.43; n = 8).

3.3. Database methods and paleogeographic reconstruction

Potential sources were determined by identifying clusters of
detrital zircon peak ages from our samples, matching them to pub-
lished U-Pb crystallization ages, as well as Sm-Nd and Lu-Hf tracer
isotope data that were retrieved from the DateView database
(Eglington, 2004), and superimposing these ages on the Rae craton
and nearby terranes and cratons using GPlates for visualization of
provenance. GPlates and arcGIS were used in tandem to visually
represent potential provenance for the Karrat Group on craton
maps that represent paleogeographic reconstructions at approxi-
mately 2.6 Ga, 2.0 Ga, 1.95 Ga, and 1.90 Ga, representing the max-
imum depositional ages of units. Literature data typically contains
eNd data (and less commonly €Hf values), thus the Terrestrial Nd-
Hf isotope Array (Vervoort et al., 2011) was used to convert eNd
values into €Hf values to compare the isotopic systems to each
other using €¢Hf = 1.55*¢Nd + 1.21. Any whole-rock €Nd values
from the database that have been converted into ¢Hf are denoted
with an asterisk (eHf*).

4. Results
4.1. U-Pb geochronology

Data for 28 detrital samples are presented here to constrain the
provenance, maximum depositional age, and detrital age frequency
distribution of the Qeqertarssuaq complex, Karrat Group, and
metasedimentary units north of the Prgven igneous complex
(Fig. 2). All U-Pb detrital zircon ages are shown in a combined fre-
quency histogram with probability density curves (Fig. 4, Supple-
mentary Data Fig. S3). A large number of zircon analyses from
each unit allows for rigorous testing of age and provenance
(Marmorilik, n = 393; Nikavsak, n = 665; Qaarsukassak, n = 797;
northern domain metasedimentary rocks, n = 411; Qeqertarssuaq
complex, n = 394). Two Archean orthogneiss samples occur either
beneath the Qaarsukassak Formation (572848/ S4858) or struc-
turally above the Niikavsak Formation (572806/ S4856). A sum-
mary of detrital U-Pb geochronological results including the
maximum depositional age and dominant and subdominant age
peaks for each sample are listed in Table 1. Full data results are
listed in Supplementary Data and Table S1.

4.2. Lu-Hf isotopic data

Zircon from a total of eight Karrat metasedimentary rock sam-
ples were analyzed for Lu-Hf isotope data (n = 654 spots) via LASS
and are plotted against U-Pb crystallization ages (Fig. 5). The
results of the Lu-Hf analysis of the six samples from the Karrat
Group, one sample from the Qeqertarssuaq complex, and one sam-
ple from the northern domain metasedimentary rocks are listed in
Supplementary Data Table S1. The depleted mantle line is illus-
trated by using the '7°Lu decay constant of 1.867 x 107! yr~!
(Séderlund et al., 2004) and a 7%Lu/'77Hf value of 0.0338 with
the present day 7SHf/'”7Hf value of 0.28325 (Criffin et al., 2002).
The results for ¢Hf values are from zircon grains within +10 % dis-
cordance in their U-Pb age (Fig. 5).
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Fig. 4. Combined frequency histogram with normalized probability density curves of detrital zircon U-Pb geochronology results: Qeqertarssuaq complex, Karrat Group
(Qaarsukassak, Marmorilik, Niikavsak formations) and northern domain Karrat Group with relative stratigraphic position indicated. Both concordant (90-100 % concordance,
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depositional age (MDA) listed for each unit is a weighted mean of the three youngest detrital zircon grains. All the Niikavsak samples are combined here, whereas Table 1

details the MDA of each stratigraphic level.

4.2.1. Qeqertarssuaq complex

A subarkose from the Qeqertarssuaq complex (572830/S4857)
shows ¢Hf values ranging from -8.0 to +9.3. All U-Pb grain ages
are Archean (2559-3584 Ma). The majority of the eHf values are
positive (68 %) and the remainder are negative (32 %). The largest
population of positive ¢Hf values are associated with grain ages
between ca. 2870 and 2800 Ma.

4.2.2. Nitkavsak Formation

Four metasandstone (arkose to lithic arkose to litharenite) sam-
ples from the Nikavsak Formation (566451/ S4855, 566448/
S$4854, 566439/ S4853, 571308/S489) have ¢Hf values (n = 245)
that range from -15.1 to +11.2. Within this range, 72 % of the
eHf values are positive (n = 177) and 28 % of the values are negative
(n = 68). The largest cluster of positive gHf values correspond to
grains with U-Pb ages between ca. 2150 and 1950 Ma. The most
positive eHf values in the Niikavsak dataset correspond to grain
ages of ca. 2200 and 2100 Ma, whereas the most negative ¢Hf val-
ues correspond to grain ages of ca. 2200 Ma.

4.2.3. Marmorilik formation

Two litharenites from the upper Marmorilik Formation
(572883/ S4859, 572862/ S4893) show eHf values (n = 157) that
range from -17.2 to +14.9. Within this range, 73 % of the e¢Hf values
are positive (n = 114) and the remainder of the eHf values are neg-
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ative (n = 43). Similar to the N{ikavsak Formation samples, the lar-
gest cluster of positive eHf values correspond to grains with U-Pb
ages between ca. 2100 and 1950 Ma. The most positive eHf values
in the Marmorilik dataset correspond to grain ages of ca. 2250 and
2150 Ma, whereas the most negative ¢Hf values correspond to
grain ages of ca. 2250 and 1950 Ma.

4.2.4. Northern domain metasedimentary rocks

An arkose from the northern domain metasedimentary rocks
(572505/ S4892) shows €Hf values (n = 77) ranging from -24.5
to +1.7. Most €Hf values (97 %) are negative (n = 75) and the
remainder of the eHf values are positive. Positive ¢Hf values are
associated with grain ages of ca. 2800 Ma, whereas the negative
eHf values are associated with grain ages from ca. 1970 to
1850 Ma. The Paleoproterozoic grain ages are associated with Pb-
loss (Supplementary Data Fig. S4) and thus are not shown on Fig. 5.

4.2.5. Igneous samples

Two Archean gneissic to granitic igneous samples (572806/
S4856, 572848/S4858) with ages of 2772.2 + 2.7 Ma and 2805.1 +
1.5 Ma, respectively, show gHf values between -13 and +5 for sam-
ple 572806 and -6 and +5 for sample 572848 (Supplementary Data
Fig. S4).
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Summary of detrital U-Pb geochronological data including the maximum depositional age and dominant and subdominant age peaks. Age in bold represents the maximum

depositional age (weighted mean of youngest three detrital grains) for the unit.

Sample ID Unit name Maximum Dominant age peaks (Ma) Subdominant age peaks (Ma)
depositional age
572830/S4857 Qeqertarssuaq 2660 + 7.6 Ma 2800-2865 Ma 2960-2990, 3200 Ma
560230 Qegertarssuaq 2658 + 11 Ma 2740-2855 Ma 3110, 3180 Ma
561812 Qeqertarssuaq 2695 + 5.9 Ma 2716-2790 Ma 2850-3013, 3094-3240, 3513-3530 Ma
570206 Qeqertarssuaq 2819 + 12 Ma 2940-3016 Ma 3088-3097, 3132-3159 Ma
569835 Qegertarssuaq 2749 £ 16 Ma 2894-3003 Ma 3160-3262 Ma
569801 Qaarsukassak (base) 2006 * 6.4 Ma 2710-2835 Ma 2939-2998, 3089-3100, 3009-3016,3156-3165 Ma
562318 Qaarsukassak 2697 £ 12 Ma 2700-2736 Ma 2780, 2838, 2934 Ma
562309 Qaarsukassak 2771 £ 15 2921-3014 Ma
568083 Qaarsukassak 2604 + 6.8 Ma 2546-2561, 2869-
2932 Ma
569938 Qaarsukassak 2193 £ 12 Ma 2612-2797 Ma
560205 Qaarsukassak 2596 + 16 Ma 2775-2843 Ma
569901 Qaarsukassak 2121 £ 12 Ma 2645-2468 Ma
568050 Qaarsukassak 2491 £ 19 Ma Metamorphic age peak 2089-2093, 2623-2847 Ma
566451/S4855 Nikavsak (lower) 1978 + 7.0 Ma 1955-2048 Ma 2174 Ma, 2617-2761 Ma
566439/S4853 Niikavsak (lower) 1981 + 6.0 Ma 1971-2030 Ma 2560, 2620, 2880, 3220 Ma
566448/S4854 Niikavsak (middle-upper) 1969 + 6.7 Ma 1965-2024 Ma 2474-2535, 2555-2823 Ma
571308/S4891 Nikavsak (middle-upper) 1956 + 9.1 Ma 2762-2891, 1964- 2089-2114, 2488-2506, 2687, 3102,3159-3225 Ma
2041 Ma
560207 Niikavsak (middle) 1929 + 8.9 Ma 1959-2025 Ma 2355, 2630 Ma
562311 Nikavsak (middle) 1953 + 11 Ma 1960-2031 Ma 2085, 2570, 2688 Ma
569940 Nikavsak (upper) 1899 + 10 Ma 1913-2008 Ma 2542-2613, 2665-2715, 2872-2884 Ma
568075 Niikavsak (upper) 1945 + 8 Ma 1933-2031 Ma 2672-2714, 2856-2877 Ma
572862/S4893 Marmorilik (upper) 1902 + 10 Ma 1952-2021 Ma 2536-2585, 2694-2758, 2784-2855 Ma
572883/S4859 Marmorilik (upper) 1877 + 9.5 Ma 1959-2032 Ma 1906, 2528, 2775 Ma
561279 Marmorilik (upper) 1903 £ 7.3 Ma 1952-2008 Ma 2658-2747, 2489-2549 Ma
569919 Marmorilik (base) 2648 + 6.9 Ma 2700-2851 Ma 3074-3184 Ma
572505/S4892 Northern domain 2596 + 8.9 Ma Apparent ages from 1900- 2720-2820 Ma
metasedimentary rocks 1980 Ma
571201 Northern domain 1923 + 10 Ma 1920-1979 Ma 2188-2228, 2497-2666 Ma
metasedimentary rocks
571239 Northern domain 2438 + 1.8 Ma Metamorphic age peak 2490, 2630 Ma

metasedimentary rocks

4.3. Oxygen isotopes

Detrital zircon grains with concordant U-Pb ages from five sam-
ples of the Niikavsak, Marmorilik formations, and Qeqertarssuaq
complex (572883/S4859, 566448/S4854, 566439/S4853, 566451/
S4855, 572830/S4857) in addition to two granitic basement sam-
ples (572806/ S4856, 572848/ S4858) were analyzed for oxygen
isotopes (n = 335; Fig. 6).

The Niikavsak Formation contains zircon §'%0 values (n = 135)
that range between 5.2 %0 and 11.4 %.. Within this range there
are sixty-four 5'80 values < 6.5 %, a benchmark typically regarded
as reflecting a “juvenile” origin (e.g., Hawkesworth and Kemp,
2006). In general, the §'80 values in Niikavsak Formation zircon
increase from the Archean to the Paleoproterozoic. Between ca.
3.67 and 2.45 Ga, the §'80 values range between 5.6 %. and
8.7 %o.. The Paleoproterozoic ages that are between ca. 2.3 and
1.95 Ga have §'80 values between 5.2 %o and 11.4 %.. The upper
Marmorilik Formation contains 5'%0 values (n = 64) that range
between 5.1 %o and 9.3 %0 with forty-seven 320 values < 6.5 %o.
The zircon §'80 values in the upper Marmorilik Formation also
show increasing values from Archean to Paleoproterozoic grains.
Between ca. 3.3 and 2.45 Ga, many grains (n = 25) have §'80 values
that are <6.5 %o, with a single evolved §'80 value of 8.1 %.. Between
ca. 2.37 to 1.90 Ga there are twenty-two §'%0 values that are
<6.5 %o with sixteen 5'80 values that are >6.5 %.. The Qeqer-
tarssuaq complex contains 5'%0 values (n = 103) that range from
5.0 %o to 7.2 %o, the majority of which are <6.5 %.. Granite sample

572848 yields 3'80 values (n = 18) between 5.0 %0 and 7.8 %o, with
most of the §'80 values < 6.5 %0 (Supplementary Data Fig. S4,
Table S2). Granite sample 572806 yields 5'80 values (n = 15)
between 5.2 %0 and 8.5 %o, all of which are <6.5 %. except for the
8.5 %o value (Supplementary Data Fig. S4, Table S2).

Overall, the detrital zircon 5'80 dataset (Fig. 6) shows an envel-
ope of increasing values from Archean (max = 7.2 %o) to Paleopro-
terozoic (max = 11.4 %o), with average values increasing from 5.8 %o
to 7.1 %e. Zircon with high 880 values (>6.5 %o) indicate crustal
recycling processes (Hawkesworth and Kemp, 2006), having crys-
tallized from a melt with a component of sediments or altered
mafic crust. This is consistent with previous trends in zircon 5'%0
interpreted to reflect a secular change in the 8'0 of subduction-
related melts in the aftermath of the Great Oxidation Event
(Spencer et al., 2019).

5. Discussion
5.1. Tectonic basin setting

Detrital zircon U-Pb age profiles can unravel the tectonic setting
of their depositional basin because the volume of zircon produc-
tion is a direct reflection of the differences in tectonic processes
(e.g., Busby and Ingersoll, 1995; Gehrels, 2014). Magmatism asso-
ciated with convergent settings will shed zircon grains with ages
close to the time of deposition, thus convergent plate margins
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Fig. 5. Detrital zircon U-Pb age vs. Hf for the Karrat Group (Ntikavsak and Marmorilik formations), the northern domain metasedimentary rocks (Karrat Group, sensu lato),
and Qeqertarssuaq complex. Paleoproterozoic zircon in the uppermost Karrat Group (Niikavsak and Marmorilik formations) overwhelmingly yield positive ¢Hf values,
suggesting derivation from juvenile ~ 2150 to 1900 Ma sources. Paleoproterozoic zircon in the northern domain Karrat Group yields exclusively negative gHf values. The
oldest unit, the Qegertarssuaq complex, contains only Archean grains, with the largest population of positive ¢Hf values being associated with grain ages between ~ 2800 and
2870 Ma. Local Archean orthogneisses (~3160 to 2700 Ma) were a source for all four units; however, the Karrat Group shows a transition to a wider Archean provenance in
addition to diverse Paleoproterozoic grain ages. Evolution lines are shown for CHUR (chondritic uniform reservoir; Bouvier et al., 2008), DM (depleted mantle; Griffin et al.,
2004), and NC (new crust; Dhuime et al., 2011). Crustal evolution lines represent a Lu/Hf ratio of 0.12. Errors for eHf values and U-Pb ages are + 2 sigma; average error for the

entire dataset shown by symbols in the legend.

show a dominant population of zircon ages close to the deposi-
tional age of the sediment, whereas collisional and extensional
tectonic settings have a greater proportion of older ages that can
reflect the underlying basement (Cawood et al., 2012). The U-Pb
age profiles and estimated depositional ages of sedimentary units
in this study, including the Karrat Group (Qaarsukassak, Niikavsak,
Marmorilik formations), northern domain metasedimentary rocks,
and Qegertarssuaq complex, reveal diverse tectonic settings when
plotted in a cumulative probability density diagram that discrimi-
nates tectonic setting based on the probability of a certain percent-
age of zircon grain ages close to its depositional age (Fig. 7). The
Karrat Group units illustrate a progression from an extensional
(Qaarsukassak, lower Marmorilik formations) to a convergent mar-
gin basin setting (Niikavsak, upper Marmorilik formations). By
contrast, the northern domain metasedimentary rocks plot as a
collisional basin setting.

Using the < 2660 Ma maximum depositional age, the Qeqer-
tarssuaq complex plotted on such a diagram suggests a collisional
basin setting (Fig. 7). Very little is known about the Archean base-
ment history on the Rae craton of West Greenland. Zircon ¢Hf val-
ues from detrital zircon in this study reveal a dynamic Archean
history that significantly expands available data for this region of
the Rae craton. The vertical ¢Hf array in the Qeqertarssuaq data
suggests an orogenic event between ca. 2850 and 2750 Ma that
has thus far not been documented in the region.

With these broad tectonic settings in mind, as indicated from
zircon age population statistics, the provenance of each unit is
addressed below. Detrital zircon ages represent an opportunity to
track the uplift, erosion, and paleogeography of surrounding
mountain systems in collisional settings as well as coeval mag-
matic activity in convergent settings (e.g., Cawood et al., 2012),
which guides our discussion and contributes to a more accurate
reconstruction of surrounding Paleoproterozoic convergent and/
or collisional tectonic events proximal to West Greenland.
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5.2. Provenance analysis

Potential provenance is identified for the Qeqgertarssuaq com-
plex, Karrat Group, and northern domain metasedimentary rocks
based on similar U-Pb zircon age peaks and €Hf* values on the
Rae craton and surrounding terranes/cratons. Paleogeographic
maps that reflect the maximum depositional age of the studied
units were constructed using GPlates (Fig. 8).

5.2.1. Provenance for the Qeqertarssuaq complex

The maximum depositional age determined for the Qeger-
tarssuaq complex in this study is 2658 + 11 Ma, with a youngest
single grain age of 2559 + 13 Ma out of a total of 394 detrital zircon
grains analyzed (Fig. 4, Supplementary Data Fig. S3). No grain ages
younger than ca. 2.6 Ga were found in this study, so we consider
the maximum depositional age of the Qeqertarssuaq complex to
be ca. 2660 Ma.

Dominant age peaks range from Neoarchean to Mesoarchean ca.
2716-2790 Ma, 2740-2855 Ma, and 2800-2865 Ma to 2940-
3016 Ma and 2894-3003 Ma, whereas secondary peaks include a
range from Mesoarchean to Paleoarchean ca. 2960-3260 Ma and
3513-3530 Ma (Fig. 4, Supplementary Data Fig. S3). Most of these
grains can be attributed to ca. 3160-2700 Ma basement ages docu-
mented within the immediate area of the Karrat Group (Thrane,
2021), suggesting an overall local provenance. Although ca. 3.0 Ga
and ca. 2.8 Ga basement rocks are known from the Disko Bugt region
(Connelly et al., 2006; Garde and Hollis, 2010) and ca. 2.8 Ga sources
from Baffin Island (Wodicka et al., 2002), as well as the Slave craton,
Nova domain, and Caledonides (Isachsen and Bowring, 1997; Mor-
tensen et al., 1988; Northrup et al., 1999; Thériault and Ross, 1991;
Thrane, 2002), it is likely not necessary to invoke those as sources
as these peak grain ages can be found in the underlying basement
rocks to the Qeqertarssuaq complex listed above.
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Grains as old as ca. 3.6 Ga are documented (e.g., 3584 + 11 Ma,
3575 + 12 Ma, 3565 + 11 Ma from 572830/S4857), however, which
have not yet been found locally in in the Rae craton of West Green-
land. There are few ca. 3.6 Ga provenance locations, which includes
the 4.02 — 3.4 Ga Acasta Gneiss complex of the Slave craton (Bauer

et al., 2020). Currently there are insufficient data to confidently
identify the 3.6 Ga component identified in the Qeqertarssuaq sed-
iments. Overall, grain ages from the Qegertarssuaq complex sup-
port a dominantly local-derived provenance with some
Paleoarchean sources not yet identified.
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Fig. 7. Tectonic setting inferred from the detrital zircon record of the Karrat Group
(Qaarsukassak, Nikavsak, and Marmorilik formations), northern domain metased-
imentary rocks (Karrat Group, sensu lato), and Qeqertarssuaq complex. Extensional
basin settings (e.g., rift basin, passive margin, intracratonic basin) are characterized
by the youngest 5 % of the grain ages with a lag time (crystallization age minus
depositional age) of greater than 150 million years of deposition, whereas
convergent plate margins (e.g., trench, forearc, backarc basins) the youngest 30 %
of grain ages with a lag time of less than 100 Myr. Continental collisional settings
(e.g., foreland basins) are characterized by the youngest 30 % of grain ages with a lag
time between 150 and 100 Myr of deposition (Cawood et al, 2012). The
Qaarsukassak Formation plots in the extensional basin field, consistent with an
intracratonic basin setting/epeiric sea. The Marmorilik Formation transitions from
extensional at the base of the formation to convergent at its stratigraphic top. The
Niikavsak Formation plots in the convergent basin field, regardless of stratigraphic
level (MDA: lower Niikavsak, 1980 Ma; middle Nikavsak, 1950 Ma, upper
Niikavsak 1900 Ma). The upper Marmorilik Formation is correlative to the
Nikavsak Formation and also plots in the convergent field. A depositional age
ca. 2660 Ma for the Qeqertarssuaq complex results in this unit plotting in the
collisional field. At a depositional age of ca. 1920 Ma, the northern domain
metasedimentary samples plot in the collisional field.

5.2.2. Provenance for the Qaarsukassak formation

The maximum depositional age determined for the Qaarsukas-
sak Formation is 2006 + 6.4 Ma, with a single youngest grain age of
1956 + 18 Ma, out of a total of 797 detrital zircon grains analyzed
(Fig. 4, Supplementary Data Fig. S3). Paleoproterozoic grains are
relatively minor; however, there are detrital grain ages ranging
from ca. 1956 Ma to 2500 Ma (n = 55), which differentiates this
unit from the older Qeqertarssuaq complex that lacks Paleopro-
terozoic detritus. The detrital zircon profiles are typically domi-
nated by ca. 2600-2800 Ma or ca. 2900-3000 Ma grains. These
ages are consistent with dominantly local provenance: local base-
ment rocks range from ca. 3160 to 2700 Ma (Thrane, 2021; this
study). Paleoproterozoic zircon grains mostly comprise grains
between ca. 2370 and 2490 Ma; however, there are several ca.
2100, 2160, and 2215-2280 Ma grains, as well as a few around
2000 Ma, which cannot be attributed to known local provenance.

5.2.2.1. Sourcing 2.5-2.3 Ga zircon grains. Plutonic rocks aged <2.5-
2.3 Ga are relatively rare on the Rae craton and have not been doc-
umented locally on the Rae craton of West Greenland. Rocks of this
age were formed during the Arrowsmith orogeny that affected
large regions of northern Canada (Berman et al., 2013), with most
outcrops being clustered on the western and southwestern Rae
craton, including the Taltson basement complex. For the Qaar-
sukassak Formation, ca. 2370-2490 Ma grains were identified.
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The only identified potential provenance sources for these grains
is the Taltson basement complex of the Rae craton, which includes
ages from ca. 2270 to 2400 Ma (McNicoll et al., 2000; van Breemen
et al., 1992).

Notably, the Southern terrane orthogneiss and metaquartzite
(Prudhoe Land granulite complex) of the Inglefield mobile belt con-
tain dominant to subdominant ca. 2.4-2.2 Ga zircon populations
(Nutman et al., 2008), which differs from the Karrat Group samples
documented in this study. This is, however, a common trait shared
with Canadian Rae craton supracrustal successions, including the
Penrhyn, Piling, and Lake Harbour Groups in addition to many
others (see compilation in Partin et al. (2014b)), suggesting that
the ca. 2.4-2.2 Ga magmatic and plutonic record was largely recy-
cled into younger Paleoproterozoic metasedimentary successions
and is only rarely preserved (Partin et al., 2014b).

5.2.2.2. Sourcing 2.2-2.0 Ga zircon grains. Plutonic rocks aged ca.
2.2-2.0 Ga are relatively rare on the Rae craton and ca. 2.0 Ga ages
are generally clustered in the west and south Rae craton. Accord-
ingly, these ages are documented in the Penylan domain
(ca. 2050 to 2030 Ma), as well as the Chinchaga-Buffalo Head
domain (ca. 2000 Ma, 2017 Ma, 2070 Ma, 2088 Ma, 2160 Ma),
Wabamun domain (ca. 2100 Ma), and the Taltson basement com-
plex (ca. 2140 Ma) in the Alberta subsurface (Thériault and Ross,
1991; Villeneuve et al., 1993; Davis et al., 2015). Within the ca.
2070-1960 Ma Thelon tectonic zone, ca. 2030-1960 Ma volcanism
and plutonic rocks are interpreted to represent (juvenile) arc mag-
matism (Davis et al., 2021; Whalen et al., 2018). More proximal on
the Melville Peninsula, there are ca. 2150 Ga diorite and 2020 Ma
monzogranite intrusions (Wodicka et al., 2011). On the Slave cra-
ton, the ca. 2160-2180 Ma Blatchford Lake intrusive suite is
another possibility (Mumford, 2013).

All the sources listed above could account for the Paleoprotero-
zoic grains in the Qaarsukassak Formation, with the Chinchaga-
Buffalo Head domain capturing potential ca. 2000 Ma, 2090 Ma,
and 2160 Ma sources, although ca. 2160 Ma intrusive rocks are
documented on the Melville Peninsula and the Slave craton. The
Slave craton source is less likely because the timing of its collision
with the Rae craton occurred ca. 1.95 Ga (Berman et al., 2023; Cutts
and Dyck, 2023). The Ellesmere-Inglefield mobile belt (Laughton
et al.,, 2022; Nutman et al., 2008) was not yet formed, so was not
a sediment source for the Qaarsukassak Formation. Similarly, the
ca. 2000 Ma granitoids (2007 + 14 Ma, 2006 + 21 Ma) on Ellesmere
Island (Gilotti et al., 2018) were not likely proximal to the Rae cra-
ton of northwest Greenland until ca. 1.93 Ga, well after the maxi-
mum depositional age of the Qaarsukassak Formation.

Thus, potential ca. 2370-2490 Ma provenance sources in the
Qaarsukassak Formation, as well as ca. 2100, 2160, and
2215-2280 Ma, are most likely derived from the western Rae cra-
ton, implying that the Rae craton of Canada was connected to the
Rae craton of West Greenland at this time (Fig. 9). This demon-
strates that the provenance was not entirely local for the
Qaarsukassak Formation and that it received some catchment
sourced from topographic highs via river systems across the Rae
craton. The Qaarsukassak Formation was deposited in a fluvial to
shallow marine environment of an extensional tectonic setting of
an epeiric sea, likely an intracratonic or rift basin (Fig. 9).

5.2.3. Provenance for the Nilkavsak and upper Mdrmorilik formations

A total of 665 zircon grains with U-Pb data are from the Niikav-
sak Formation and a total of 272 are from the upper Marmorilik
Formation in our study (Fig. 4, Supplementary Data Fig. S3). The
maximum depositional age determined for the upper Nikavsak
Formation is 1899 = 10 Ma, which is similar to the maximum depo-
sitional age determined for the upper Marmorilik Formation of
1877 + 9.5 Ma (Table 1). Detrital zircon spectra are influenced by
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many factors that affect their maximum depositional age, from
sampling to analysis to variations in catchment (e.g., Fedo et al.,
2003), however, we see trends in maximum depositional age based
on stratigraphic level (Table 1). Thus, we impose a ca. 1980 Ma
maximum depositional age for the lower Niikavsak Formation, a
ca. 1950 Ma maximum depositional age for the middle Nikavsak
Formation, and a ca. 1900 Ma for upper Niikavsak Formation
guided by their stratigraphic position and youngest detrital zircon
grains. The progression of tectonic setting from the Qaarsukassak
to Niikavsak/upperMarmorilik units that allows us to consider that
craton-wide tectonic events influenced their detrital zircon pro-
files. Thus, major tectonic events that occurred after ca. 1.95 Ga,
including the Thelon, Taltson, Ellesmere-Inglefield, and Snowbird
tectonic events, can be considered as potential sources for the
Nikavsak and upper Marmorilik formations (Fig. 9). The addition
of zircon eHf data is useful in distinguishing between potential
sources of similar age.

The Niikavsak and upper Marmorilik formations have overlap-
ping dominant and subdominant U-Pb age peaks, suggesting the
two units have similar sources. Though not definitively correlated
by Henderson and Pulvertaft (1987), it is interpreted here that
these two units are correlative. The detrital zircon profiles of the
lower Niikavsak Formation are typically dominated by ca. 1950-
2050 Ma grains with subdominant populations at 2174 Ma,
2560 Ma, 2617-2761 Ma, 2880 Ma, and 3220 Ma (Fig. 4, Supple-
mentary Data Fig. S3). The detrital zircon profiles of the lower-
middle Nikavsak Formation are typically dominated by ca.
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1960-2040 Ma grains with subdominant populations at ca.
2085-2114 Ma, 2474-2535 Ma, and 2555-2823 Ma, as well as
Mesoarchean grains at 3102 Ma and 3159-3225 Ma. The detrital
zircon profiles of the upper Niikavsak Formation are typically dom-
inated by ca. 1913-2031 Ma grains with subdominant Archean
populations at 2542-2613 Ma, 2665-2715, and 2856-2884 Ma.
The detrital zircon profiles of the upper Marmorilik Formation
are dominated by ca. 1952-2032 Ma grains with subdominant
populations at 1906 Ma, 2658-2747 Ma, 2489-2585 Ma, 2694-
2758, and 2784-2855 Ma (Fig. 4, Supplementary Data Fig. S3,
Table 1).

The combined primary U-Pb age peak of the Nikavsak and
upper Marmorilik formations extends between ca. 2.075 and
1.925 Ga, most (81 %) of which show positive eHf values, with a
total range from + 8.7 to -16.4. Some possible source locations
on the Rae craton for rocks of these ages include the various subdi-
visions of the Rae craton, including Taltson, Thelon, Buffalo Head,
Ksituan domain, Ellesmere-Inglefield mobile belt, and Caledonides
of northeast Greenland. Their provenance is addressed by the dom-
inant grain populations below.

5.2.3.1. Archean provenance. The dominant Archean crustal ages in
the Slave craton are ca. 2.7-2.58 Ga, whereas the dominant
Archean crustal ages in the Rae craton are ca. 2.50-2.75 with rocks
as old as ca. 3.4-3.2 Ga (Fig. 10). There are 3.2-3.3 Ga candidate
grains in our dataset with positive eHf values that match the Perry
River terrane of the western Rae craton (Neil et al., 2023). Eoarch-
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Fig. 9. Envisaged paleotopography of the Rae craton and sediment routing systems for the Karrat basin at ca. 1910 Ma. The erosion of mountains created in various orogenies
around its peripheries (including the Thelon, Snowbird, and those in northeast Greenland) would have generated detritus that was routed through fluvial systems into the
Karrat basin(s). Abbreviations: Krt, Karrat basin; nKrt, northern Karrat basin; BRS, future Baffin-Rinkian suture; Pi, Piling Group; WSG, Wollaston Supergroup; Am, Amer
Group; KB, Kilohigok basin; CM, Coronation margin. Craton configuration from GPlates, which does not yet include the Rinkian-Baffin suture, as it its veracity awaits robust

paleomagnetic data.

ean U-Pb detrital zircon ages in our dataset (e.g., ca. 3.5 and 3.6 Ga)
in the upper Karrat Group could have been sourced from the Slave
craton, whereas Mesoarchean and Neoarchean zircon ages have
sources either locally or from the western Rae craton basement
rocks. Neoarchean ca. 2.55-2.51 Ga plutons emplaced on Devon
Island, as well as metamorphic events at 2.54, 2.47, and 2.30 Ga
(Laughton et al., 2022), probably reflect events of the Arrowsmith
orogeny. Ca. 2.55-2.51 Ga grains occur in our Niikavsak and

235

Marmorilik datasets, requiring non-local Rae craton sources to
explain these ages.

5.2.3.2. Sourcing < 2.2-2.0 Ga zircon grains. The upper Karat Group
was deposited after the Thelon (ca. 2.01-1.97 Ga) and Taltson
(ca. 1.99-1.96 Ga) tectonic events and the formation of the
Ellesmere-Inglefield mobile belt (as old as ca. 2.01-1.99 Ga); thus,
these are potential ca. 2.2-2.0 Ga sources in addition to those listed
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above (section 5.2.2). As such, grains aged ca. 2.2-2.0 Ga could be
sourced from the western Rae craton, Slave craton, or northern
Greenland. Our dataset, however, shows dominantly positive eHf
values (82 %) in ca. 2.2-2.0 Ga zircon, whereas most known rocks
of this age from the Rae craton have negative ¢Hf* values. The ca.
2160-2180 Ma Blatchford Lake intrusive suite of the Slave craton
(Mumford, 2013) with positive eHf* values, or possibly the Chin-
chaga domain of the Rae craton (Thériault and Ross, 1991), are
the only known sources to explain juvenile grains of this age in
our dataset for the upper Karrat Group. Further addressing the sub-
dominant ca. 2175 Ma zircon population in our samples, these
crustal ages are only found in the southwestern Rae and Slave cra-
tons, suggesting that these were important sediment sources for
the upper Karrat Group. This sediment routing is more realistic
given the new model that the Prgven igneous complex represents
a major (later) terrane boundary, and thus it would be difficult to
envision how detritus could cross over a magmatic arc.

Zircon populations ca. 2.2-2.15 Ga are typical in several Rae
metasedimentary successions, including the upper Penrhyn Group,
upper Murmac Bay Group, Rutledge River basin (Taltson magmatic
zone), and Montresor Group (Bostock and van Breemen, 1994;
Rainbird et al., 2010; Partin et al., 2014a; Shiels et al., 2016). Rocks
of this age, however, are a relatively minor component of the cur-
rently exposed Rae craton. The ca. 2.2-2.05 Ga zircon eHf values

236

from the Penryn-Piling groups are dominantly negative, contrast-
ing with eHf values from the same grain ages from the upper Karrat
Group that are dominantly positive (Fig. 11). The source of juvenile
ca. 2.15 Ma to 2.0 Ma detritus in the upper Karrat Group remains
elusive.

5.2.3.3. Sourcing 2.0-1.90 Ga zircon grains. Rocks aged ca. 2.0-
1.90 Ga on the Rae craton occur mostly along its margins, including
the ca. 2.01-1.97 Ga Thelon arc and the more evolved ca. 1.99-
1.96 Ga intracontinental Taltson plutonism on the western and
southern Rae cratons (e.g., Davis et al., 2021), and the ca. 1.98-
1.92 Ga Ellesmere-Inglefield mobile belt (e.g., Nutman et al,,
2008) and eastern Greenland Caledonidian fold belt. Two “arc-
like terranes” were proposed by Nutman et al. (2008)—a poorly-
delineated one at ca. 2.0 Ga and another at 1.95-1.92 Ga in the
Ellesmere-Inglefield mobile belt. Associated with the younger
event is a diorite dated at 1940 + 13 Ma with a gHf* of +4.31
(Nutman et al., 2008). Basement rocks of the northeastern Green-
land Caledonides ca. 2020 and 1944 Ma (Kalsbeek et al., 1999;
Thrane, 2002) are also potential sources. Although there are no
Sm-Nd or Hf isotopic data, ca. 2.0-1.85 Ga calc-alkaline rocks in
northeast Greenland are interpreted to represent a magmatic arc
terrane that collided with the Rae craton (Kalsbeek et al., 2008).
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Fig. 11. A. Comparative detrital zircon U-Pb age vs. eHf for the Niikavsak Formation (this study), Longstaff Bluff Formation and Penrhyn Group (Partin et al., 2014b; Partin and
Sylvester, 2016). B. Comparative combined frequency histogram with normalized probability density curves of detrital zircon U-Pb geochronology from the Nikavsak
Formation (this study), Longstaff Bluff Formation (Partin et al., 2014a; Wodicka et al., 2014), and the Penrhyn Group (Partin et al., 2014a). Maximum depositional ages are:
Longstaff Bluff Formation, 1915 + 8 Ma; Penrhyn Group 1897 + 11 Ma, Niikavsak Formation, 1978 + 7 Ma (lower), 1956 + 9 Ma (middle), 1899 + 10 Ma (upper).

The majority (73 %) of ca. 1.95-1.9 Ga zircon grains in our data-
set show positive eHf values, which is in stark contrast with most
of the exposed rocks of this age on the Rae craton, which tend to
have negative eéNd or eHf* values (e.g., Partin and Sylvester,
2016). There are some negative ¢Hf values in our dataset (zircon
eHf ranges from + 4.8 to —12.3) with which to compare to evolved
sources derived from older recycled crust.

Potential sources from the southern and western Rae craton
include the Buffalo Head Terrane (ca. 2017-1990 Ma sources with
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eHf* values that range from -2.36 to -8.55) and the Ksituan
domain (1986 + 11 Ma and 1987 + 3 Ma sources with eHf* between
-1.58 and -2.04) (Villeneuve et al., 1993). Metamorphic ca. 1.95-
1.96 Ga zircon grains can provide another test for the provenance
of the Thelon tectonic zone or Taltson magmatic zone. There are no
candidate grains with low Th/U ratios identified from the Niikav-
sak Formation; however, there are candidate grains in the upper
Marmorilik Formation (e.g., 1952 + 18 Ma; 1955 + 11 Ma;
1964 + 12 Ma) that are likely derived from the western Rae craton.
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We favor the northeast Greenland Caledonian fold belt as a
source for ca. 2000-1940 Ma detritus over the Ellesmere-
Inglefield mobile belt to align with the model that accommodates
the presence of a subduction zone and magmatic arc (Grocott et al.,
2023) that separates the northern and southern Karrat basins.
Accordingly, derivation from the western Rae craton sources
described above is consistent with this constraint. Thus, zircon
ages in our dataset between ca. 2.02 and 1.95 Ga are most reason-
ably associated with the southern and western Rae craton, and
eastern Greenland Caledonidian fold belt, considering likely sedi-
ment routing systems (Fig. 9).

5.2.3.4. Sourcing ca. 1.9 Ga zircon grains. Grains as young as ca.
1.9 Ga are only captured in the upper Niikavsak and upper Marmo-
rilik formations, signaling a change in source from the deposition
of the lower-middle Niikavsak Formation. Specific sources for this
age are somewhat elusive. The Snowbird tectonic zone might pro-
vide a potential source for ca. 1900 Ma grains. The Snowbird tec-
tonic zone experienced rapid unroofing starting at ca. 1915 Ma
(Cutts et al., 2024). Ca. 1900 Ma magmatic rocks associated with
the Snowbird tectonic zone include the 1896 + 0.3 Ma Chipman
mafic dykes (Flowers et al., 2006), a 1900 * 3.6 Ma syenite in the
Snowbird domain (Davis et al., 2015), and the 1902 + 2 Ma (egHf*
of 5.5) Kramanituar complex (Sanborn-Barrie et al., 2001). A ca.
1900-1850 Ma volcano-sedimentary trench-arc succession in the
Disko Bugt area on the Aasiaat domain (Garde and Hollis, 2010)
is a potential source, but was not likely proximal to the Karrat
basin during deposition of the Karrat Group.

By ca. 1.92 Ga, juvenile magmatic arcs (e.g., La Ronge, Lynn
Lake) were forming in the outboard Manikewan Ocean prior to
their accretion onto the southern Rae-Hearne and Superior mar-
gins (Ansdell, 2005; Corrigan et al., 2009). Kalsbeek et al. (1998)
hypothesized that the youngest grains in the Niikavsak Formation
were sourced from a juvenile magmatic arc that had not yet been
documented. We echo this hypothesis, supported by the abun-
dance of positive zircon ¢Hf in our study, and postulate that an out-
board juvenile magmatic arc was the source for the youngest
grains in our dataset. Importantly, this is a major difference to be
highlighted between the Karrat Group and the Piling and Penrhyn
groups of eastern Canada, since ca. 1.95-1.9 Ga zircon ¢Hf in those
metasedimentary rocks are dominated by negative e¢Hf values (-1
to —-12.9, with one value at + 3.9) (Partin and Sylvester, 2016). Thus,
if upper Karrat Group sediments were sourced, in part, by an out-
board juvenile magmatic arc, that arc did not shed into the nearby
Piling basin. This is likely a function of the geographical position of
the arc. Grocott et al. (2023) postulated erosion of a ca. 2.0-1.95 Ga
magmatic arc into both the Piling basin and the Karrat basin(s).
Our upper Karrat Group samples do contain abundant juvenile
eHf zircon values, however, they have a wider spread from ca.
2190 to ca. 1950 Ma, requiring an expanded explanation. Addition-
ally, there is no corroborating evidence from detrital zircon ¢Hf
data (Fig. 11) from the Piling Group that arc detritus actually shed
into its basin (Partin and Sylvester, 2016)—conflicting with the
Grocott et al. model.

Thus, provenance for the upper Karrat Group was dominantly
from the west across the Rae craton via continental river systems,
which included ca 1.95 Ga juvenile arc rocks of the Thelon orogen,
as well some detritus from the east, sourced from the Caledonian
fold belt in northeast Greenland. The sources, however, for the
large number of ca. < 1.95-2.15 Ga zircon grains that show positive
and depleted-mantle ¢Hf values in our dataset remain an enigma.
Some of these grains (ca. 2.0-1.95 Ga) could be explained by an
adjacent magmatic arc, however, another source is required to
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explain the ca. 150 Myr of juvenile zircon production from ca.
2.15 to 2.0 Ga.

5.2.4. Provenance for the northern domain metasedimentary rocks
(north of Preven igneous complex)

A total of 411 zircon grains with U-Pb data in our study repre-
sents the northern domain Karrat Group (sensu lato), which occurs
north of the Praven igneous complex. Both determination of the
youngest detrital zircon and provenance analysis for the northern
domain metasedimentary rocks are more challenging due to the
overall higher metamorphic grade (often granulite facies), as well
as small-scale intrusions that were likely analyzed along with
detrital zircon (sample 571201). Care was taken to sort out true
detrital grains to best assess provenance. For example, the maxi-
mum depositional age determined for the northern domain
metasedimentary rocks using our initial filtering criteria was at
first calculated to be 1914 + 8.1 Ma (sample 572505). The coupling
of Hf isotopes for this sample, however, allowed us to determine
that a significant Pb-loss event occurred at ca. 1840 Ma (Supple-
mentary Data Fig. S5). We interpret that the sample originally
had only Archean detrital zircon and experienced a Pb-loss event
at ca. 1840 Ma such that apparent U-Pb ages cluster from ca.
1920 to 1850 Ma. Although the zircon Hf analyses are robust, the
apparent U-Pb ages from Pb-loss for sample 572505 suggests the
very low eHf values (down to -25) are unreliable and thus are
not shown on Fig. 5. As such, we assign a ca. 2596 Ma maximum
depositional age (Table 1). Using a stricter Th/U ratio cutoff of
0.4, which is more realistic for the higher metamorphic grade of
these samples, the maximum depositional age is 1923 + 10 Ma
for sample 571201 and 2438 + 1.8 Ma for sample 571239. The
detrital zircon profiles of the northern domain metasedimentary
rocks contain only limited Paleoproterozoic grains ca. 1920-
1980 Ma with subdominant populations at ca. 1932 Ma, 2188-
2228 Ma, 2490-2666 Ma, and 2720-2820 Ma.

We address the potential sources of the ca. 1920-1980 Ma
grains, which could either be from the ca. 2.01 to 1.96 Ga Thelon
and Taltson tectonic zones of the western Rae craton, Paleoprotero-
zoic basement rocks of the Caledonides of eastern Greenland
(Kalsbeek et al., 1993) for ca. 1945 Ma and 1960 Ma grains, or
the ca. 1980-1915 Ma grains could indicate sources from the
Ellesmere-Inglefield mobile belt (Fig. 12). The Ellesmere-
Inglefield mobile belt would also be a potential source for ca.
1.93-1.92 Ga metamorphic zircon grains that would have been
incorporated as detrital zircon into the northern domain sedimen-
tary basin after the collisional events caused the Ellesmere-
Inglefield mobile belt to be exhumed. There are a few low Th/U
candidate grains in our dataset (1921 + 27 Ma; 1927 + 17 Ma;
1935 + 11 Ma) that meet these criteria; thus, the Ellesmere-
Inglefield mobile belt could be a potential sediment source.

A magmatic arc should be the primary source if the northern
domain metasedimentary rocks represent a forearc basin, as pro-
posed by Grocott et al. (2023). Uncertainties surrounding the fore-
arc interpretation remain, including that i) this unit does not plot
in the convergent margin field on Fig. 7, as would be expected
for a forearc basin, ii) its provenance can be explained from sources
that do not require arc volcanism (Ellesmere-Inglefield mobile belt
and local basement), iii) the scale of the basin is too large for a fore-
arc. Instead, the collisional basin interpretation in Fig. 7, as well as
the interpreted provenance here, is consistent with a foreland
basin interpretation put forth by Sanborn-Barrie et al. (2017). This,
however, hinges on the accuracy of the interpreted maximum
depositional age of a single sample (571201) that is otherwise
complicated by metamorphism and intrusions. If the true deposi-
tional age of the unit is closer to the Proterozoic-Archean boundary
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Fig. 12. Histogram comparing U-Pb crystallization ages for plutonic rocks from the Thelon tectonic zone of the western Rae craton (hashed; n = 34) and the Ellesmere-
Inglefield mobile belt of northwest Greenland (blue; n = 14). Data from Canadian Geochronology Knowledgebase (2013), Frisch and Hunt (1993, 1988), Nutman et al. (2008),

and Gilotti et al. (2018).

(Table 1), then the basin might be altogether unrelated to the Rin-
kian orogeny.

5.3. Constraints on orogenic events from zircon Hf, O isotopes

Coupling zircon Hf and O isotopic systems garners an under-
standing of the magmatic history of the zircon grain; as well, O
and Hf isotopic arrays can reveal large scale tectonic events (e.g.,
Kemp et al., 2006; Collins et al., 2011; Smits et al., 2014). The Lu-
Hf composition of zircon is influenced by the potential incorpora-
tion of recycled materials (such as metasedimentary rocks,
hydrothermally-altered volcanic rocks) or older crustal material
into the melt. Zircon O isotopes are useful for distinguishing the
influence of recycled crustal materials on the Lu-Hf signal.
Mantle-derived magmas have a consistent 8'80 value (5.3 * 0.6 %o
) (Valley et al., 1998). This contrasts with magmas that have incor-
porated sediments (10-40 %o) or hydrothermally-altered seafloor
volcanic rocks (10-20 %), which will generally have §'80
values > 6.5 %o (Hawkesworth and Kemp, 2006; Kemp et al.,
2006). Granites derived from a metasedimentary component have
elevated 5'80 values ~9-15 %o; although it should be noted that an
exception to this has been shown from strongly peraluminous
granites (Bucholz and Spencer, 2019). Low §'®0 magmas reflect
remelting, assimilation, or exchange between protoliths or mag-
mas with hydrothermally-altered rocks at high temperatures,
including melts generated from hydrothermally-altered gabbros
(+2%o0 to +5 %o) from subducted slabs (Valley, 2003; Bindeman
et al.,, 2005; Bindeman, 2008).

Archean zircon grains in our dataset are dominantly associated
with mantle-like zircon §'80 values (Fig. 6). Rapid crustal growth is
thought to have characterized the Meso- and Neoarchean eras (e.g.,
Spencer et al.,, 2017) and is dominantly represented by granite-
greenstone belts that include tonalite-trondhjemite-granodiorite
suites. Alternatively, this growth has been progressive (Reimink
et al,, 2023). Data from zircon Hf arrays have been incorporated
into models that distinguish new crustal growth from crustal
reworking (e.g., Dhuime et al., 2012). Crustal growth from the
Neoarchean record in Greenland is not well documented, however.
Additionally, the Neoarchean sedimentary record is relatively
sparse, except for examples like the Slave craton in Canada that
contain a high sedimentary to igneous rock ratio (e.g., Henderson,

1981). The provenance of the Qeqertarssuaq complex, as analyzed
in this study, is interpreted to be derived from local basement
rocks. Therefore, we focus our discussion of the Archean record
from the detrital zircon of the Qeqertarssuaq complex as a proxy
for local Rae craton basement, whereas Karrat Group units show
extrabasinal provenance mixed with local sources. The detrital zir-
con €Hf array of the Qegertarssuaq complex (Fig. 5) shows a char-
acteristic fanning out shape and wide vertical eHf array, indicating
sampling of a characteristic internal-type (i.e., Alpine-Himalayan-
Indonesian type continent-continent collisional) orogen (Collins
et al., 2011), which provides insights into the Neoarchean history
of the Rae craton of west Greenland. The data are mostly concen-
trated within a ca. 2850 and 2750 vertical eHf array, suggesting
an orogenic event occurred in the eastern Rae craton at this time.
The two orthogneiss samples that represent the Rae craton of West
Greenland (Supplementary Data Fig. S4) show dominantly mantle-
like 5'80 values and eHf values that range from +6 (depleted
mantle-like) to -15 (evolved). Although some grains are likely
inherited, the range of zircon €Hf values in granites can reflect
mixed magma sources (e.g., Belousova et al., 2006; Kemp et al.,
2007; Sun et al., 2010), as might be expected in either single-
source disequilibrium melting, or a collisional orogenic setting
(Tang et al., 2014), the latter of which is consistent the detrital zir-
con record of the Qegertarssuaq complex.

Overall, Proterozoic zircon grains in our dataset are associated
with both mantle-like zircon §'%0 values and S-type zircon values
(Fig. 6). In general, positive eHf values in our dataset are associated
with mantle-like zircon §'80 values, or those < 6.5 %o that would
indicate supracrustal material was absent from the melt. Shortly
after the Archean-Proterozoic boundary, the maximum §'80 value
in our dataset jumps to 8.65 %o, representing a step-change in the
composition of subduction-related magmatism associated with
changes previously identified as being associated with oxygenation
of the surface environment (e.g., Spencer et al., 2019). Our Karrat
Group dataset lacks abundant ca. 2.4-2.2 Ga detrital zircon grains
(unlike the Penrhyn and Piling groups, Fig. 11), so there are not
enough data to determine trends in §'80 values in this interval;
however, the highest §'80 value (8.94 %.) is found in a ca.
2230 Ma grain. The average §'80 value for zircon grains older than
2.5 Ga in our dataset is 5.82 %o, with a maximum value of 7.19 %,
whereas in grains younger than 2.5 Ga the average §'80 is 7.10 %o,
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with a maximum value of 11.43 %.. This corroborates a step-
change in zircon §'30 after the Archean-Proterozoic boundary, as
first noted by Valley et al. (2005). Conversely, low zircon §'80 val-
ues are rare in our dataset but are centered around ca. 2638 and
2523 Ma (n = 7 grains), ranging from 3.85 to 4.45 %.. There is a sin-
gle very low zircon 8'30 value (1.93 %0) at ca. 2261 Ma.

Both the Nikavsak and the upper Marmorilik formations have
dominant detrital zircon age populations between ca. 2190 and
1950 Ma with positive ¢Hf values. Zircon with positive gHf values
clusters mostly between ca. 2080 and 1950 Ma, though there are
juvenile zircon grains as old as ca. 2190 Ma. Importantly, the
beginning of the cluster of positive €Hf detrital zircon at ca.
2080 Ma overlaps with the opening of the Manikewan Ocean at
ca. 2075 Ma (Ansdell, 2005) and might reflect broader rifting pro-
cesses across the Rae craton (cf. Rainbird et al., 2010). This is evi-
dent in a recent model whereby a Taltson tectonic zone
microcontinent rifted off the Rae craton ca. 2.2-2.1 Ga, followed
by the development of an accretionary margin along the northern
Rae craton ca. 2.01-1.95 Ga (Berman et al., 2023). Our Karrat Group
dataset shows more abundant zircon with positive eHf values than
detrital zircon from the Penrhyn and Piling groups (Fig. 11), which
suggests the Karrat basin was a major sink for the ca. 2190-
1950 Ma source(s), but the Piling and the younger Penrhyn basins
were not.

Thus, a Wilson cycle appears to be recorded in our detrital zir-
con dataset. Starting around 2190 Ma, the data show highly posi-
tive, depleted mantle-like €Hf values (up to +11.2) that co-occur
with highly negative values (down to -14.9). This could be associ-
ated with the latest-stage collisional processes of the ca. 2.45-
2.26 Ga Arrowsmith orogen, or with rifting associated with the
margin of the Rae craton (Berman et al., 2023). The dataset shows
another vertical eHf array starting ca. 2040 Ma to 1950 Ma with
eHf values as high as +7.7 at 2036 Ma and as low as -16.4 at
1952 Ma. This is somewhat out-of-step with the timing of the The-
lon orogen, which only goes as far back as ca. 2010 Ma in both the
western Canada (Davis et al., 2021) and the Inglefield mobile belt
(Nutman et al., 2008). Highly positive ¢Hf values between 2200
and 2000 Ma currently have no known source.

5.4. Basin analysis and correlation across the Rae craton

The Niikavsak Formation is interpreted here to represent depo-
sition in a retro-arc foreland basin that developed succeeding the
back-arc Kangilleq volcanic succession. The extensional tectonics
associated with back-arc basin formation can create fault-
controlled basins and horsts and grabens, influencing sediment
distribution and accumulation patterns, which is seen in some of
the lower Nfikavsak Formation and reconciles observations by
others (e.g., Grocott and Pulvertaft, 1990) that suggested this unit
was deposited in a rift setting. A series of diachronous basins
developed whereby sedimentation of N{ikavsak occurred at differ-
ent times along the foreland system, which explains our
geochronology results that trend younger to the south. An analogy
can be found in the Appalachian diachronous foreland basin sys-
tem in the eastern U.S. (e.g., Bradley et al., 2000; Thomas et al.,
2017). Diachronous foreland basins exhibit variations in sedimen-
tation patterns along their length due to the sequential uplift and
erosion of the mountain belt, but sediment deposition occurs in
different parts of the basin at different times. Although sediment
in retroarc foreland basins is expected to be primarily derived from
the adjacent mountain range or orogenic belt, our provenance
analysis shows that sources from a wider geographic are required
to explain our data, which is why we envision this foreland basin in
the context of a larger epeiric sea (Fig. 9).

The interpretation of the Foxe fold belt traditionally correlates
the Penrhyn-Piling-Karrat groups (Jackson and Taylor, 1972), and
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potentially the Anap nund Group and the Hoare Bay Group (St-
Onge et al., 2009), also on the Rae craton. Testing their correlation
requires geochronology to test their timing of deposition and basin
closure, as well as documenting their depositional and tectonic set-
tings. If the historical correlation between the Penrhyn, Piling, and
Karrat groups is correct, their depositional ages, their basin closure
timing, and the provenance of their upper sedimentary units
should all be similar. Major differences highlighted below and in
Fig. 11 support diachronous opening of the basins in which these
sediments were deposited. For example, the Penrhyn Group and
the Anap nuna Group were deposited after ca. 1900 Ma and
1870 Ma, respectively (Connelly et al., 2006; Partin et al., 2014a).
By contrast, Piling Group deposition had already ceased by ca.
1897 Ma (Wodicka et al., 2014). It is possible that sub-basins of
the Karrat Group closer to the Prgven igneous complex closed by
ca. 1900 Ma, with the southern-most sub-basin showing evidence
of deposition after 1900 Ma. The relationship between Karrat sub-
basins and Maamorilik sub-basin can be compared to the
diachroneity between the Penrhyn and Piling basins. By analogy
with diachronous basins developed in the Acadian orogeny
(Bradley et al., 2000), the diachroneity of foreland basin initiation
and closure along the margin of the Rae craton from Baffin Island
to the Melville Peninsula was interpreted to reflect embayments
and promontories inherited from the Paleoproterozoic rifting and
opening of the Manikewan Ocean (Partin et al., 2014a).

The short-lived < 1.9 Ga Penrhyn Group (Partin et al., 2014a)
contrasts with many siliciclastic successions on the Rae craton,
which show protracted histories starting at ca. 2.4 or 2.1 Ga and
ending with the basin closures associated with ca. 1.92-1.9 Ga oro-
genic events (Rainbird et al., 2010). The Penrhyn Group contains
few ca. 1900 Ma grains and, overall, very few juvenile grains that
are younger than 1915 Ma; the majority have very negative gHf
values in ca. 1980-1900 Ma grains (Partin and Sylvester, 2016).
The upper Piling Group (Longstaff Bluff Formation) has no juvenile
zircon grains younger than ca. 2075 Ma (Fig. 11). This is in marked
contrast to the upper Karrat Group samples (Nikavsak and
Marmorilik formations) that contain abundant zircon grains with
positive e¢Hf values from ca. 2150 to 1900 Ma, which represents
the dominant age peak in these units. This points to different Pale-
oproterozoic sources between the Penrhyn, upper Piling, and upper
Karrat groups. The upper Piling Group sediments were not sourced
from a juvenile arc terrane, whereas the upper Karrat Group
undoubtedly had juvenile sources. Within the Karrat Group itself,
the Maarmorilik area stratigraphy contains markedly younger
grains than any stratigraphy north of it. This leads to a diachronous
model of basin opening and closing that demonstrates the migra-
tion of the Rinkian orogenic front and foreland basin, in accordance
with similarly young ages. The geometry of the Marmorilik sub-
basin is consistent with a broken foreland basin, which form in
continental interior regions due to subsidence induced by intra-
plate reverse faulting or by mantle flow and interactions with a
subducting or underthrusting plate and can be found in both con-
tinental collision and subduction-related Andean-type orogens
(Horton et al., 2022). The salient feature of a broken foreland basin
is a basement-cored block uplift that is either an arch or fault-
bounded, which separates the adjacent basins (Horton et al.,
2022); this feature is present north of outcrops of the Marmorilik
Formation (Fig. 3).

The stratigraphy and prevailing metamorphic grade of the
northern domain Karrat Group (sensu lato) contrasts with that of
the Karrat Group (sensu stricto) south of the Prgven igneous com-
plex (Fig. 2). Their detrital zircon spectra also differ. The northern
domain spectra show a ca. 2.4-2.2 Ga mode, whereas the Karrat
Group does not (Fig. 4). Although zircon e¢Hf data exist for both
in our dataset, they cannot be used for comparison due to Pb-
loss in the higher metamorphic grade northern domain rocks.
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The Karrat Group south of the Prgven igneous complex also contain
younger detrital grains overall, which would be expected in the
retro-arc foreland basin model proposed. These contrasting charac-
teristics suggest it is reasonable to propose that these represent
separate sedimentary basins. This can be analogous to the differ-
ences between the Penrhyn and Piling groups, for example, that
were originally thought to be deposited coevally in the same basin.
Notable differences in their stratigraphy (e.g., the Penrhyn Group
lacks mafic metavolcanic rocks) as well as their age (Penrhyn
Group was deposited after 1897 + 11 Ma, whereas the Piling basin
closed by about the same time, ca. 1897 Ma) refute their correla-
tion and previous assumptions that they were deposited in the
same basin (Partin et al., 2014a). The ca. 1.90 Ga continent—conti-
nent collision between the Rae craton and the Meta Incognita
microcontinent of the Foxe orogeny (Corrigan et al., 2009; St-
Onge et al., 2020) did affect both the Penrhyn and Piling basins,
but in different ways. While the Piling basin was closed by the cre-
ation of the Baffin suture, syn-orogenic accommodation was cre-
ated for the Penrhyn basin.

If the northern domain metasedimentary rocks that occur north
of the Pragven igneous complex represent a forearc basin that was
deposited adjacent to the Prgven magmatic arc, and the ductile
shear zone at Tussaaq (Escher and Stecher, 1978) represents a ter-
rane boundary, then it need not correlate whatsoever with the Kar-
rat Group (senso stricto) south of the Prgven igneous complex. If
the Prgven igneous complex was instead formed via post-
collisional delamination, it would be expected to occur much later
than the collision itself (typically ca. 40 million years after conti-
nent-continent collision, e.g., Harris et al. (1986)), which is incon-
sistent with geological evidence that points to a later collisional
event. In the adjacent ca. 1900 Ma Foxe orogeny, the emplacement
of the Cumberland batholith via delamination processes occurred
ca. 35-55 million years after continent-continent collision. By con-
trast, the ca. 1896-1886 Ma Qikiqtarjuaq plutonic suite (St-Onge
et al., 2020), which extends across the Baffin suture and is coeval
with Rae-Meta Incognita collision in the Foxe orogeny, is arc-
derived (Greaney et al., 2018). Thus, the correlation of the Qikiqtar-
juaq plutonic suite and the Praven igneous complex favored by
recent geochronology (e.g., Sanborn-Barrie et al., 2017) lends sup-
port to an arc-derived origin for the Prgven igneous complex in
addition to a revised interpretation of its geochemistry (Grocott
et al., 2023).

Arc magmatism proceeded over ca. 200 million years (251-
56 Ma) in the Cordilleran arc (e.g., Laskowski et al., 2013), provid-
ing an analogue to guide expectations in the Karrat basin detrital
zircon age peaks. In fact, the age distribution in our detrital zircon
data records phases of arc history whose rock records are not pre-
served. This includes the interval of juvenile magmatism from ca.
2150 Ma to 1900 Ma recorded in our dataset (Fig. 5), pointing to
a Paleoproterozoic arc system adjacent to the Karrat basin.

Using the big-picture tectonic framework and nomenclature of
Rainbird et al. (2010) that was applied to Paleoproterozoic sedi-
mentary basins of the Rae craton coupled with the new
geochronology in this study, the Karrat Group would represent
lithotectonic assemblages 2 (incipient rift) and 3 (epeiric sea) in
the Qaarsukassak, lower Marmorilik, and lower N{ikavsak forma-
tions and assemblage 4 (foreland basin) in the upper Nikavsak
and upper Marmorilik formations. There are some major differ-
ences between Rae craton sedimentary successions in Canada
and the Karrat Group in the northeastern Rae craton, including a
long-lived unconformity of at least 500 million years between
the Qegertarssuaq complex and the Qaarsukassak Formation, the
latter of which infilled paleovalley-type topography (Guarnieri
et al., 2016) after ca. 2000 Ma (Fig. 4). Thus, Assemblage 1 is not
present in the Rinkian orogen because the Qegertarssuaq complex
represents Archean deposition. The Qaarsukassak Formation is
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interpreted here as a marginal marine to marine epicontinental
basin, consistent with the epeiric sea of assemblage 3, whereas
the lower Marmorilik Formation preserves clear evidence of nor-
mal faults developed during rifting. The Niikavsak Formation and
upper Marmorilik Formation were deposited in a shallow to deep
marine environment in a retroarc foreland basin setting, consistent
with foreland basin development of assemblage 4 during the early
stages of the Trans-Hudson orogen. Sedimentation above the basal
unconformity of the Karrat Group is characterized by mixed prove-
nance in a foreland basin system, which includes sources that tra-
versed the Rae craton of Canada and Greenland (Fig. 9).

6. Conclusion

We present new zircon U-Pb, Hf, and O isotopes from the ca. 2.0
to 1.87 Ga Paleoproterozoic Karrat Group (senso stricto), northern
domain metasedimentary rocks (Karrat Group, senso lato), as well
as the ca. 2.6 Ga Qeqgertarssuaq complex and basement rocks of the
Rae craton of West Greenland. We use these data to show that the
provenance of the Karrat Group was a mix of local and extrabasi-
nal, changing from dominantly local provenance in the lower Kar-
rat Group (Qaarsukassak Formation) to more distal provenance in
the upper Karrat Group (Niakavsak and Marmorilik formations).
Sources for the Karrat Group (senso stricto) are dominantly from
the Rae craton of Canada and Greenland (Figs. 8, 9), including the
Thelon-Taltson belt and northeast Greenland. Determining the
provenance of the northern domain metasedimentary rocks (Kar-
rat Group, senso lato) is more challenging due to Pb-loss from
metamorphism, however, we interpret provenance from the
Ellesmere-Inglefield mobile belt and local basement rocks. Accord-
ingly, the tectonic setting of the Karrat Group shows an evolution
from an extensional or intracratonic basin setting in an epeiric
sea (Qaarsukassak) to a convergent margin setting (lower to upper
Niikavsak and Marmorilik) in the Rinkian orogen. The northern
domain metasedimentary rocks could possibly represent a forearc
basin, but a foreland basin would be consistent with the collisional
basin setting shown in Fig. 7. The high metamorphic grade and
poor stratigraphic preservation of the northern domain Karrat
Group (senso lato) make the determination of tectonic setting dif-
ficult to interpret with stratigraphy alone, making detrital zircon
studies valuable. We show that the northern domain metasedi-
mentary rocks were deposited in a separated from the Karrat basin,
sensu stricto. Thus, because the northern domain metasedimentary
rocks and Karrat Group (senso stricto) units are not contiguous and
therefore do not follow stratigraphic nomenclature principles
(Murphy and Salvador, 1999), we recommend modification to the
naming of the northern domain metasedimentary rocks, such as
the “Nuussuaq Group”, and renaming the formations within it.

The provenance of the Qeqgertarssuaq complex is demonstrably
local, derived from surrounding basement rocks, implying that it is
autochthonous or parautochthonous. Our U-Pb data show that the
Qeqertarssuaq complex represents a collisional-type basin (Fig. 7),
which contrasts with previous ideas of a passive margin sequence
(e.g., Henderson and Pulvertaft, 1987). Hf isotopes from Archean
zircon grains in the Qeqertarssuaq complex reveal a history of
juvenile crustal growth in West Greenland that has been previ-
ously undocumented. The vertical Hf array is consistent with detri-
tus being derived from an internal type orogen, suggesting that the
juvenile magmatism could be derived from a yet undocumented
collisional orogenic event. These data should spur future study of
Archean rocks of West Greenland.

Zircon Hf isotopes in our Karrat Group dataset identify a
Proterozoic Wilson cycle, which includes some previously undocu-
mented juvenile magmatism. Some of this juvenile magmatism
(e.g., ca. 2.2-2.0 Ga) has no identified source on the Rae craton,
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revealing juvenile magmatism that was eroded and buried into the
Karrat sedimentary basin and possibly subducted elsewhere.
Younger juvenile magmatism represented in our detrital zircon
dataset at ca. 2.00-1.90 Ga is interpreted to represent magmatism
associated with juvenile magmatic arcs that developed in the
Manikewan Ocean and are otherwise not preserved in the geolog-
ical record.

The Karrat Group shares some detrital zircon age modes with
other sedimentary units of the Rae craton, however one of the
major differences is that most of the Karrat Group lacks the promi-
nent ca. 2.4-2.3 Ga detrital zircon mode. This sets it apart from the
Penrhyn and Piling groups (Fig. 11). The northern domain Karrat
Group (sensu lato), however, does contain ca. 2.4-2.3 Ga detritus,
which was probably sourced from Arrowsmith-aged rocks along
the northern margin of the Rae craton. An additional difference is
that while the Penrhyn Group contains few ca. 1900 Ma grains
and only a handful of juvenile ca. 2000-1900 Ma grains, and the
Piling Group contains neither (Partin and Sylvester, 2016), the
upper Karrat Group contains abundant juvenile ca. 2150-
1900 Ma grains and is the dominant age peak (Figs. 4, 5), com-
pletely unlike the Penrhyn-Piling groups (Fig. 11). These point to
key differences in juvenile Paleoproterozoic sources between the
Penrhyn, upper Piling, and upper Karrat groups. It should be noted
that the Anap nund Group also shares a ca. 2.1-1.9 Ga dominant
age mode (Connelly et al., 2006), suggesting it could also be
sourced from adjacent juvenile arc magmatism, such as the adja-
cent ca. 1.90-1.85 Ga volcano-sedimentary trench-arc succession
near Aasiaat in the Disko Bugt area (Garde and Hollis, 2010).

Karrat basin development differs from that of the Piling, Pen-
rhyn, and Hoare Bay groups in Canada, though they are connected
via the Trans-Hudson orogenic system. Accretion of the Meta
Incognita microcontinent to the southern margin of the Rae craton
ca. 1.9 Ga resulted in syn-orogenic basins along the Rae craton
margin, including the Penrhyn basin that received detritus from
the Meta Incognita microcontinent (Partin et al.,, 2014b). The
<1.899 Ga Penrhyn Group is younger than both the Piling and
Hoare Bay groups, thus records a different syn-orogenic stage than
the turbidites of those units. Thus, depositional age differences
change the interpretation of their broad correlation—a better anal-
ogy is diachronous basins that developed along the Rae continental
margin that experienced evolving orogenic fronts, similar to the
syn-orogenic basins developed during various stages of the Appala-
chian orogeny.
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