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Abstract

New geochronological and field data were examined from Triassic-Jurassic strata in the
Sverdrup Basin, Arctic Canada. Detailed analysis of detrital-zircon data identified a pronounced
near-syndepositional age-fraction in Triassic strata, which significantly is absent in Jurassic
strata of the Sverdrup Basin suggesting a protracted history of magmatism and sediment
dispersal from areas north of the basin during the Triassic. However, as a result of rifting, during
the Early Jurassic, the northern source region became disconnected from the Sverdrup Basin, and

opened the precursor basin (Amerasia Basin) to the Arctic Ocean.

Jurassic rifting of the Amerasia Basin would have had associated rift-flank uplift. Time-
temperature models produced from zircon (U-Th)/He thermochronological data elucidate the
unknown thermal history between the regional Devonian-Cretaceous unconformity in the
southwestern Canadian Arctic suggesting ~4 km of addition deposition on Banks Island and <1

km of deposition towards the craton interior.
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Résumé

Des nouvelles données géochronologiques et de terrain ont été examinées sur des roches
sédimentaires d’age Triasique-Jurassique dans le bassin Sverdrup de I'Arctique Canadien. Les
analyses de données sur des zircons détritiques ont déterminées un age synsédimentaire de la
période Triasique qui est absente dans les roches jurassiques. Une histoire de magmatisme
prolongée et de transport de sédiments des zones au nord du bassin a été congcue grace aux
données recueillies. Lors du développement du bassin d’Amerasia au début du Jurassique, la

région d’origine des sédiments du nord c’est déconnecté du bassin Sverdrup.

L’extension du bassin de 1’Amerasia pendant le Jurassique a été accompagnée du
soulevement de failles normales. Des modeles temps-température produits a partir des données
de zircons (U-Th)/He thermochronologique ont résolu I'histoire thermique inconnue entre la
discordance du Dévonien-Crétacé dans le sud-ouest de I'Arctique Canadien. Les données

suggérent la déposition ~4 km de sédiments sur I’Ile de Banks et <1 km vers le craton intérieur.



Extended Abstract

New detrital-zircon U-Pb age data from Lower Triassic to Lower Jurassic strata from the
Sverdrup Basin, in the Canadian Arctic, combined with previously published detrital-zircon data
from the Sverdrup Basin have identified two distinct provenance signatures. The first assemblage
is identical to the Devonian clastic wedge, and here is termed the recycled source. In contrast, a
second assemblage is dominated by a broad spectrum of near-syndepositional Permian-Triassic
ages derived from north of the basin, and here is termed the active margin source. Coeval strata
in Yukon and Arctic Alaska exhibit a similar dual provenance signature. Previous studies have
suggested that the source of these Permian-Triassic ages could be the Siberian Traps and Urals
mountains, however, the former region would produce too narrow a range of ages, and zircons

from the northernmost Urals do not form after the Permian.

Hafnium isotopic data from Permian-Triassic zircons exhibit eHf values consistent with
the common evolved crustal signature of the Devonian clastic wedge detrital-zircon grains and
Neoproterozoic-Paleozoic basement rocks in the Arctic Alaska-Chukotka microcontinent.
Furthermore, newly identified volcanic ash beds throughout the Triassic section from the
northern part of the Sverdrup Basin suggests a protracted history of magmatism to the north of
the basin. We interpret that these zircon were sourced from a magmatically-active region to the
north of the Sverdrup Basin, and which probably was part of a convergent margin fringing
northern Laurentia from the northern Cordillera along the outboard edge of the Arctic Alaska-
Chukotka microcontinent. Jurassic rifting isolated the Permian-Triassic source from the Sverdrup
Basin and separated the northern landmass from the Sverdrup Basin, creating the Amerasia

Basin.



The rifting to the north of the Sverdrup Basin would have had associated flank uplift on
the rift shoulders. In the area fringing the basin in the southwestern Canadian Arctic, zircon (U-
Th)/He thermochronology tests the extent of burial and/or uplift from two opposing thermal
histories, 1) maximum burial occurred after deposition in the Devonian with protracted uplift in
the late Paleozoic-Mesozoic, or 2) maximum burial occurred after protracted burial through the
late Paleozoic-early Mesozoic with rapid uplift associated with Jurassic rifting. Forward
modelling suggests that between the regional Devonian-Cretaceous unconformity, ~4 km to <1

km of strata is missing from the rifted Arctic margin towards the cratonic interior, respectively.
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inheritance date-eU curves for: (1) maximum temperature at 110°C; (2) maximum
temperature at 140°C; (3) maximum temperature at 170°C. Inheritance curves correspond to
date-eU trends for zircon between 31-67 um ESR, and describe the effect of the pre-
depositional history and accumulated damage on ZHe dates. The solid line in each
inheritance curve represents the projected date-eU trend for a zircon with a 45 um ESR
(MEAN VAIUEB). ...ttt ettt et e bt e bt et et e st e beeneenree e 71


file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511825
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511825
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511825
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826
file:///C:/Users/Acer/Desktop/THESIS.docx%23_Toc458511826

XV

Figure 3.8: Forward thermal history models from Neoproterozoic strata of the Brock Inlier using
zircon (U-Th)/He data. Single zircon date and eU shown on each graph as square with
associated error. The timing of the inheritance curves is derived from the U-Pb detrital
studies (Fig. 3). Thermal model A has peak burial ca. 200 Ma; thermal model B has peak
burial ca. 355 Ma. Time-temperature plot shows thermal pathways 1-3; Amundsen Basin
accumulation (3 km) and preservation (1 km), and passive margin sedimentation of 0.3 km
based on Rainbird et al. (2016); Devonian clastic thickness of 2 km based on Patchett et al.
(2004); Cretaceous burial is based on Jones et al. (1992). Forward models illustrate the
expected ZHe inheritance date-eU curves for: (1) maximum temperature at 100°C; (2)
maximum temperature at 120°C; (3) maximum temperature at 160°C. Inheritance curves
correspond to date-eU trends for zircon between 31-59 um ESR, and describe the effect of
the pre-depositional history and accumulated damage on ZHe dates. The solid line in each
inheritance curve represents the projected date-eU trend for a zircon with a 43 um ESR
(MEAN VAIUEB). . ettt e et e et e et e et e e et e e sbeesnbeenteesnneans 74

Figure 3.9: Synoptic north-south cross section of southwestern Canadian Arctic for the scenario
of maximum burial at 200 Ma showing (B) Triassic pre-rift and (C) Jurassic syn-rift phase
of the Amerasia Basin, with subsequent uplift until deposition commenced in the Cretaceous
(ca. 135 Ma). Location of cross section on Figure 2, and note vertical scale change between
(B) and (C). Thickness constraints for cross section sourced from Bird and Houseknecht
(2011) for Kugparuk 3-11-11 well; from Hubbard et al. (1987) for Dinkum Graben; from
Dewing and Embry (2007) for E-76, C-68, D-16, F-36 wells; from Ault et al. (2013) for the
Slave craton. For discussion on other Victoria Island and Brock Inlier constraints, see
TS0 L ES3RT=Tox o] PSSR 78

Figure 4.1: (A) Relative probability distribution grouped by signatures of the “Active margin
source” and the “Recycled Source”. Evolution of the northern margin of Laurentia during
the Triassic and Jurassic: (B) in the Triassic, the Sverdrup Basin (green) occupied a retro-arc
position to Chukotka along strike with the Triassic basin (grey) adjacent to Yukon Tanana
terrane (orange); (C) Early Jurassic extension created the proto-Amerasia Basin and cut-off
the Sverdrup Basin from the Arctic Alaska-Chukotka microcontinent; red arrows indicate
active margin source, blue arrows indicate the recycled source; black circles represent U-Pb
sample locations for (A); for complete legend see Fig. 2.11. ......ccoeoiiiiiiiiieie e, 82

Figure 4.2: (A) Plausible time-temperature pathways for each region from ZHe (black) and VRo
models (green) for two thermal histories: thermal maximum in the Triassic (solid line) and
thermal maximum in the Devonian (dashed line). Synoptic north-south cross section of
southwestern Canadian Arctic for the scenario of maximum burial at 200 Ma showing (B)
Triassic pre-rift and (C) Jurassic syn-rift phase of the Amerasia Basin, with subsequent uplift
until deposition commenced in the Cretaceous (ca. 135 Ma). Note the vertical scale change
between (B) and (C). See Figure 3.9 for CONSLraints.. ........cccevvveeiieiiiienie e 84
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Chapter 1 : Thesis Introduction
1.1 Thesis Rationale

The Sverdrup Basin, located in the Canadian Arctic Islands, provides a continuous
Carboniferous to Cenozoic geologic history of northern Laurentia. Much of the tectonic history
of the basin is understood, with one notable exception, the pre-rift phase of the Arctic Ocean.
The development of the Arctic Ocean is tied to the tectonic history of the Sverdrup Basin and
northern Laurentia. The Sverdrup Basin records the tectonic evolution of this developing oceanic
basin during its pre-, syn-, and post-rift phases that span the Triassic to Cretaceous. With the pre-
rift phase of the Arctic Ocean being poorly understood, Triassic-Jurassic strata from the northern
Sverdrup Basin are ideal for studying the tectonic setting of northern Laurentia prior to rifting of
what eventually became the modern Arctic Ocean, as well as to elucidate the exact timing of
initial rifting. The Arctic Ocean opened in two phases: (1) during the Jurassic-Cretaceous the
Arctic Alaska-Chukotka microcontinent to the north of the Sverdrup Basin rotated counter-
clockwise away from northern Laurentia and formed the Amerasia Basin — the two basins
separated by a narrow paleohigh termed the Sverdrup Rim (Fig. 1.1) (2) the Cretaceous-
Cenozoic opening of the Eurasia Basin related to the northward migration of the mid-Atlantic
spreading ridge. The Amerasia and Eurasia basins make up the modern Arctic Ocean and are
separated by the Lomonosov Ridge and Alpha-Mendeleev Ridge (Fig. 1.1). The focus of this
thesis is to investigate the tectonic setting of northern Laurentia prior to the opening of the
Amerasia Basin, and the effect Jurassic rifting had on the thermal history of the southwestern
Canadian Arctic.

In the circum-Arctic the rapidly growing number of studies using detrital-zircon
geochronology have developed a highly resolved understanding of Early Mesozoic provenance

(e.g., Miller etal., 2006, 2010; Omma et al., 2011; Miller et al., 2013; Bue and Andresen, 2014;
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[ Sverdrup Basin (Carboniferous-Cenozoic)
B Franklinian Basin (Devonian)

[] Arctic Platform (Cambrian-Silurian)
B Amundsen Basin (Neoproterozoic)

Figure 1.1: Map of the Arctic depicting names and locations of basins and regions mentioned in text. AA
— Arctic Alaska; AACM — Arctic Alaska-Chukotka microcontinent; CH — Chukotka; PE — Pearya.
Outline of AACM (black line) from Drachev (2011). Rotation of AACM away from the Canadian margin
illustrated by black arrows (from Embry, 2000). Sverdrup Basin outline from Embry and Beauchamp
(2008); Franklinian Basin from Anfinson et al. (2013); Arctic Platform from Dewing and Obermajer
(2009); Amundsen Basin from Rainbird et al. (1996); Sverdrup Rim from Meneley et al. (1975). Red
circles represent detrital-zircon U-Pb samples for this study (Chapter 2), blue circles represent detrital-
zircon (U-Th)/He samples for this study (Chapter 3).
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Gottlieb et al., 2014; Amato et al., 2015; Zhang et al., 2015; Anfinson et al., 2016), however the
Triassic provenance systems of the Sverdrup Basin remain largely unresolved One of the
primary issues is the presence of a 240-210 Ma zircon age-fraction in Late Triassic strata in the
Sverdrup Basin. Previous studies have suggested this sub-population was sourced from the Ural
Mountains in northeastern Russia (Fig. 1.1; Omma et al., 2011; Anfinson et al., 2016); but no
coeval plutonic or igneous units exist in that region. The purpose of this study, therefore, is to
fill important gaps in the detrital-zircon data set from Latest Triassic-Early Jurassic sediment,
and augment that data set with complementary isotope and field data from northeastern
Sverdrup Basin (Fig 1.1) to better understand the provenance of the Triassic zircon age-fraction.
The use of hafnium isotopic data, which previously has not been used to analyse Triassic-aged
zircons from the Sverdrup Basin, enables comparison with other ¢Hf and eNd data from
basement rocks and other detrital-zircon samples to identify similarities or differences in crustal
origin. These data aid in interpreting the pre-rift tectonic setting of northern Laurentia, with
further refinement provide by U-Pb data that helps to better constrain the timing of initial
Jurassic rifting north of the Sverdrup Basin; specifically, once Triassic-aged detrital zircons
disappear from Jurassic strata it can be assumed that initial rifting in the Amerasia Basin had
separated this sediment source from the Sverdrup Basin.

During rifting the margins of the rift are typically uplifted (e.g. van der Beek et al., 1994).
However because the Sverdrup Basin experienced continuous subsidence and sedimentation
during the opening of the Amerasia Basin, it is not a useful basin to constrain the extent of uplift
associated with Jurassic rifting. Older sedimentary basins to the south of the Sverdrup Basin
contain a geological record that spans the Neoproterozoic to Devonian (Fig. 1.1). This region in
the southwestern Canadian Arctic has a widespread Devonian-Cretaceous unconformity, and the

goal is to assess the missing geologic record across the unconformity. Zircon (U-Th/He)
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thermochronology (ZHe), a method seldom used in strata bordering the Sverdrup Basin, can test
the thermal history of Neoproterozoic-Devonian strata and therein elucidate the amount of uplift
and/or burial associated with rifting in the Amerasia Basin. To date a small number of studies
have investigated the thermal history in the southwestern Canadian Arctic Islands (Dewing and
Obermajer, 2009), Mackenzie Delta (Issler et al., 2012), Mackenzie Corridor (Issler et al., 2005;
Powell et al., 2016), and Slave craton (Ault et al., 2009; Ault et al., 2013). This thesis, therefore,
provides a new ZHe dataset from Neoproterozoic to Devonian sandstones forming a transect
from Banks Island, located near the rifted Canadian margin and formed from the counter-
clockwise opening of the Amerasia Basin, towards the southeast of Victoria Island and Brock

Inlier, which is closer to the cratonic interior of Laurentia.

1.2 Geologic Setting of Northern Laurentia

The Canadian Arctic records a nearly continuous depositional history from the
Neoproterozoic to the Cenozoic. The geologic events and tectono-sedimentary packages of
northern Laurentia are briefly summarized here: (1) Meso- to Neoproterozoic sedimentation in
the Amundsen Basin (Fig. 1.1), considered to be an embayment of an epeiric sea that covered
northwestern Laurentia and preserved in the Brock Inlier, Victoria Island and Banks Island
(Young et al., 1979), and post-dated the Grenvillian orogeny but pre-dated the breakup of
Rodinia (Rainbird et al., 1996) (2) rifting of a landmass, proposed to be southern Siberia (Ernst
et al., 2016), away from the northern margin of Laurentia in the middle Cryogenian, and
represented by Franklin dykes dated at ~720 Ma (Heaman et al., 1992); (3) following continental
breakup of Rodinia, the passive northern margin accumulated Cambrian siliciclastics that
unconformably overlie Neoproterozoic strata, and in turn are overlain by an extensive carbonate
platform, termed the Arctic Platform, which persisted until the Silurian, (Fig. 1.1); (4)

tectonically quiescent conditions were terminated in the Silurian-Early Devonian as western
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Baltica collided with eastern Greenland during the Caledonian orogeny followed by collision of
a northern landmass comprising continental fragments including the Arctic Alaska-Chukotka
microcontinent (AACM) and Pearya (Fig. 1.1), with the northern Laurentian margin during the
Middle-Late Devonian Ellesmerian orogen (Embry, 1988a). This two-step orogen resulted in
widespread clastic sedimentation over northern Laurentia, in addition to the development of a
foreland basin (Franklinian Basin; Fig. 1.1) adjacent to the southward advancing Ellesmerian
collisional zone. The Franklinian Basin, up to 10 km thick, consists of two parts: a deep-water
basin in the north fringed by a continental shelf to the south with sediment derived from the
Caledonian orogen (Trettin, 1987), and the uppermost clastic interval termed the Devonian
clastic wedge that covers an area of over 200,000 km? and is derived from the Ellesmerian
orogen; (5) rift initiation of the Sverdrup Basin in the Early Carboniferous with the rift-phase
ending in the Early Permian (Embry & Beauchamp, 2008); (6) rifting of the proto-Amerasia
Basin in the Jurassic with seafloor spreading commencing in the Early Cretaceous in association
with the initial pulse of the high Arctic large igneous province (HALIP) with the bounding limit
of rotation represented by either the Lomonosov Ridge or Alpha-Mendeleev Ridge (e.g. Oakey
and Saltus, 2016; Petrov et al., 2016); (7) Paleocene-Eocene seafloor spreading in Baffin Bay
(Fig. 1.1) resulted in the counter-clockwise rotation of Greenland into Ellesmere Island, known
as the Eurekan orogeny, and uplifted (i.e. inverted) the Sverdrup Basin (e.g., Heron et al., 2015).
Much of the focus of this thesis is in the Sverdrup Basin which is filled with ~13 km of
strata that overlie the Silurian-Devonian Franklinian Basin and records a continuous sedimentary
history from the Early Carboniferous to Cenozoic (Balkwill, 1978). The basin was initiated by
Early Carboniferous extension following the Ellesmerian orogeny, and was oriented in a general
north-south direction through the reactivation of older faults in the underlying Franklinian Basin

(Harrison, 1995). Volcanism accompanied Lower Carboniferous to Lower Permian extension,
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but was mostly confined to the northeastern part of the Sverdrup Basin (Trettin, 1988; Mayr et
al., 2002). The Late Paleozoic part of the basin fill is characterized by distinct shelf to deep basin
sedimentary systems whereas Triassic strata are dominated by shallow and marginal marine
siliciclastics up to 4 km thick that filled residual accommodation in the deep, central part of the
Paleozoic basin. During the Mesozoic, the main sediment source for the Sverdrup Basin was the
exposed Devonian clastic wedge to the south and east of the basin (Patchett et al., 2004).
However as noted earlier, a distinctive Permian-Triassic-aged zircon age-fraction appears in
Triassic strata, and based on facies distribution, indicates a source to the north of the basin
(Embry, 2009). The Sverdrup Basin, considered tectonically quiescent from the Early Permian to
the Jurassic, became separated from the northern Arctic Alaska-Chukotka landmass in the
Jurassic with the opening (rifting) of the Amerasia Basin. Note that coeval magmatism is not
observed in the Sverdrup Basin. While the timing and mechanism of the separation of the
AACM from northern Laurentia has been the subject of several competing models, the counter-
clockwise rotational opening model is most widely accepted (e.g., Grantz et al., 1979, 2011;
Embry, 1990). Later, during the Early to Late Cretaceous, the post-rift phase of the Amerasia
Basin is marked by the initiation of seafloor spreading and also magmatism and sedimentation in
the Sverdrup Basin belonging to HALIP (e.g., Evenchick et al., 2015). Deposition in the
Sverdrup Basin was terminated when the basin was inverted (uplifted) during the Paleocene-

Eocene Eurekan orogeny.

1.3 Study Area and Previous Work

The study area for the geochronological component of this research was spread over the
northern Canadian Arctic Islands. Fieldwork was conducted on northern Axel Heiberg Island on
Bunde Fiord, and archival Geological Survey of Canada samples collected on Ellef Ringnes and

Ellesmere islands were examined for detrital-zircon geochronology. Previous workers,
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principally Miller et al. (2006); Omma et al. (2011); Anfinson et al. (2016), conducted detrital-
zircon provenance studies in Triassic-Jurassic strata of the Sverdrup Basin. Significantly, one of
the principal unsampled intervals in the Upper Triassic-Lower Jurassic Heiberg Formation was
successfully sampled in this study, and also recently by Anfinson et al. (2016). Furthermore, no
study to-date has incorporated hafnium data to compliment the detrital-zircon dataset.

Samples for the thermochronological study were from archival Geological Survey of
Canada samples from the southwestern Canadian Arctic on Banks Island, Brock Inlier and
Victoria Island. While previous thermal history studies cover a broad geographic area of northern
Canada, almost no zircon (U-Th)/He thermochronological data has been collected in the study
area. New ZHe data from this study fills a regional gap in data between the Sverdrup Basin and
the sub-Arctic Mackenzie Delta/Corridor region. There have been attempts to elucidate the
Paleozoic-Cenozoic thermal history of strata in the Canadian Arctic Islands and sub-Arctic
region from a variety of thermochronological methods, including, apatite fission track (AFT) and
vitrinite reflectance (Ro) within the eastern Sverdrup Basin (Arne et al., 2002), apatite and zircon
thermochronology (AHe, ZHe) from the Devonian clastic wedge (Anfinson et al., 2013), Ro
from bore hole data from various Arctic islands (Dewing and Obermajer, 2009), AFT and Ro
data from the Mackenzie Delta (Issler et al., 2012), thermochronology data from the Mackenzie
Corridor (AFT, Issler et al., 2005; ZHe, Powell et al., 2016), and AHe data from the Slave craton
(Ault et al., 2009, 2013). Furthermore, the previous AHe and ZHe results from the Franklinian
Basin (Anfinson et al., 2013) were not modeled, which is an important process for the
interpretation of a thermal history (see Ch. 3.3). Previous studies have suggested that
sedimentation continued after deposition of Upper Devonian strata, but was completely eroded
prior to renewed sedimentation in the Jurassic-Cretaceous (e.g., Miall, 1976, 1979; Issler et al.,

2005; 2012; Powell et al., 2016). This theory is tested with new ZHe data using improved
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thermochronological methods and modeling of detrital-zircon populations (Guenthner et al.,

2015).

1.4 Thesis Objectives and Structure

This thesis comprises two parts, representing two research papers written in journal
format, and differentiated based on their respective analytical technique: Chapter 2 is primarily a
detrital-zircon geochronological investigation whereas Chapter 3 is primarily a study of detrital-
zircon thermochronology.

The goal of Chapter 2 is to identify provenance regions during deposition of the Triassic-
Jurassic succession in the Sverdrup Basin. These data, complemented with Hf isotope and field
data, provide insight into the tectonic setting of northern Laurentia. Chapter 3 draws on one of
the conclusions from the geochronological work, specifically, if rifting began at ca. 200-190 Ma,
would the related uplift be recorded as a cooling event in the Neoproterozoic-Devonian
sedimentary strata of the southwestern Canadian Arctic? Results from the thermochronology
study are then used to evaluate whether maximum burial occurred at the end of the Ellesmerian
orogeny followed by protracted uplift until the Cretaceous, or, as initially proposed by Miall

(1976), did deposition continue uninterrupted into the Mesozoic?

1.5 Methods

In this study the principal analytical technique used to determine the provenance of
Triassic-Jurassic strata in the Sverdrup Basin is U-Pb detrital-zircon geochronology. In general,
zircons from each sandstone sample exhibit a unique spectrum of formative ages, which then can
be used to interpret the tectonic setting of the depositional basin (e.g., Cawood et al., 2012).
Details of U-Pb geochronology methodology are discussed further in Chapter 2.3.1.
Geochronology data are supplemented with Hf isotope detrital-zircon geochemistry, which

provides further insight into the crustal source region and therefore its tectonic setting. eHf data
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can help determine the magmatic origin of the detrital zircon, for instance whether it crystallized
in a compressive arc-setting versus a continental extensional setting. Hafnium isotope
methodology is discussed further in Chapter 2.3.2. Furthermore, the discussion of the tectonic
setting of northern Laurentia is augmented by the observation of volcanic ash beds in the field,
which were verified using x-ray diffraction (XRD).

The third analytical technique used in this thesis is detrital-zircon (U-Th)/He
thermochronology, which is a low temperature thermochronometer used to help constrain the
timing and magnitude of burial and exhumation. (U-Th)/He dating relies on the concentration of
*He that accumulates in the zircon as a product of radioactive decay from 2U, 2°U, and #Th.
At high temperatures, the “He will diffuse out of the system, but once the system has sufficiently
cooled the system becomes closed and “He retained — it is the timing of closure that is used to
interpret the timing and extent of uplift and associated erosion. However zircons in this study are
detrital, which introduces further complexity related to each zircon’s unique pre-depositional
history and hence its unique closure temperature and amount of retained “He. To account for this
issue, the ZHe ages need to be modelled to more accurately estimate the extent and timing of
burial and exhumation. In this thesis the software HeFTY is used to determine plausible time-
temperature histories for the dataset. See Chapter 3.3 for a more detailed discussion of the
methodology of ZHe thermochronology. In situations where too few ZHe ages are available for a
given sample, the dataset can be augmented with vitrinite reflectance (Ro) data, a commonly

used thermal maturity indicator for assessing the amount of kerogen in a sedimentary rock.

1.6 Statement of Contributions

Chapter 2 is a reproduction of a manuscript accepted for publication in the journal
Lithosphere.

Midwinter, D., Hadlari, T., Davis, W.J., Dewing, K., and Arnott, R.W.C. 2016. Insights

into the tectonic evolution of the Triassic northern Laurentian margin from detrital-zircon U-Pb
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and Hf isotope analysis of Triassic-Jurassic strata in the Sverdrup Basin. Lithosphere.
doi:10.1130/L517.1.

- T. Hadlari worked with the first author on the interpretation of the data and was
instrumental in the development and construction of the countless drafts.

- W.J Davis and staff at the SHRIMP lab at the Geological Survey of Canada worked on
the sample preparation, data collection and synthesis, and assisted with the final data tables.

- K. Dewing and R.W.C Arnott helped refine the manuscript.

Chapter 3 is a reproduction of a manuscript submitted for publication in the journal
Canadian Journal of Earth Sciences.

Midwinter, D., Powell, J., Schneider, D.A., and Dewing, K. 2016. Investigating the
Paleozoic-Mesozoic low-temperature thermal history of the southwestern Canadian Arctic:
insights from (U-Th)/He thermochronology. Canadian Journal of Earth Sciences, accepted with
revisions.

- J. Powell assisted and greatly helped the first author with the modelling software
HeFTY, as well as principally providing edits for the methodology section of the manuscript.

- D.A Schneider helped refine the manuscript, specifically the format, discussion and
interpretation components.

- K. Dewing supported the manuscript with a vitrinite reflectance model to augment the
ZHe data on Banks Island as well as provided useful edits and comments to the regional geology

and discussion sub-chapters.
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Chapter 2 : Dual Provenance Signatures of the Triassic northern Laurentian
Margin from Detrital-Zircon U-Pb and Hf-Isotope Analysis of Triassic-

Jurassic Strata in the Sverdrup Basin
2.0 Abstract

The tectonic setting of northern Laurentia prior to the opening of the Arctic Ocean is the
subject of numerous tectonic models. By better understanding the provenance of detrital zircon
in the Canadian Arctic prior to rifting, both the pre-rift tectonic setting and timing of rifting can
be better elucidated. In the Sverdrup Basin, two distinct provenance assemblages are identified
from new detrital-zircon U-Pb data from Lower Triassic to Lower Jurassic strata in combination
with previously published detrital-zircon data. The first assemblage comprises an age spectrum
identical to that of the Devonian clastic wedge in the Canadian Arctic and is termed the recycled
source. In contrast, the second assemblage is dominated by a broad spectrum of near-
syndepositional Permian—Triassic ages derived from north of the basin and is termed the active
margin source. Triassic strata of Yukon and Arctic Alaska exhibit a similar dual provenance
signature, whereas in northeastern Russia, Chukotka contains only the active margin source.
Complementary hafnium isotopic data on Permian—Triassic zircon have eHf values that are
consistent with the common evolved crustal signature of the Devonian clastic wedge detrital-
zircon grains and Neoproterozoic—Paleozoic basement rocks in the Arctic Alaska—Chukotka
microcontinent. Furthermore, newly identified volcanic ash beds throughout the Triassic section
from the northern part of the Sverdrup Basin, along with abundant Permian—Triassic detrital
zircon, suggest a protracted history of magmatism to the north of the basin. We interpret that
these zircons were sourced from a magmatically active region to the north of the Sverdrup Basin,
and in the context of a rotational model for opening of Amerasia Basin, this was probably part of

a convergent margin fringing northern Laurentia from the northern Cordillera along the outboard
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edge of Arctic Alaska and Chukotka terranes. In Early Jurassic strata, Permian—Triassic zircons
decrease substantially, implying the diminution of the active margin as a sediment source as

initial rifting isolated the Permian—Triassic source from the Sverdrup Basin.

2.1 Introduction

Siliciclastic sedimentary successions can provide an important record of the tectonic
setting and tectonic evolution of a basin through stratigraphic and detrital-zircon patterns.
Previous efforts to interpret the tectonic evolution of the Sverdrup Basin have been made (e.g.,
Balkwill, 1978; Embry and Beauchamp, 2008), but important gaps in knowledge remain.
Incipient rifting of the proto—Amerasia Basin in the Jurassic—Cretaceous (Embry, 1990, 1991;
Houseknecht and Bird, 2011) was followed by opening of the Amerasian ocean basin, which
separates Arctic Canada, Alaska, and northeastern Russia (e.g., Grantz et al., 1979) (Fig. 2.1).

Previous detrital-zircon studies in the Sverdrup Basin (Miller et al., 2006; Omma et al.,
2011) have identified a detrital-zircon signature in Triassic—Jurassic strata that resembles that of
the underlying Devonian clastic wedge (e.g., Anfinson et al., 2012a). Those studies also
identified several different zircon assemblages in Triassic-Jurassic strata in the Sverdrup Basin
and compared their age spectra to those from other Triassic strata in the circum-Arctic. Those
previous detrital-zircon studies (Miller et al., 2006; Omma et al., 2011) in the Sverdrup Basin
lacked data from the Late Triassic—Early Jurassic Heiberg Formation. This paper provides new
detrital-zircon data from this interval, which serves to constrain the provenance of the Sverdrup
Basin during the Triassic—Jurassic. Also, U-Pb detrital-zircon ages are augmented with eHf
isotopic data for Permian—Triassic zircon grains. These data provide important insight into the

nature of the source terrane and magmatism (cf. Vervoort and Patchett, 1996).
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Figure 2.1: Circum-Arctic orogens, terranes, and locations modified from Colpron and Nelson (2011)
and Pease et al. (2014). AA, Arctic Alaska; AACM, Arctic Alaska-Chukotka Microplate; CH, Chukotka;
NSI, New Siberian Islands; NZ, Novaya Zemlya; PE, Pearya; SAS, South Anyui Suture Zone; SV,
Svalbard; WI, Wrangel Island; YTT, Yukon Tanana Terrane. Black circles represent approximate detrital
zircon sample locations from AA (Miller et al., 2006; Gottlieb et al., 2014); CH (Miller et al., 2006;
Tuchkova et al., 2011; Amato et al., 2015); WI (Miller et al., 2010); and YTT (Beranek et al., 2010b;
Beranek and Mortensen, 2011). The outlines of the SAS and AACM are from Drachev (2011). Red
circles represent approximate location of eNd or eHf values from AA (Amato et al., 2009); Arctic Canada
(Anfinson et al., 2012b; Morris, 2013); New Siberian Islands (Akinin et al., 2015), and Siberia (Malitch et
al., 2010).
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2.2 Geologic Setting

2.2.1 Sverdrup Basin
The Sverdrup Basin is located in the Canadian Arctic Archipelago (Fig. 2.2) and records

near continuous sedimentation from the Carboniferous to the Paleogene (Embry and Beauchamp,
2008). The basin is underlain by an up to 10-km-thick sedimentary pile of Devonian clastic
wedge strata that were deformed during the Late Devonian—Early Carboniferous Ellesmerian
orogeny (Embry, 1991). Strata equivalent to the Devonian clastic wedge are widely distributed,
including the northern Cordillera of North America, Arctic Alaska, and northern Russia (Amato
et al., 2009; Beranek et al., 2010a; Drachev, 2011; Lemieux et al., 2011). The Ellesmerian
orogeny was succeeded by initial rifting of the Sverdrup Basin that began in the Early
Carboniferous and ended in the Permian (Embry and Beauchamp, 2008). Current models suggest
that following the Permian, the Sverdrup Basin was tectonically quiescent and underwent
thermal subsidence until rifting recommenced in the Jurassic (e.g., Embry and Beauchamp,
2008).

The Triassic stratigraphy of the Sverdrup Basin (Fig. 2.3) is controlled by repetitive
transgressive-regressive events (e.g., Embry, 1988b; Embry and Beauchamp, 2008). Early
Triassic units of the Sverdrup Basin comprise the Blind Fiord Formation, which consists of shale
and siltstone representing mid-outer shelf, slope, and deeper basin-floor deposits, and the Bjorne
Formation, which consists mostly of sandstone confined to the basin margins interpreted to
represent deltaic deposits (Embry, 1986). These two siliciclastic units mark the first major clastic
influx into the basin with the accumulation of 2000 m of strata in the basin center (Embry, 1991).
The Middle Triassic is marked by a major transgression that deposited bituminous source rocks

of the Murray Harbour Formation (Embry and Beauchamp, 2008). These strata are overlain by
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clastic and/or carbonate rocks of the Roche Point Formation, which represents a short-lived
regression (Embry, 1991). Earliest Carnian transgression deposited the Hoyle Bay Formation
above the Roche Point Formation. Progradation of sandstone-rich, shallow marine deposits (Pat
Bay Formation) extended across the basin during the late Carnian (Embry, 1993) and was
terminated by a major transgression in the latest Carnian—early Norian that deposited prodelta
mud and silt of the Barrow Formation (Embry, 1991). These strata progressively coarsen upward
into marginal marine to non-marine sandstones of the Heiberg Formation (Embry, 1988b).

The Heiberg Formation in the central and eastern parts of the basin is subdivided into
three predominantly sandstone-rich members (Embry, 1983a)—the Romulus, Fosheim, and
Remus (Fig. 2.3). These members are stratigraphically equivalent to the Heiberg Group that
comprises five formations in the western part of the basin (Fig. 2.3; Embry, 1983b). The
formations of the Heiberg Group consist of the sandstone-rich deltaic Skybattle Formation
overlain unconformably by marine mudstone of the Grosvenor Island Formation with the
Triassic—-Jurassic boundary occurring in its upper part (Embry and Suneby, 1994). These strata
then coarsen upward into sandstone-rich strata of the deltaic Maclean Strait Formation with the
upper part containing the base-Sinemurian boundary. Farther upward, these strata are overlain by
marine shale of the Lougheed Island Formation capped by the sandstone-dominant King
Christian Formation.

During the Triassic there were two principal sources of sediment into the basin
determined by the general facies distributions shown in Figure 2.4 (Embry, 2009). Sediment
transport was directed into the basin from the southern and eastern margins, indicating a southern
and eastern sediment source area. U-Pb zircon data (Miller et al., 2006; Anfinson et al., 2012a)

and Sm-Nd isotopic data (Patchett et al., 2004) are consistent with recycling from the Devonian
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clastic wedge and older north Laurentian strata (e.g., Hadlari et al., 2012, 2014). The facies
indicate that another Triassic sediment source was derived from north of the basin (Embry,
2009), which is consistent with sandstone samples with detrital-zircon age spectra that are
different from those on the south side of the basin (Miller et al., 2006; Omma et al., 2011).

In the Jurassic—Cretaceous, a narrow paleohigh, the Sverdrup Rim (Fig. 2.2), separated
the Sverdrup Basin from the rift grabens of the proto—Amerasia Basin (Meneley et al., 1975;
Embry, 1993). The northern source region was fully separated from northern Laurentia by the

opening of the Amerasia Basin in the Cretaceous (Embry, 2009).

2.2.2 Paleogeographic Restoration

The tectonic interpretation of the Arctic region prior to the opening of the Amerasia
Basin is complex and is the subject of much debate (e.g., Grantz et al., 1979; Embry, 1990;
Lawver and Scotese, 1990; Lane, 1997; Lawver et al., 2002; Grantz et al., 2011; Pease, 2011,
Pease et al., 2014). The region that is central to reconstruction is typically referred to as the
Arctic Alaska—Chukotka microcontinent (AACM; Fig. 2.1), a lithospheric block occupying
northeastern Russia, Arctic Alaska, and their respective offshore shelves (Pease et al., 2014). The
AACM was separated from the Siberian craton by the Anyui Ocean, which closed when the
Amerasia Basin and Arctic Ocean opened. The timing and mechanism of this opening is the
subject of several different models (Grantz et al., 1979; Embry, 1990; Lane, 1997; Nokleberg et
al., 2000; Miller et al., 2006; Kuzmichev, 2009; Grantz et al., 2011; Lawver et al., 2011).

This paper tests the rotational opening model of Grantz et al. (1979, 2011) and Embry
(1990) that places the AACM against the Canadian Arctic Islands margin prior to the
Cretaceous. Restoration of the AACM to its location prior to separation and rotation from the
northern Laurentian margin places the North Slope of Alaska adjacent to Banks and Prince

Patrick islands. As aresult, the provenance of the Sverdrup Basin during the Triassic should
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resemble that of the North Slope of Arctic Alaska and Chukotka, since the Sverdrup Basin,
Hanna Trough, and Arctic Alaska Basin would have formed a continuous sedimentary basin
from the Carboniferous to Jurassic (e.g., Gottlieb et al., 2014). Seismic interpretation of an
extinct spreading ridge has a trend that is parallel to the shelves offshore of the western Canadian
Arctic Islands and Chukotka (Pease et al., 2014, and references therein).

In a restored position, the outboard margin of the AACM is typically interpreted to have
been a passive margin to the Anyui and Angayucham oceans in the Triassic (Nokleberg et al.,
2000; Miller et al., 2006; Sokolov et al., 2009; Tuchkova et al., 2009; Miller et al., 2010;
Tuchkova et al., 2011; Miller et al., 2013; Amato et al., 2015). This was followed in the
Cretaceous by collision with the Siberian craton—Verkhoyansk margin, known as the South
Anyui suture (SAS; Fig. 2.1), after closure of Anyui Ocean and concomitant opening of the
Amerasia Basin (e.g., Drachev, 2011; Houseknecht and Bird, 2011; Laverov et al., 2013; Amato
et al.,, 2015). The SAS contains remnants of a Jurassic—Early Cretaceous convergent system,
made up of island arc, continental terrane and oceanic basin rocks (Kuzmichev, 2009; Drachev,
2011; Amato et al., 2015).

It is not clear whether the SAS extends south of the New Siberian Islands (NSI), and
therefore is part of the AACM, or if it extends north of the NSI, and therefore is unrelated to the
AACM (see discussion in Kuzmichev, 2009; Pease, 2011; Pease et al., 2015). Detrital zircons
from the Triassic Burustas Formation, exposed on the NSI, have a strong fraction of ca. 252 Ma
zircon that, in addition to geochemical and petrographical characteristics of the zircon, are
consistent with zircon ages from Siberian Trap magmatism (Miller et al., 2006), possibly
indicating that the NSI were connected to Southern Taimyr and Siberia in the Early Mesozoic
(e.g., Kuzmichev and Pease, 2007). Recent studies (Ershova et al., 2015; Pease et al., 2015) show

a Baltican detrital-zircon character in the Carboniferous that changes to Uralian in the Permian.
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2.2.3 Summary of Published U-Pb and Sm-Nd Provenance Data

The overall detrital-zircon spectrum for the Devonian clastic wedge in the Canadian
Arctic has a characteristic signature of 700-360 Ma ages and a broad spectrum of Proterozoic
ages (Fig. 2.5; Anfinson et al.,, 2012a, 2012b). Studies of strata tectonostratigraphically
equivalent to the Devonian clastic wedge confirm a consistent and diagnostic detrital-zircon
signature of this clastic package across northwestern Laurentia and the AACM (Beranek et al.,
2010a, 2010b; Drachev, 2011; Lemieux et al., 2011; Anfinson et al., 2012a, 2012b), which could
have been ultimately derived from Paleozoic arc rocks of the AACM (e.g., Amato et al., 20009,
2015; Lemieux et al., 2011; Hadlari et al., 2014). Analyses of detrital zircon from Triassic strata
on the North Slope of Alaska (Gottlieb et al., 2014) and Triassic and Jurassic strata (Bjorne and
Pat Bay formations: Miller et al., 2006; Sandy Point Formation: Omma et al., 2011) from the
Sverdrup Basin have a similar signature as the Devonian clastic wedge (Fig. 2.5). Sedimentary
recycling of detrital zircon is a common way that younger strata can mirror the detrital-zircon
spectra of older strata (Hadlari et al., 2015), and so the signature of the Devonian clastic wedge
provides a useful reference curve for circum-Arctic Mesozoic spectra (Fig. 2.5).

Triassic strata within the Sverdrup Basin (Blind Fiord and Pat Bay formations: Omma et
al., 2011) have a detrital-zircon signature that has been attributed to a source in western Siberia
(e.g., Taimyr, Urals, and Siberian Traps, Fig. 2.1; Miller et al., 2006, 2013). The diagnostic age
fraction for the northern Sverdrup Basin source is a nearly continuous spectrum of near-
syndepositional Permian—Triassic ages (Fig. 2.5). Embry (1993, 2009) postulated a northwestern
provenance for Lower and Upper Triassic strata of the Sverdrup Basin based on lithofacies
distribution (Fig. 2.4) and that this sediment source remained active until the lower Middle
Jurassic. The northern source of Triassic sediment in the Sverdrup Basin, with its characteristic

Permian— Triassic zircon, is observed elsewhere in the Arctic (Fig. 2.5), specifically in Chukotka
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zircon sample location, number, age, and reference.



23

(Miller et al., 2006; Tuchkova et al., 2011; Amato et al., 2015), Wrangel Island (Miller et al.,
2006, 2010), and Lisburne Hills, Alaska (Miller et al., 2006). The Western Interior Platform
adjacent to the Yukon Tanana terrane has a similar dual detrital-zircon signature with one source
displaying strong similarities to the Devonian clastic wedge, whereas the other source has
abundant near-syndepositional Permian—Triassic ages derived from arc rocks of the Yukon
Tanana terrane (Beranek et al., 2010b; Beranek and Mortensen, 2011).

Sm-Nd isotopic data from Carboniferous to Cretaceous sedimentary rock samples from
the Sverdrup Basin have a nearly uniform ¢Nd signature throughout the basin’s history (Fig.
2.3), which is interpreted to represent the progressive recycling of Devonian clastic wedge strata
during the Mesozoic (Patchett et al., 2004). Two excursions to more positive eNd isotopic values
occurred during the Late Triassic—earliest Jurassic and Late Cretaceous (Fig. 2.3). Patchett et al.
(2004) hypothesized that the Nd isotopic shift in the Late Triassic—earliest Jurassic resulted from
a minor volcanic contribution to the basin, although no evidence of volcanism had been
identified at that time. The shift in the Late Cretaceous is consistent with sedimentary input from
juvenile volcanic rocks of the HALIP (e.g., Buchan and Ernst, 2006; Estrada and Henjes-Kunst,

2013; Oakey and Saltus, 2016).

2.2.4 Igneous Record of the Sverdrup Basin

The earliest record of volcanism within the Sverdrup Basin is the Lower Carboniferous
Audhild volcanics (Trettin, 1988; Embry and Beauchamp, 2008), which coincided with early
rifting. Mafic volcanic rocks within Early Permian carbonates of the Nansen Formation have
been interpreted to mark the end of the Asselian stage (Mayr et al., 2002; Embry and
Beauchamp, 2008). Early Permian volcanic rocks are termed the Unnamed Lower volcanics
(ULV) at the base of the Great Bear Cape Formation, and the Esayoo volcanics in the Sabine

Bay Formation (Morris, 2013). The Esayoo volcanics have been interpreted as intra-plate basalts
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with alkaline to transitional affinities (Cameron and Muecke, 1996). Although there are no
previously reported records of Triassic to Jurassic volcanic rocks in the Sverdrup Basin,

magmatism was active during the Cretaceous as part of HALIP (e.g., Evenchick et al., 2015).

2.3 Analytical Procedures

2.3.1 U-Pb Geochronology

Samples of the Bjorne Formation and Romulus Member were collected from Ellesmere
Island by the authors in 2011, and the King Christian Formation sample was collected by Carol
Evenchick in 2010. U-Pb ages of detrital zircon were analyzed by secondary ion microprobe, and
performed using the sensitive high resolution ion microprobe (SHRIMP) at the Geological
Survey of Canada (GSC), Ottawa. SHRIMP analytical procedures followed those described by
Stern (1997), with standards and U-Pb calibration methods following Stern and Amelin (2003).
Briefly, zircon were cast in 2.5-cm-diameter epoxy mounts along with fragments of the GSC
laboratory standard zircon (26266, with “°Pb/>2U age = 559 Ma). The midsections of the zircon
were exposed using 9, 6, and 1 pm diamond compound, and the internal features of the zircon
(such as zoning, structures, alteration, etc.; Appendix D) were characterized in backscattered
electron mode utilizing a Zeiss Evo 50 scanning electron microscope. Mount surfaces were
evaporatively coated with 10 nm of high-purity Au. Analyses were conducted using a ‘°O-
primary beam, projected onto the zircon at 10 kV. The sputtered area used for analysis was ~18
um in diameter with a beam current of ~8-9 nA. The count rates at ten masses including
background were measured over five scans with a single electron multiplier and a pulse-counting
system with dead time of 23 ns. Offline data processing used SQUID 2.5 software written by
Ludwig (2003). The 1s external errors of 2°Pb/*®U ratios reported in Appendix B incorporate a
+1.0% error in calibrating the standard zircon (see Stern and Amelin, 2003). No fractionation

correction was applied to the Pb-isotope data; common Pb correction utilized the Pb composition



25
of the surface blank (Stern, 1997). Isoplot v. 3.00 (Ludwig, 2003) was used to calculate weighted
means.

Probability density function plots use ages based on the concordia age calculation method
(Ludwig, 1998) as outlined in Nemchin and Cawood (2005) to avoid using different isotopic
ratios for age interpretations based on an arbitrary age cut-off and to be able to evaluate
probability of concordance for Phanerozoic zircons for which the traditional discordance
measurement is subject to very large errors. Rather than picking a subjective cut-off between
using 2°°Pb/?®U and *’Pb/*®®Pb age, which is common practice in the literature (e.g., 1200 Ma
for Omma et al., 2011; 1000 Ma for Anfinson et al., 2012a), the concordia function calculates a
single age based on the relative errors of the measured 2°°Pb/*®U and %’Pb/?°®Pb ratios (Ludwig,
1998). The approach outlined by Nemchin and Cawood (2005) involves a minimum degree of
decision making and the use of probability of concordance as a screening parameter to reduce
bias. In this study, a sample is not included if either the probability of concordance is <0.01 or if
discordance measurements are <-5 or >5 (Appendix B).

When comparing multiple samples, the probability density function (PDF) is assumed to
represent all the possible ages in the samples, and all the zircon ages must fall within the PDF
curve. Accordingly, the area below the curve for each sample is comparable. Another
comparative technique uses the cumulative distribution function (CDF). Although similar to the
PDF, the CDF sums the probabilities with increasing age but requires equivalence in the
population size. This step function does not account for uncertainties in the measured values. In
spite of the differences, a PDF and CDF display the same information, but each has its own
strength: PDFs are easier to use when evaluating the presence or absence of specific ages in age
distributions, whereas CDFs are more useful when assessing similarities or differences within a

set of age distributions (Guynn and Gehrels, 2010). Kernel density estimation (KDE) is
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displayed with PDF in Figure 2.6. An advantage of KDE is that the bandwidth is adaptive;
therefore, with sparse data density, the density estimate becomes increasingly smooth. Kernel
plots were produced using Density Plotter software (Vermeesch, 2012). Results are presented in
Figure 2.6 with full U-Pb analytical data are compiled in Appendix B and images of the zircon

are compiled in Appendix D.

2.3.2 Hafnium-Isotope Methods

Two samples were analyzed for Hf isotopes with grains selected specifically for their
Permian-Triassic U-Pb zircon ages with a total of 24 analyses conducted. Hf analyses were
conducted with a Photon excimer laser and a Nu Plasma multicollector inductively coupled
plasma mass spectrometer in time-resolved analyses mode at the GSC, Ottawa. Data were
acquired using either a 40, 50, or 60 mm beam size selected based on grain size of the target.

CHUR values of *"°Lu/*""Hf = 0.0336 and *"°Hf/*""Hf = 0.282785 are from Bouvier et al.
(2008). The depleted mantle model based on *"°Lu/*""Hf = 0.03902 and *"°Hf/*""Hf = 0.28327
and new crust model age calculations utilized values of Dhuime et al. (2011) (*"°Lu/*""Hf =
0.03781 and °Hf/*""Hf = 0.28316). °Lu decay constant of 1.867 x 10™ yr' was used
(Soderlund et al., 2004).

Elemental fractionation of Lu and Hf was measured and corrected based on the 91500
standard and an accepted *"°Lu/*"®Hf value of 0.000309 (Blichert-Toft, 2008). Measured values
were approximately 15% higher than accepted values with a reproducibility of approximately
23% at 95% confidence. Reproducibility of the *"°Lu/*"®Hf value was better than 5% for the
6266 standard.

Accuracy and reproducibility were monitored by replicate analyses of four zircon
standards (91500, Temora 2, 6266, and Mud Tank), each showing excellent agreement with

published data for these standards (Woodhead and Hergt, 2005; Wu et al., 2006; Blichert-Tofft,
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2008). Based on internal precision, each of the standards exhibits excess scatter as indicated by
high mean square of weighted deviates (MSWD), and external errors in the range from 0.9 to 1.2
epsilon units at 2c are required. A minimum external error of 1.2 € (20) is assumed for the data.
Hafnium data are presented on Hf-evolution diagrams that show eHf values at the time of
crystallization based on the measured **°Pb/?8U and 2°’Pb/?°°Pb ratios. In order to make use of
the greater number of Nd isotopic data reported for potential source rocks, published neodymium
isotopic data are converted to “equivalent” Hf isotope values based on the high degree of
correlation established between the two systems (Vervoort et al., 1999). The equation, derived by

Vervoort et al. (1999), was utilized to calculate equivalent eHf values.
¢Hf = 1.36 eNd + 2.95; r* = 0.86 (1)

This conversion allows comparison of more geographically widespread ¢Nd data on the
Hf evolution plot.

For the calculation of hafnium-depleted model ages (Tpwm), crustal evolution trajectories
assume present-day *"°Lu/*""Hf ratio of 0.0093 of typical felsic crust (Vervoort and Patchett,
1996; Amelin et al., 2000; Gehrels and Pecha, 2014). These model ages or crustal residence ages
for zircon provide a qualitative estimate of the time of separation of the source rocks, or their
precursors, from a hypothetical depleted mantle reservoir (Bahlburg et al., 2011). While these
model ages do not necessarily provide real age information, they are useful for comparative
analyses. When comparing the model ages (Tpwm) of this study with other published isotopic
studies, no conversion was applied to the Tpy if it was originally calculated from eNd values.
Full Hf analytical results for this study and the cited comparative references can be found in

Appendix C.
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2.4 Results

2.4.1 U-Pb Analyses

2.4.1.1 Bjorne Formation
The Bjorne Formation is more than 1000 m thick along the southern and eastern margins

of the Sverdrup Basin and, along with the Blind Fiord Formation, represents the first significant
episode of siliciclastic deposition in the basin. It has been subdivided into the predominantly
sandstone Cape Butler, Pell Point, and Cape O’Brien members (Embry, 1986). A single sample
was analyzed for detrital-zircon geochronology from the Cape O’Brien Member (Olenekian) on
central Ellesmere Island. Zircon ages fall into three modes—a tight late Silurian peak (ca. 460—
420 Ma); a broad range of Paleo- to Mesoproterozoic (ca. 2100950 Ma); and Archean (ca.
3000-2500 Ma) ages (Fig. 2.6). The robust, Caledonian-aged peak has 10 grains (~10% of the
sample population), with the major peak at 430 Ma. The Mesoproterozoic range, the primary age
fraction, has 74 grains (~76% of the sample) with several peaks at 1650, 1450, and 1100 Ma.
The Archean range has 12 grains (~13% of the sample) with two minor peaks at 2760 and 2530

Ma.

2.4.1.2 Romulus Member of the Heiberg Formation

On central Axel Heiberg Island (Depot Point), a sample was collected from the Romulus
Member in the lower part of the Heiberg Formation. The Romulus Member is interpreted to be
part of a delta front and is given a Norian age (Embry, 1983a, and references therein). Detrital-
zircon ages can be divided into three distinct fractions—ca. 2580-1690 Ma, 920-750 Ma, and
560-215 Ma—with a notable absence of Mesoproterozoic ages (Fig. 2.6). The Cambrian to
Triassic zircon fraction has 30 grains (~63% of the sample population) with peaks at 425 and 270

Ma. The Neoproterozoic ages, of which there are five grains (~10% of the sample), has one peak
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Figure 2.6: Relative probability distribution and cumulative probability plots for three new detrital-zircon
samples from this study. Kernel density estimation represented by solid gray line. See Appendix B for
complete isotopic analyses and Appendix D for zircon images.

at ca. 850 Ma. The Paleoproterozoic ages have a broad spectrum with three peaks, 2500, 2150,

and 1750 Ma (~27% of the sample).

2.4.1.3 King Christian Formation of the Heiberg Group

The Sinemurian to Pliensbachian King Christian Formation sample is from western Ellef
Ringnes Island, where the formation is the thickest (180 m) in the basin, and here the unit is
interpreted to be a deltaic deposit (Embry, 1983b). Zircon ages have two distinct age ranges—
specifically Paleozoic and Precambrian age fractions. The Paleozoic ages range from ca. 441 to
262 Ma with peaks at 425 and 275 Ma (~18% of the sample). The Precambrian can be
subdivided into a Tonian-age range and a Paleo- to Mesoproterozoic range. The Tonian zircon,

specifically ca. 1020-910 Ma, makes up 8% of the sample. The predominant age range is ca.
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Figure 2.7: Plot shows eHf values for sample data from the Heiberg Formation/Group. Only grains
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juvenile (0-5 epsilon units below DM), intermediate (5-12 epsilon units below DM), and evolved (>12
epsilon units below DM) following Bahlburg et al. (2011) and Gehrels and Pecha (2014).

2100-880 Ma with peaks at 2000, 1650, 1450, and 1200 Ma (73% of the sample), which is

similar to the zircon age distribution in the Bjorne Formation (Fig. 2.6).

2.4.2 Hf-1sotope Analyses
Twenty-four zircon grains were analyzed to provide further information on the source of

Permian—Triassic zircon from the Lower Heiberg and King Christian formations. The ¢Hf values
range from +16 to -17 with no discernible eHf groupings within the data (Fig. 2.7). There is no
trend (R? = 0.06) of ¢Hf values becoming more depleted as the U-Pb age of the zircon decreases.

Towm values show a broad spectrum, but the majority of ages are Meso- to Neoproterozoic.

2.4.3 Volcanic Ash Beds
The study location along northern Axel Heiberg Island (Fig. 2.2) represents a

geographically proximal location within the Sverdrup Basin to the proposed northern sediment

source. At Bunde Fiord, ochreous horizons were commonly observed in marine mudstones of the
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Blind Fiord, Murray Harbour, Hoyle Bay, and Barrow formations (Fig. 2.8). The ochre layers are
typically less than 10 cm thick and laterally continuous, and they are interpreted to be volcanic
ash beds due to their field properties (color, moisture, and plasticity). X-ray powder diffraction
(XRD) using CuKa radiation with a scanning speed of 1°26/min show that these ash beds consist
of quartz, hydrotalcite, illite, jarosite, with lesser zircon and halloysite (Fig. 2.8A). Halloysite is
derived from the dissolution of volcanic glass or weathered volcanic ash with a crystalline
structure similar to kaolinite (Joussein et al., 2005). Similarly, hydrotalcite is formed from
volcanic glass, and it has been produced experimentally by a reaction between basaltic glass and
seawater (Crovisier et al., 1982). Hall and Stamatakis (2000) observed hydrotalcite infilling the
molds left by the dissolution of volcanic glass shards. Collectively, the presence of volcanically
derived minerals and macroscopic textural characteristics confirm that the ochreous layers are

volcanic ash beds.

2.5 Discussion

2.5.1 Early Triassic Detrital-Zircon Provenance

The detrital-zircon signature from the Bjorne Formation is remarkably similar to samples
from the Devonian clastic wedge (Anfinson et al., 2012a) and is consistent with sample AE1
reported by Miller et al. (2006). The detrital-zircon signature of the Bjorne Formation is similar
to Triassic strata from the North Slope of Alaska (Gottlieb et al., 2014) and similar aged strata
from the northwestern Cordillera (Fig. 2.9A), the latter being recycled from the strata of
northwestern Laurentia (Beranek et al., 2010b). Collectively the geographically dispersed areas
suggest a common, areally expansive source, which most probably was the Devonian clastic

wedge and equivalents (Fig. 2.9B), and so provenance is from a recycled source.
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A sample from the Blind Fiord Formation has a wholly different signature interpreted to
represent the northern source to the basin (Omma et al., 2011). Notable is the occurrence of a
suite of Permian ages (ca. 290-265 Ma) and the absence of Caledonian and Ellesmerian orogen
ages that typify the Devonian clastic wedge (ca. 700-360 Ma). Omma et al. (2011) suggested the
source of the young ages was either Early Permian basaltic magmatic activity within the basin
(e.g., Thorsteinsson, 1974), or mid-Permian syenites associated with the Uralian orogeny in the
Taimyr region in central Russia (e.g., Vernikovsky et al., 1995; Zhang et al., 2013). The majority
of Permian volcanic rocks are observed within the northern part of the Sverdrup Basin, which
suggests there were probably volcanic equivalents to the north of the basin. The Lower Permian
volcanic rocks in the Sverdrup Basin (the Esayoo, the Unnamed Lower volcanics [ULV], or
equivalents) could provide the limited age range of Permian zircon within the Blind Fiord
Formation; basalts may be able to supply zircon even though they typically have poor zircon
potential (Rioux et al., 2012; Candan et al., 2015; lles et al., 2015). The converted eNd values
and the Tpym from the Esayoo volcanics (ca. 276 Ma) are comparable to Hf isotope data from
similar aged zircon from this study (Fig. 2.10). Long distance transport from the Urals is unlikely
to produce the tight range of Permian ages within the Blind Fiord Formation, particularly
because Uralide granitoids formed at an almost constant rate from 370 Ma to 250 Ma, older in
the south and younger in the north (Vernikovsky et al., 1995; Bea et al., 2002). Granitoids in the
northern Urals have ages from ca. 300 to 280 Ma, and post-tectonic granitoids dated at ca. 260
Ma (Pease et al., 2015), probably related to the Siberian LIP. Transport from the Urals is possible
but would likely provide a broad spectrum of U-Pb ages rather than narrow peaks as seen in the

Blind Fiord Formation.
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Figure 2.9: Illustration of the detrital age spectra grouped by signatures of the Recycled Source and the
Active Margin Source. Data from the Isachsen Fm (Rghr et al., 2010), from studies in the Canadian Arctic
(Miller et al., 2006; Omma et al., 2011; Anfinson et al., 2012a), from Russia (Miller et al., 2006, 2010;
Tuchkova et al., 2011; Amato et al., 2015), from Alaska (Miller et al., 2006; Gottlieb et al., 2014), from
Yukon (Beranek et al., 2010b; Beranek and Mortensen, 2011), and compiled results from this study as
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2.5.2 Late Triassic Detrital-Zircon Provenance

2.5.2.1 Pat Bay Formation
Detrital-zircon U-Pb age data of the Pat Bay Formation (Miller et al., 2006; Omma et al.,

2011) vary considerably between samples indicative of two different sources during deposition
(e.g., Embry, 2009). Sample AE2 from Miller et al. (2006) has an assemblage of ages that
overlap within the Devonian clastic wedge spectrum, including a single 376 Ma age, an age
fraction of ca. 620-505 Ma, and a broad range of Paleo- to Mesoproterozoic ages. Miller et al.
(2006) hypothesized the sample represented sediment derived from north of the Sverdrup Basin
because those ages were unknown in northern Canada at the time. Subsequent studies (e.g.,
Lemieux et al., 2011; Anfinson et al., 2012a) report abundant ca. 700-500 Ma zircon ages from
rocks of the Late Devonian clastic wedge as well as the Silurian flysch (Beranek et al., 2015). A
prominent ca. 700-500 Ma age-fraction coupled with an absence of Permian—Triassic zircon
ages would suggest a source much like Silurian and Devonian strata in the Franklinian Basin;
these strata were probably ultimately derived from rocks in Arctic Alaska—Chukotka of Timanide
age (e.g., Cecile etal., 1991; Amato et al., 2009, 2014). In contrast, the later work of Omma et al.
(2011) reported a prominent range of near-syndepositional ages (ca. 255-217 Ma), in addition to
a broad Paleozoic spectrum (ca. 490-295 Ma), which is indicative of derivation from the active

margin source region.

2.5.2.2 Lower Heiberg Formation

The Lower Heiberg Formation (Romulus Member) sample has a similar detrital-zircon
signature to the Pat Bay sample analyzed by Omma et al. (2011). As with the two previous
northerly-derived samples from the Pat Bay and Blind Fiord formations, there is a prominent
near-syndepositional-age fraction in the Lower Heiberg Formation with a continuous spectrum

of ca. 300-215 Ma ages. In contrast to the Pat Bay and Blind Fiord formations, there is a notable
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Figure 2.10: (A) Tpm values from €Hf, other than Tpy from Arctic Alaska and Esayoo volcanics which
used Tpm from eNd values; (B) ¢Hf values for sample data and relevant Hf isotope data comparisons.
Grey box and black arrow represent interpreted average crustal evolution trajectories assuming present-
day Y®Lu/*""Hf = 0.0093 (Vervoort and Patchett, 1996; Bahlburg et al., 2011; Gehrels and Pecha, 2014).
eNd values from Arctic Alaska and Esayoo volcanics converted to eHf (see Eq. 1; Vervoort et al., 1999)
Data sets are as follows; detrital zircon from Neoproterozoic to Upper Devonian strata of the Franklinian
Basin (Anfinson et al., 2012b); Carboniferous to Triassic zircon from igneous rocks of the northwestern
Siberian Craton (Malitch et al., 2010); New Siberian Islands basement rocks (Akinin et al., 2015);
Neoproterozoic to Devonian igneous rocks of Seward Peninsula, Arctic Alaska (Amato et al., 2009);
Lower Permian Esayoo Volcanics from eastern Sverdrup Basin ca. 276 Ma, (Morris, 2013). See
Appendix C for complete values and error for each sample and study area.
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absence of Mesoproterozoic ages (Fig. 2.9A) that are typically present in Laurentian strata (e.g.,
Hadlari et al., 2012). The consistent zircon signatures from the Blind Fiord, Pat Bay, and Lower
Heiberg formations are similar to those reported from Triassic strata of the AACM from
Lisburne Hills, North Slope of Alaska, Wrangel Island, and Chukotka (Fig. 2.9). Samples from
the Upper Triassic Otuk Formation from the Lisburne Hills have an age fraction from ca. 275—
220 Ma, in addition to Carboniferous, Lower Paleozoic ages, and minor Mesoproterozoic ages
(Phanerozoic peaks at 420, 355, 315, 255, and 220 Ma) (Miller et al., 2006). The detrital-zircon
signature from Triassic strata along the North Slope is remarkably similar to the Devonian clastic
wedge with a strong age fraction of ca. 700-360 Ma and a broad spectrum of Proterozoic ages
(Gottlieb et al., 2014). When comparing detrital-zircon data from the Lisburne Hills and the
North Slope, the two regions have notably different age distributions, which strongly resemble
the pattern of the two different provenance signatures within the Sverdrup Basin (Fig. 2.9).
Similar to Lisburne Hills, Triassic samples from Wrangel Island and Chukotka document
a general assemblage of near-syndepositional zircon ages and a minor representation of
Mesoproterozoic ages (Miller et al., 2006, 2010; Tuchkova et al., 2011; Amato et al., 2015).
More specifically, Wrangel Island samples have nearly continuous ages from ca. 480 to 205 Ma
(Phanerozoic peaks at 440, 350, 305, 250, and 230 Ma) (Miller et al., 2010), and samples from
Chukotka (Miller et al., 2006; Tuchkova et al., 2011; Amato et al., 2015) have a range of ca.
405-216 Ma (robust Phanerozoic peaks at 500, 300, and 250 Ma). Both regions have minor
contributions from the Paleoproterozoic to Silurian. In summary, both the Sverdrup Basin and
the broader AACM share the active margin source, which is consistent with the rotational model
for the opening of the Arctic Ocean. Alternatively, Zhang et al. (2015) presented a reconstruction
in which littoral currents allow for the redistribution of detrital material from the Polar Urals and

Taimyr during the Triassic due to the sublithospheric spreading associated with the Siberian
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mantle plume at 252 Ma, precisely defined by Burgess and Bowring (2015), which does not

explain the post-Siberian Trap range of detrital-zircon ages of 240-210 Ma.

2.5.3 Yukon Tanana Terrane

A similar pattern of dual detrital-zircon spectra is observed along the northwestern
margin of Laurentia in the Yukon. Sediment recycled from western interior basins of Laurentia
has a detrital-zircon signature consistent with derivation from a Devonian clastic wedge-type
source (Beranek et al., 2010b)—namely broad Phanerozoic peaks at 450, 420, and 365 Ma—and
a wide spectrum of Proterozoic and Lower Paleozoic ages (YTT platform, Fig. 2.9). This
signature remains relatively stable through Early to Late Triassic strata.

The other provenance signature is from sediment derived from the west, along the active
margin of the Yukon-Tanana terrane (YTT). The YTT is a pericratonic terrane that comprises a
series of deformed arc, back-arc, and continental margin assemblages (Colpron et al., 2006;
Nelson et al., 2006). During the Middle Permian it was separated from ancestral North America
by a back-arc basin, the Slide Mountain Ocean (Plafker and Berg, 1994); however, the closure of
the back-arc basin in the Late Permian and shortening across the YTT and the western margin of
Laurentia (Klondike orogeny) formed a Triassic foreland to back-arc basin to the east of the YTT
(Beranek and Mortensen, 2011). Detrital-zircon signatures from Triassic strata sourced from the
convergent, western margin of the YTT exhibit a suite of near-syndepositional Permian—Triassic
zircon ages (Beranek and Mortensen, 2011).

The two provenance signatures from Triassic strata of the YTT, specifically an active
margin source and a recycled source, share a close resemblance to the dual provenance signature
of Triassic strata of the Sverdrup Basin and Arctic Alaska (Fig. 2.9B). This suggests that the
tectonic setting for YTT basin could have been similar to the tectonic setting of the Sverdrup

Basin during the Triassic.
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2.5.4 Provenance of Permian-Triassic Zircon

Identifying source(s) for the consistently near-syndepositional-aged zircon in Triassic
strata throughout the Sverdrup Basin and AACM is essential to understanding the tectonic
setting of the Sverdrup Basin during the early Mesozoic. The broad range of ¢Hf values from this
study of U-Pb zircon ages between 330 and 200 Ma is interpreted to record a mixed source with
a combination of juvenile, intermediate, and evolved crust (Fig. 2.7). Other ¢Hf or ¢éNd values
from the circum-Arctic display a variety of isotopic compositions and Tpy. The ca. 710-380 Ma
zircon population from Devonian strata of the Franklinian Basin provides ¢Hf values (Anfinson
et al., 2012b) that are congruent with a juvenile to intermediate source (Fig. 2.10B) in the
AACM. Neoproterozoic to Devonian igneous rocks from Arctic Alaska have converted eNd
values that are slightly less juvenile than the Devonian strata (Amato et al., 2009). The Tpy of
both studies overlap with the Tpy of Permian—Triassic zircon of the Lower Heiberg Formation
with predominantly Meso- to Neoproterozoic model ages (Fig. 2.10A). It is plausible that the
lithospheric source involved during the formation of the older zircon record was reincorporated
during the Permian—Triassic magmatism in the AACM.

The other proposed source for Permian—Triassic zircon in the Sverdrup Basin is from the
Siberian region (e.g., Urals, Taimyr, and NSI: Fig. 2.1; Omma et al., 2011; Miller et al., 2013,
and references therein). Miller et al. (2013) and Zhang et al. (2015) recently outlined possible
sources of the younger zircon ages, which included the Carboniferous to Early Permian plutonic
belts from the northernmost Urals; granites as young as ca. 250 Ma from the southern Urals;
mafic magmatism (ca. 252 Ma) from the initiation of the Siberian Traps; earliest Triassic felsic
and mafic magmatism in the Taimyr region; Permian—Triassic to Triassic rift-related magmatism
in the Kara Sea; and granites and syenites (ca. 249-241 Ma) and basalts from southern and
central Taimyr. The eHf values from Carboniferous to Triassic magmatic rocks along the

northwestern part of the Siberian Craton are substantially more juvenile (Malitch et al., 2010)



40

than similar-aged zircon within the Sverdrup Basin. The Tpy of the Siberian zircon are younger
than the Tpym from this study, which suggests that the Siberian region was not a source region for
the Sverdrup Basin during the Triassic. The ¢Hf data from basement rocks of the NSI are within
the spectrum of ¢Hf and Tpw Vvalues of Arctic Alaska and Devonian strata from northern Canada,
and these data interpreted to represent juvenile magmatic addition during the Neoproterozoic
(Akinin et al., 2015).

The new observations of volcanic ash beds throughout the Triassic section on Axel
Heiberg Island are noteworthy because they are a record of ash air fall on the northern side of the
basin. To date there have been no observations of volcanic ash beds in Triassic strata from the
southern Sverdrup Basin, implying that ash transport was confined to the northern part of the
basin and not carried a great distance; otherwise they would be widely distributed throughout the
basin. A stratigraphic section of Triassic strata from ~200 km south of Bunde Fiord had no
observable volcanic ash beds (Embry, 1983b); therefore, Triassic zircon being sourced from the
north of the basin supports the sediment provenance direction suggested by Embry (2009), rather
than the near-syndepositional zircon originating from a great distance east of the basin (e.g.,
Urals, Taimyr; Omma et al., 2011; Miller et al., 2013; Anfinson et al., 2016). If the active margin
outboard of the YTT along the western margin of Laurentia was generating the Permian—Triassic
zircon observed within Triassic strata, then the same tectonic process could generate similar-
aged zircon along the outboard margin of the AACM. This is consistent within the framework of
the rotational model, with the Devonian clastic wedge (e.g., Lemieux et al., 2011; Anfinson et
al., 2012b) derived from an Arctic Alaska—Chukotka arc such as at Seward Peninsula (Amato et
al., 2009); it is logical that a similar arc in the Triassic (Fig. 2.11) would incorporate a similar

evolved eHf signature and Tpwm.



41

2.5.5 Early Jurassic Detrital-Zircon Provenance

The Lower Jurassic King Christian Formation sample has a similar cumulative trend to
sediment that would be sourced from erosion of the Devonian clastic wedge. There is a peak at
420 Ma and a broad range of Proterozoic ages that are similar to the detrital-zircon signature of
the Bjorne Formation (Fig. 2.9A). The difference between the King Christian Formation and the
southerly-sourced Bjorne Formation is the presence of three young zircon grains (315, 279, and
262 Ma), which could have been cannibalized from Triassic strata. Zircon assemblages in the
Middle Jurassic to Early Cretaceous (Sandy Point, Deer Bay, and Isachsen formations) are
consistent with the provenance signature of the Devonian clastic wedge with minor recycled
Permian—Triassic zircon (Rghr et al., 2010; Omma et al., 2011; Fig. 2.9A). Previous authors
(Embry, 1993; Embry and Beauchamp, 2008; Embry, 2009) proposed that Jurassic extension
dismembered the northern sediment source region and prevented communication with the
Sverdrup Basin by trapping sediment in extensional basins such as the proto—Amerasia Basin.
The new detrital-zircon data from the Heiberg Group suggest that the provenance change
occurred below the King Christian Formation and above the Romulus Member, which is
equivalent to the Skybattle Formation (Fig. 2.3; ca. 210-190 Ma). After deposition of the King
Christian Formation in the Early Jurassic, there was no longer a supply of near-syndepositional
zircon into the basin. The Early Jurassic onset of rifting is supported by the presence of upper
Heiberg Group strata at the base of half-grabens on Prince Patrick Island (Harrison and Brent,
2005). Deposition of the Isachsen Formation occurred after the breakup unconformity at ca. 130
Ma (Embry and Beauchamp, 2008). Detrital-zircon ages from the Lower Cretaceous Isachsen

sandstone exhibit only a single grain (ca. 244 Ma) younger than 400 Ma (Rehr et al., 2010).
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Figure 2.11: Evolution of the northern margin of Laurentia adapted from paleographical maps of Plafker
and Berg (1994) and Nokleberg et al. (2000). Outline of YTT (orange polygon) is from Nelson et al.
(2006). Axis of Hanna Trough and Arctic Alaska Basin from Gottlieb et al. (2014). Proposed tectonic
model: In the Triassic, the Sverdrup basin occupied a retro-arc position to Chukotka along strike with the
Triassic basin adjacent to the Yukon Tanana terrane arc; Early Jurassic extension to form the proto-
Amerasia basin cutoff the Sverdrup Basin from the AACM; and in the Early Cretaceous during the post-
rift stage of Sverdrup Basin, the Amerasia and Canada basins opened as the South Anyui Ocean closed.
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2.5.6 Tectonic Setting of the Basin

The abundance of Permian—Triassic detrital zircon and confirmation of Triassic volcanic
ash beds in the Sverdrup Basin suggests that the region to the north was tectonically active
during the Triassic, and likely part of the Permian as well. We interpret that the combination of
volcanic ash beds and identification of remarkably similar dual detrital-zircon provenance
patterns from the Sverdrup Basin, YTT, and AACM allows for an interpretation of the outboard
margin of the AACM as convergent, as shown in Figure 2.11 (adapted from Plafker and Berg,
1994; Nokleberg et al., 2000), thereby providing a geodynamic model for rifting in the Jurassic
concurrent with closure of the South Anyui ocean basin. The Nokleberg et al. (2000)
reconstruction is modified by indicating that rifting of the proto—Amerasia Basin developed as a
retro-arc system driven by a subducting slab, which in turn caused AACM to rift from northern
Laurentia (as proposed by Kuzmichev, 2009). During slab rollback, retro-arc extension can occur
far inboard from the convergent plate boundary (Lawton and McMillan, 1999; Hadlari and
Rainbird, 2011), which is how we interpret the Jurassic to Early Cretaceous rifting of the
Sverdrup Basin. Our detrital-zircon data support the hypothesis of Embry (2009) that crustal
extension dismembered the northern sediment source from the Sverdrup Basin and show that this
transition occurred in the Early Jurassic (Fig. 2.11), in contrast to Arctic Alaska, which
continued to receive sediment from Chukotka in the Jurassic and into the Albian—Aptian (Moore
etal., 2015).

The lack of near-syndepositional zircon in Jurassic—Cretaceous strata is important to
understanding the nature of the basin because during the syn-rift phase (ca. 190-130 Ma); there
is a limited record of magmatism other than the single 158 Ma zircon grain within the Deer Bay
Formation. The breakup unconformity (130 Ma; see Embry and Beauchamp, 2008) coincides
with the onset of extensive magmatism in the Sverdrup Basin as part of the HALIP event (e.g.,

Evenchick et al., 2015). Post-rift phase magmatism persisted for more than 30 m.y.
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The South China Sea provides an analog for the Sverdrup and Amerasia basins. The
South China Sea formed in a retro-arc setting and had limited syn-rift magmatism and persistent
magmatism in the post-rift phase (Franke, 2013). Slab roll back is thought to have been the
driving mechanism in South China Sea causing back-arc extension (Zhou and Li, 2000; Doust
and Sumner, 2007). Rifting began at 110 Ma (Li et al., 2008), and generation of oceanic crust
likely began ca. 40-30 Ma (Franke, 2013, and references therein), which indicates a protracted
period of extension with no associated magmatic activity followed by extensive post-rift
magmatism, similar to the Cretaceous record of the Sverdrup Basin and possibly also Amerasia

Basin.

2.6 Conclusion

The Sverdrup Basin has two identifiable detrital-zircon provenance signatures during the
Triassic—an active margin source to the north and a recycled source to the south and east of the
basin. These two signatures are similar to the two distinct sources observed in Arctic Alaska and
the YTT. A hypothetical northwestern convergent margin of Laurentia would explain the
remarkable similarity in the source age profiles of the Sverdrup Basin and the overlap
assemblage between YTT and the North American craton. The presence of volcanic ash beds
throughout Triassic strata, apparently restricted to the northern margin of the basin, indicates that
volcanic activity that lasted more than ~50 m.y was relatively proximal to this northern margin,
which is consistent with a convergent outboard margin of the AACM during the Triassic.
Previous interpretations attributed the source of the Permian—Triassic zircon to be in Russia,
specifically the Siberian Traps, Uralian granites, and Taimyr magmatism, none of which make
for an ideal candidate for the spectrum of ages, particularly for the Middle to Late Triassic zircon
within sandstones of the Sverdrup Basin. The more negative ¢Hf values of Permian—Triassic

zircon compared to juvenile values of Permian— Triassic igneous rocks in Siberia support that the
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provenance was from the AACM instead of western Siberia. The contribution of U-Pb detrital-
zircon geochronology, eHf isotope values, and newly described volcanic ash beds from Triassic
strata of the Sverdrup Basin help to develop an argument that active magmatism north of the
basin supplied Permian—Triassic zircon. Furthermore, the provenance signature from Jurassic
strata suggests initial rifting isolated the Sverdrup Basin from the active margin source by the

Early Jurassic.
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Chapter 3 : Investigating the Paleozoic-Mesozoic Low-Temperature Thermal
History of the Southwestern Canadian Arctic: Insights from (U-Th)/He
Thermochronology

3.0 Abstract

The Amerasia Basin, located between the Canadian Arctic margin and Arctic Alaska,
formed by the counterclockwise plate rotation of the Arctic Alaska-Chukotka microcontinent
from northern Laurentia during the Jurassic-Cretaceous. This extensional period would have
associated uplift on the rift shoulder which would be recorded as a cooling event in the samples
collected from the Neoproterozoic strata of the Amundsen Basin, Cambrian strata of the Arctic
Platform, and Devonian strata of the Franklinian Basin. Furthermore, to understand the extent of
exhumation on the rift shoulder, the samples form a north-south transect from Banks Island,
located proximal to the rifted Canadian margin, to Victoria Island and Brock Inlier towards the
Laurentian craton. Additionally, the southwestern Canadian Arctic has a widespread Devonian-
Cretaceous unconformity. New zircon (U-Th)/He thermochronology (ZHe) and modelling of
organic maturity data (%Ro) can evaluate the thickness of the missing sedimentary package and
the amount of erosion between this regional unconformity. ZHe and %Ro models identify the
thermal maximum for each study area between the missing late Paleozoic-early Mesozoic
interval, which is then interpreted as 3.7-4.5 km of burial proximal to the rifted Canadian margin
and less than 1 km of burial near the interior craton whereas the amount of erosion, 2.3-3.5 km,
is similar across the region. While the extent of burial and exhumation can be constrained from
ZHe and %Ro models, it is more challenging to evaluate the timing of these events. This paper
investigated two thermal histories, 1) maximum burial occurred in the Late Devonian followed
by gradual unroofing until renewed Cretaceous deposition, or 2) the region undergoes late
Paleozoic-early Mesozoic burial, with a thermal maximum prior to Jurassic rifting, followed by

uplift. The ZHe models for both scenarios produce acceptable time-temperature pathways, so the
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data cannot discount either thermal history. If there was continued deposition into the Mesozoic
on Banks Island, it could represent a continuation of the Sverdrup or Arctic Alaska basins
margins, both of which record a similarly thick sedimentary package during this interval

compared to the estimated thickness from the ZHe and %Ro models.

3.1. Introduction

Understanding of the pre-Jurassic thermal history along the margins of the Canadian
Arctic Islands is limited, despite its importance in the geodynamic evolution of the Sverdrup
Basin and the northern Laurentian margin. A regional unconformity spanning Late Devonian to
Jurassic-Cretaceous time has been documented south of the Sverdrup Basin, over the Arctic
Platform and into the Mackenzie Corridor (Fig. 3.1; Miall, 1976; Jones et al., 1992; Wheeler et
al., 1996). This unconformity shows a marked jump between higher thermal maturity Paleozoic
strata below the unconformity and lower thermal maturity Mesozoic strata above.

Some studies indicate that the increase in maturity was a consequence of burial by (now
eroded) Upper Devonian strata, such as on Banks Island where Embry (1988) estimated ~5 km
of missing Upper Devonian-Lower Carboniferous strata, and more recently Dewing and
Obermajer (2009) interpreted ~1.7-2.7 km of eroded Upper Devonian strata. Conversely, seismic
and field data from Banks Island has provided evidence that the now eroded strata were
deposited during a more protracted period of Devonian to Triassic deposition (Miall, 1976). On
the southwest margin of the Sverdrup Basin on Prince Patrick Island an estimated 4.2 km of
strata is missing between the Devonian-Jurassic unconformity, with the age of eroded strata
undetermined (Harrison and Brent, 2005).

Elsewhere in the southwestern Canadian Arctic (Fig. 3.2), thermochronological studies
on either side of the unconformity have indicated deposition continued after the Devonian. In the

Mackenzie-Beaufort Basin, there was an estimated 4 km of missing Permian-Jurassic strata
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(Issler et al., 2012). Further south in the Mackenzie Corridor, 2.6-3.7 km of Carboniferous-
Triassic strata was eroded prior to burial in the Cretaceous (Issler et al., 2005); however the
timing of burial and uplift is not conclusive from thermal maturity and thermochronology data
with estimated maximum burial in either the Triassic or Permian, before subsequent cooling in
either the Jurassic or Triassic (Tr./Jr.: Issler et al., 2005; Perm./Tr.: Powell et al., 2016). Nearby
sedimentary packages in the Mackenzie-Beaufort Basin and Anderson Plain have been studied
using apatite fission track thermochronology (AFT; Issler et al., 2012), and indicate exhumation
prior to deposition of Jurassic-Cretaceous sediment. To the south, progressive late Paleozoic-
early Mesozoic unroofing of the Slave craton has been documented from apatite (U-Th)/He
thermochronology (AHe) and was interpreted to be the result of dynamic topography (Fig. 3.2;
Ault et al., 2009, 2013). More recently, detrital-zircon geochronology data indicates that rifting
in the Amerasia Basin commenced in the earliest Jurassic (ca. 200-190 Ma; Hadlari et al., 2016;
Midwinter et al., 2016), and therefore uplift and erosion associated with rifting should be
recorded as cooling events along the flanks of the Sverdrup and Amerasia basins.

We report new (U-Th)/He zircon thermochronology results from Banks Island, Victoria
Island and the Brock Inlier in an attempt to constrain the magnitude of Devonian to Cretaceous
burial and unroofing events by testing the two burial histories, with either the thermal maximum
occurring just prior to rifting in the proto-Amerasia Basin or immediately after deposition of the
Devonian clastic wedge. The benefit of using zircon as the thermochronometer is its ubiquity,
resistance, and typically high U-Th concentration, in addition to its ability to constrain
exhumation histories at shallow crustal conditions. Furthermore, the relationship between
radiation damage and diffusion of helium from zircon (Guenthner et al., 2013) explains
significant dispersion in ZHe dates given a variety of pre-depositional histories experienced by

each individual zircon in the study areas.
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3.2 Geological Setting

The geology from the Brock Inlier to Banks Island records multiple tectonic events and
preserves parts of a sedimentary history that stretches from the Neoproterozoic to the Cenozoic.
Meso- to Neoproterozoic strata ("Sequence B"; Young et al., 1979) of the Brock Inlier post-date
the Grenvillian orogeny (ca. 1200-1000 Ma) and pre-date the break-up of Rodinia (ca. 780-720
Ma). These represent deposition of sediment in an intracratonic tectonic environment (Amundsen
Basin) considered to be an embayment of an epeiric sea that covered northwestern Laurentia
between the amalgamation and later break-up of Rodinia (Young, 1981; Rainbird et al., 1996).
Sequence B strata exposed on the Brock, Minto (Victoria Island), and Cape Lambton (Banks
Island) inliers (Fig. 3.1; Rainbird et al., 1996) are part of the Neoproterozoic (Tonian-
Cryogenian) Shaler Supergroup, and have a maximum thickness of over 4 km. The units that
were sampled for (U-Th)/He dating are the Nelson Head and Boot Inlet formations from the
Brock Inlier, which are overlain by >1 km of younger Neoproterozoic strata, and the Nelson
Head Formation in the Minto Inlier where it is overlain by 2-3 km of Neoproterozoic strata based
on stratigraphic sections (Rainbird et al., 1994). Along the northwestern Laurentian margin, ca.
723 Ma Natkusiak Formation flood basalts and ca. 718 Ma sills on Victoria Island of the
Franklin LIP, related to the breakup from Siberia (Ernst et al., 2016), marks the onset of rifting
along the margin of the Amundsen Basin (Heaman et al., 1992; Rainbird et al., 1998).

By the Cambrian, northwestern Laurentia was an established passive margin (Harrison,
1995; Durbano et al., 2015). Lower Cambrian sandstone, sampled for (U-Th)/He dating on both
Victoria Island and Brock Inlier (Fig. 3.2), unconformably overlie strata of Sequence B. Above
Lower Cambrian strata, an extensive carbonate platform developed and persisted through the
Silurian, although the shelf margin stepped back several times (de Freitas et al., 1999; Dewing et

al. 2015). Lower Silurian to Lower Devonian sediment was deposited into the northeast part of
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the Arctic Islands from the Caledonian orogen, produced by the collision of Laurentia and
Baltica. Late Silurian to Early Devonian north-south oriented folds, arches or reverse faults are
likely related to this event (Miall, 1986). The Coppermine Arch was a regional high during Late
Silurian times, and a NW trending thrust fault that parallels the arch axis, juxtaposes Proterozoic
strata over Ordovician strata (Jones et al., 1992). This sequence of weakly deformed to
undeformed lower Paleozoic strata is termed the Arctic Platform.

By the Middle Devonian, the onset of widespread clastic sedimentation began with the
Ellesmerian orogeny, resulting from the collision of a northern landmass into northern Laurentia

(Embry, 1988a). The orogen produced a foreland basin (Franklinian Basin, Fig. 3.1) in front of
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the southwestern-directed propagating collisional zone. The Upper Devonian (Frasnian—
Famennian) Parry Islands Formation, sampled for (U-Th)/He dating on Banks Island (Fig. 3.2),
is the uppermost formation in the Franklinian Basin and represents the youngest preserved
succession of proximal Ellesmerian orogen foreland basin sedimentation (Embry, 1988a).
Preserved Middle-Upper Devonian clastic strata in the Franklinian Basin are estimated to be
between 4 km (Embry, 1988a) and 5 km (Embry and Klovan, 1976; Harrison, 1995) thick.
Patchett et al. (2004) estimated that the Devonian clastic wedge blanketed the Arctic Platform
and Canadian Shield with up to 2 km of sediment. Deformation related to the Ellesmerian
orogeny is widespread across the Canadian Arctic Islands (Harrison, 1995)

Rifting in the early Carboniferous led to the development of the Sverdrup Basin (Fig.
3.1), accumulating sediment over the deformed lower Paleozoic strata of the Ellesmerian orogen,
with rifting persisting until the early Permian followed by thermal subsidence through to Jurassic
time (Embry and Beauchamp, 2008). The axial region of the Sverdrup Basin contains ~3 km of
upper Paleozoic strata, up to 9 km of Mesozoic strata, and upwards of 3 km of Cenozoic strata
(Trettin et al., 1991). Rifting of the proto-Amerasia Basin began in the Jurassic, with consequent
seafloor spreading in the Cretaceous, separating the Arctic Alaska-Chukotka microcontinent
(AACM) from Arctic Canada (Embry, 1990, 2000). Lastly, the basin was tectonically inverted
by the Paleocene-Eocene Eurekan orogeny due to the rotation of Greenland into Ellesmere Island
(e.g., Heron et al., 2015).

Using the rotational opening plate tectonic model of Grantz et al. (1979, 2011) and
Embry (1990), the location of the AACM (Fig. 3.1) prior to its Jurassic-Cretaceous separation
and rotation from the northern Laurentian margin places Arctic Alaska adjacent to Banks and
Prince Patrick islands (Fig. 3.2). Initial rifting produced grabens on Banks and Prince Patrick

islands, containing rocks as old as Middle and Early Jurassic, respectively (Miall, 1979; Harrison
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and Brent, 2005). Midwinter et al. (2016) proposed that initial rifting commenced at ca. 200 Ma,
which may have fostered uplift and erosion in the southwestern Arctic, south of the Sverdrup
Basin. New zircon (U-Th)/He thermochronological data can provide new estimates on the

amount of burial and erosion prior to and following Early Jurassic rifting.

3.2.1 Previous Thermal Modelling Studies

There have been several studies estimating the modern and paleo-thermal gradients in the
Mackenzie Corridor and Arctic Islands (Feinstein et al., 1996; Majorowicz and Embry, 1998;
Issler et al., 2005; Dewing and Obermajer, 2009; Chen et al., 2010; Hu et al., 2010; Issler et al.,
2011, 2012). Bottom hole temperatures (BHT) from 156 wells within the Arctic Islands were
used to determine the average modern temperature gradient of 31 = 7°C/km, and a Cretaceous-
Tertiary gradient of 28 £ 9°C/km (Majorowicz and Embry, 1998). More recent work noted the
current geothermal gradient to be 23 £ 7°C/km from 86 wells within the basin, although the
scatter of BHT at depths greater than 2 km is >40°C (Chen et al., 2010). South of the Sverdrup
Basin margin, Majorowicz and Embry (1998) and Dewing and Obermajer (2009) interpreted
higher heat flow in the Franklinian Basin on Banks Island with the zone of high modern and
paleo-heat flow perhaps attributed to the rifted margin of the Amerasia Basin.

Vitrinite reflectance is an organic maturity parameter used for constraining maximum
burial in sedimentary basins. Because vitrinite reflectance is non-retrograde, various techniques
have been proposed to estimate erosion from Ro-depth relationships (Dow, 1977; Corcoran and
Dore, 2005). Following the methodology of Dow (1977), Dewing and Obermajer (2009)
interpreted a Ro curve with a 0.6% Ro value at surface in the Muskox D-87 well on Banks
Islands as indicating the removal of 2.7 km of sediment at this location.

In the Beaufort-Mackenzie Basin, the modern geothermal gradient is 25-30°C/km,

whereas the southeast margin of the basin towards the Anderson Plain is marked by higher
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geothermal gradients (30-50°C/km), which could reflect a higher contribution of heat production
from less extended continental crust and possibly contributions from subsurface fluid flow (Issler
et al., 2011). Thermal maturity data (Ro) from the Kugpik O-13 well (Fig. 3.2), indicates a %R0
step across the Jurassic-Permian unconformity of 0.2%, which is interpreted to represent up to 4
km of strata removed prior to Jurassic deposition (Issler et al., 2012). It is unknown if the %R0
step is partially attributed to higher paleo-temperatures in the pre-rift Permian strata from either
deeper burial or elevated heat flow. AFT data from the Anderson Plain Kugaluk N-02 well
suggests Triassic exhumation with 1-2 km of Cretaceous-Cenozoic reburial that was
subsequently removed by erosion (Issler et al., 2012).

Further south, from the East MacKay I-77 well in the Mackenzie Plain (Fig. 3.2), the
modern geothermal gradient is measured at 32.6°C/km with a paleo-thermal gradient interpreted
to be 41°C/km from the Carboniferous to Triassic (Issler et al., 2005). While there are no
preserved Carboniferous to Jurassic strata in the region, the maximum burial was modeled in the
Late Triassic (213 £ 20 Ma) using AFT data integrated with shale compaction models, with an
estimated missing thickness of 2.7-3.6 km of Carboniferous to Triassic strata (Issler et al., 2005).

On the Slave craton south of the Canadian Arctic Islands (Fig. 3.2), modelling of AHe
data suggest that Paleozoic burial exceeded 3 km and reached maximum temperatures, ranging
from 80-140°C, in Carboniferous to Middle Triassic time (Ault et al., 2009, 2013). Subsequent
erosion occurred during the Paleozoic-Mesozoic, with a western migration of unroofing from ca.
340-225 Ma (Ault et al., 2013). The Ault et al. (2013) thermal histories require near-surface
conditions by the end of the Jurassic, prior to 45-80 °C of Cretaceous reheating and subsequent

erosion in the Cenozoic.
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3.2.2 Regional Detrital-Zircon Geochronology Studies
The interpretation of zircon (U-Th)/He datasets can be complicated due to the effects of

pre-depositional thermal histories that the zircon have witnessed. To assess this complexity, an
understanding of the provenance ages for the sedimentary successions is vital when constructing
time-temperature plots for the study areas. The Devonian strata of Banks Island are part of the
areally expansive Devonian clastic wedge (Anfinson et al., 2012a, 2012b). U-Pb detrital zircon
age data from the Late Devonian Parry Islands Formation from northeastern Banks Island (Fig.
3.3), the youngest of the Franklinian Basin deposits (Embry and Klovan, 1976), identified two

primary detrital-zircon sub-populations of ca. 700-380 Ma (44%) and ca. 2100-900 Ma (50%),
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Figure 3.3: U-Pb detrital zircon spectra as reference for zircon inheritance for (U-Th)/He samples
dated in this study: Banks Island — Devonian Parry Islands Formation (PI-8: Anfinson et al., 2012b);
Victoria Island - Lower Cambrian sandstone (Sample C-E; Hadlari et al., 2012); Brock Inlier -
Neoproterozoic Nelson Head Formation on Victoria Island (Rayner and Rainbird, 2013);
Neoproterozoic strata of the Shaler/Mackenzie Mountain Supergroup (Rainbird et al., 1992, 1996,
1997; Villeneuve et al., 1998).
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with a secondary detrital-zircon population of 2700-2350 Ma (5%; sample PI-8 of Anfinson et
al., 2012b).

Detrital-zircon U-Pb data from the Cambrian passive margin of northern Laurentia show
two unique age signatures (Hadlari et al., 2012). Hadlari et al. (2012) noted that samples from the
Mackenzie Mountains are dominated by detrital zircon ages reflecting provenance from the
Archean craton and Paleoproterozoic orogens, whereas detrital-zircon ages from Victoria Island
have minor age ranges at ca. 1450-900 Ma (14%), a predominant age population in the
Paleoproterozoic, ca. 2100-1600 Ma (59%), and an Archean sub-population at ca. 2850-2500 Ma
(22%; Fig. 3.3). There is one grain with an U-Pb age of 749 + 24 Ma, assumed to be either part
of the Franklin LIP during to the breakup of Rodinia (ca. 720 Ma) or the Gunbarrel LIP (ca. 780
Ma; Ernst and Bleeker, 2010); however, this Neoproterozoic age from Victoria Island makes up
less than 0.25% of the data set (Hadlari et al., 2012).

Detrital-zircon data from the Neoproterozoic Nelson Head Formation (Rayner and
Rainbird, 2013) display an overwhelming component of Mesoproterozoic ages (ca. 1500-1000
Ma, 83%) with minor Paleoproterozoic (ca. 2100-1700 Ma, 9%) and Archean (ca. 2800-2500
Ma, 8%) components (Fig. 3.3). The (U-Th)/He samples collected as part of this study come
from two Neoproterozoic units, the Nelson Head Formation and overlying Boot Inlet Formation,
the latter of which recorded a 900 Ma age of deposition based on Re-Os data (van Acken et al.,
2013). The youngest detrital grains in the units sampled from the Nelson Head Formation are ca.
1000 Ma (Rayner and Rainbird, 2013); therefore, the inferred age of deposition for these two
units is between ca. 1000-900 Ma. The broader provenance studies of Neoproterozoic strata from
the Shaler and Mackenzie Mountain supergroups (Fig. 3.3) display a similar distribution of U-Pb
ages with populations from ca. 1500-1000 Ma (67%), ca. 2100-1600 Ma (24%), and ca. 3000-

2500 Ma (9%; Rainbird et al., 1992, 1996; Villeneuve et al., 1998).
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3.3 (U-Th)/He Thermochronology

We analyzed samples along a north-south transect between the Sverdrup Basin and Slave
craton, divided into three study areas: Banks Island, Victoria Island and the Brock Inlier (Fig.
3.2). The one sandstone sample collected on northern Banks Island is representative of the
youngest part of the Late Devonian Franklinian Basin. Two sandstone samples collected on
Victoria Island are representative of the basal Arctic Platform, which began accumulating
sediment in the Early Cambrian on the passive margin of northern Laurentia. Three
Neoproterozoic sandstone samples and one Cambrian sample were collected from the Brock
Inlier. The Cambrian sandstone is similarly belongs to the Arctic Platform whereas the
Neoproterozoic samples are representative of the Amundsen Basin.

Zircon (U-Th)/He thermochronology is based upon the retention of alpha particles (‘He),
produced during U, 2°U and #*Th decay. Whereas radiogenic helium readily diffuses from
the crystal structure at high temperatures, zircon becomes increasingly retentive of helium as
temperature decreases. This temperature range between open and closed system behaviour is
termed the partial retention zone (PRZ) and typically corresponds to ~130-200°C for helium in
zircon (Reiners et al., 2004; Hourigan et al., 2005; Wolfe and Stockli, 2010). During burial and
reheating, zircon crystals that reside at high temperatures within or exceeding the PRZ for
sufficient time may lose radiogenic helium through thermal diffusion, effectively resetting the
(U-Th)/He system. Recent studies suggest that zircon crystals that have accumulated radiation
damage in the crystal lattice over geologic timescales may be sensitive to a broader range of
temperatures than previously reported (Guenthner et al., 2013). Progressive radiation damage
increases tortuosity of helium diffusion pathways, impeding thermal diffusion and resulting in a
more retentive helium system. However, as radiation damage continues to increase past a certain

threshold, fast-diffusion pathways are formed throughout the crystal lattice resulting in increased
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diffusivity of helium in zircon (Guenthner et al., 2013). A useful proxy for radiation damage is
the effective uranium (eU) concentration (eU = U + 0.235 « Th). When integrated over the time
that the zircon has resided at lower temperatures than required for thermal annealing of radiation
damage, eU concentrations can be used to estimate zircon-specific diffusion kinetics (Guenthner
et al., 2013, 2014). ZHe date-eU trends may be negative or positive dependent on the sample’s
thermal history. Negative correlations, in which ZHe dates decrease with increasing eU, are
commonly seen in rocks that have experienced long residence times at low temperatures in the
uppermost crust (Guenthner et al., 2014; Powell et al., 2016). Reiners et al. (2002) also noted that
diffusivity scales with grain volume, suggesting that grain dimensions strongly influence helium
diffusion.

Zircon sampled for ZHe thermochronology in this study have presumed different U-Pb
ages based on the regional detrital studies (Fig. 3.3; Anfinson et al., 2012b; Hadlari et al., 2012;
Rayner and Rainbird, 2013). The broad provenance expected in a single sample means that the
pre-depositional history of zircon, including inherited helium and radiation damage, must be
considered when assessing relationships between post-depositional thermal history and ZHe
date-eU trends. In an effort to account for variable and unknown pre-depositional histories,
Guenthner et al. (2015) introduced the concept of the ‘inheritance envelope' for ZHe data from
sedimentary samples. The inheritance envelope accounts for detrital histories that range from the
oldest U-Pb date to the depositional age of the rock to investigate how well post-depositional
thermal histories explain ZHe data. This concept is important, as the kinetics of helium diffusion
in zircon with extensive pre-depositional histories will be significantly different than those with
zero-inheritance due to the effects of long-term radiation damage accumulation in the crystal
structure. A zero-inheritance grain is one that has experienced no pre-depositional radiation

damage accumulation and has no inherited radiogenic helium, either because it is syn-
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depositional (i.e. a near-zero U-Pb age at time of deposition) or was fully reset and rapidly
exhumed immediately prior to burial in the basin. For example, given a high eU concentration,
helium diffusion will occur at lower temperatures in a zircon with an extensive pre-depositional
history compared to a zircon with the equivalent eU concentration but zero-inheritance.
Correspondingly, the more damaged zircon will have a younger ZHe date (Guenthner et al.,
2014). At low eU values, a zircon with inherited radiation damage will have lower helium
diffusivity, and an older date than a zero-inheritance grain (Guenthner et al., 2015). ZHe dates
from a sample that is only partially thermally reset should be bound between the zero-inheritance
(i.e. depositional age, youngest U-Pb detrital zircon age) and maximum-inheritance curves
(Guenthner et al., 2015). In this study, inheritance curves are used to represent probable detrital-
zircon provenance with respect to the sample location and age. Furthermore, grain size has an
impact on eU values (Reiners et al., 2002), so a "grain size envelope" can also be used to bound

the curves from the minimum, average, and maximum equivalent spherical radius values.

3.4 Analytical Methods

Forty-four zircon grains from seven samples (Table 3.1) were selected for (U-Th)/He
thermochronology, conducted at the Thermochronology Research and Instrumentation
Laboratory (U-Th)/He facility at the University of Colorado at Boulder, USA. Samples were
crushed, sieved (63-250 um), washed and processed via methylene iodide (MI) heavy liquid
techniques at the University of Ottawa, Canada. Despite careful processing, no apatite was
recovered. Individual zircon grains are handpicked using a Leica M165 binocular microscope
equipped with a calibrated digital camera and capable of both reflected and transmitted,
polarized light. The grains are screened for quality, including crystal size, shape, and the
presence of inclusions. After characterization, grains are placed into small Nb tubes that are then

crimped on both ends. This Nb packet is then loaded into an ASI Alphachron He extraction and
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measurement line. The packet is placed in the UHV extraction line (~3x10°® torr) and heated with
a diode laser to ~800-1100°C for 5 to 10 m to extract the radiogenic “He. The degassed “He is
then spiked with approximately 13 ncc of pure *He, cleaned via interaction with two SAES
getters, and analyzed on a Balzers PrismaPlus QME 220 quadrupole mass spectrometer.
Degassed grains are then removed from the line, and taken to a Class 10 clean lab for
dissolution. Apatite grains, still enclosed in the Nb tubes, are placed in 1.5 mL Cetac vials,
spiked with a >*U-**Th tracer in HNOs, capped, and baked in a lab oven at 80°C for 2 h. Zircon
are dissolved using Parr large-capacity dissolution vessels in a multi-step acid-vapor dissolution
process. Grains (including the Nb tube) are placed in Ludwig-style Savillex vials, spiked with a
2%5-2%Th tracer, and mixed with 200 mL of Optima grade HF. The vials are then capped,
stacked in a 125 mL Teflon liner, placed in a Parr dissolution vessel, and baked at 220°C for 72
h. After cooling, the vials are uncapped and dried down on a 90°C hot plate until dry. The vials
then undergo a second round of acid-vapor dissolution, this time with 200 mL of Optima grade

HCI in each vial that is baked at 200°C for 24 h. Vials are then dried down a second time on a

Table 3.1: Sample coordinates and stratigraphic position of samples from the southwestern Arctic

Sample Name Location Unit Age Latitude (N) Longitude (W)
. Latest Devonian
Hecla Bay F t
C-033289 Banks Tsland ecla bay Formation - g ennian- 74134 _118.670
/Parry Islands Formation )
; Frasnian)
C-457858  Victorialsland  UPamed Cambrian - Early Cambrian .4 115.435
Sandstone (Series 2)
C.547504 unnamed Cambrian Early C.ambrlan 71 499 114993
Sandstone (Series 2)
Brock Brock Inlier Mount Clark Fm Early Cambrian 69.150 -121.883
. Ni t 1
14RATS14A1 Boot Inlet Formation b0 029169 006 1122.664
(Tonian)
14RATS18C1 Nelson Head Formation T\ COPTORTOZOIC g6 348 122918
(Tonian)
N t 1
14RATA1004B1 Nelson Head Formation 1o 020 60,342 -122.945

(Tonian)
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hot plate. Once dry, 200 mL of a 7:1 HNO3:HF mixture is added to each vial, the vial is capped,
and cooked on the hot plate at 90°C for 4 h. Once the minerals are dissolved, regardless of the
dissolution process, they are diluted with 1 to 3 mL of doubly-deionized water, and taken to the
ICP-MS lab for analysis. Mineral standards of Durango apatite (31.5 Ma) and Fish Canyon Tuff
zircon (28.2 Ma) are routinely analyzed (degassed and dissolved) in conjunction with the
samples with each run to ensure data integrity. Sample solutions, along with standards and
blanks, are analyzed for U, Th, and Sm content using a Thermo Element 2 magnetic sector mass
spectrometer. Once the U, Th, and Sm contents have been measured, He dates and all associated

data are calculated on a custom spreadsheet made by CU TRalL staff.

3.5 Analytical Results and Numerical Modelling

3.5.1 Zircon (U-Th)/He Dating

We report 44 (U-Th)/He zircon dates from seven samples of the southwestern Arctic’s
lower stratigraphic record (Table 3.1). Results are plotted in Figure 3.4 as individual zircon (U-
Th)/He dates versus eU concentration and equivalent spherical radius (ESR). ZHe dates have a
significant degree of dispersion, with a range of >1000 m.y. between single crystal dates within
the Neoproterozoic, Devonian, and Triassic-Cretaceous (Table 3.2). Similarly, the samples have
a broad distribution of eU values varying by 1000s of ppm. A few zircon with anomalously
young ZHe dates (<15 Ma) and correspondingly high eU concentrations (2415-4235 ppm) are
viewed as outliers and are not considered in our modeling or discussion.

Based on our new ZHe dates and available independent geological constraints, we use
thermal history modeling in an attempt to constrain the magnitude of burial and exhumation, and
the maximum temperatures reached for each sample. Furthermore, we try to resolve if either of
the following two lower Paleozoic-early Mesozoic thermal histories are viable with the ZHe

data: A) sedimentation continued after deposition of the Devonian clastic wedge with maximum
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Figure 3.4: (U-Th)/He zircon date versus eU diagram, and (U-Th)/He zircon date versus equivalent
spherical radius (ESR) diagram, separated by study area. Major tectonic events of northern Laurentia are
highlighted by black boxes on the right. The three different deposition ages for the sample locations are
indicated by a horizontal dotted black line. The large coloured polygons correspond to the duration of
sediment accumulation within the basin (same colour scheme as Figure 3.1)

burial in the Triassic prior to rapid cooling in Jurassic-Cretaceous as a result of uplift along the
rifted margin of the Amerasia Basin (Miall, 1976; Hadlari et al., 2016; Midwinter et al., 2016);
or B) maximum burial occurred in the latest Devonian with protracted cooling until the
Cretaceous. We assume the following for each model: 1) the mean surface temperature is 0°C, 2)
a geothermal gradient between 25-40°C/km, and 3) the thermal maximum is defined by the onset
of rifting in Model A (ca. 200 Ma), or the end of the Devonian in Model B (ca. 355 Ma).

To assess the hypothesis of continued burial during the Carboniferous to Triassic and
subsequent cooling in the Jurassic against the previous model of maximum burial in the
Devonian, plausible t-T histories were modeled using the HeFTy software program (version
1.8.3; Ketcham, 2005). Commonly, inverse modeling of age data evaluates many t-T histories to
find the path that is statistically consistent with the analytical data; however, this is somewhat

complicated by the diverse pre-depositional thermal history experienced by each zircon in a
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detrital population. This can be circumvented through a forward modeling approach (Guenthner
et al., 2014; Powell et al., 2016), which can incorporate the possible pre- and post-depositional
thermal histories observed in our ZHe date-eU trends. Below, thermal models from the three
regions are discussed with respect to our analytical data and incorporate available independent

geologic constraints.

3.5.2 Banks Island

One sample was collected from Upper Devonian strata, either the upper part of the
Weatherall Formation or the lowest part of the Parry Islands Formation. The five dates from our
sample range from 443 + 75 Ma to 150 + 40 Ma. The Banks Island sample generally has lower
eU values than samples from Brock Inlier and Victoria Island with a bimodal population of ZHe
dates in the Silurian-Devonian and the Jurassic. Although a negative date-eU correlation exists, it
is not as pronounced as the date-eU trends of Victoria Island and Brock Inlier samples. No trends
were observed between ZHe date and ESR (Fig. 3.4). The zircon grains from the sample have a
smaller average grain size than the other samples, with an average ESR of 36 um.

Palynological reports from northern Banks Island provide a Frasnian age (383-372 Ma)
for the sampled unit (Sweet, 1973; Norris, 1974). The sample is located on the western side of
the Banks graben (Fig. 3.2), which preserved Mesozoic strata as old as the Middle Jurassic
Awingak Formation (ca. 165 Ma); however outside of the graben, the oldest Mesozoic sediment
preserved is the Lower Cretaceous Isachsen Formation (ca. 135 Ma; Miall, 1979). There are
variable pre-depositional U-Pb ages with the majority of the U-Pb zircon ages ranging from ca.
700-380 Ma to ca. 2100-900 Ma (Anfinson et al., 2012b). Zircon (U-Th)/He dates from the
Middle to Upper Devonian samples of the Franklinian Basin north of Banks Island were reported

by Anfinson et al. (2013). Although their results were not modeled, the majority of the reported
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Table 3.2: Single zircon (U-Th)/He data from samples of the southwestern Arctic

Sample Name  gESR! Mass u Th  Th/U He eU Ft" Corr. Age' Full Unc!
(um) (Mg)  (pPm)  (ppPm) (nmol/g)  (ppm) (Ma) (Ma)

Banks Island (Devonian)
C33289zr01 36.5 212 7034 90.8 0.129 1088.5 725 0.70 390.3 75.6
C33289zr02 457 435 1084.7 7168 0.661 891.1 1253 0.75 174.0 201
C33289zr03 26.5 0.93 803.9 2152 0.268 1117.9 854 0.60 397.1 145.9
C33289zr05 31.7 1.44 12529 1040.5 0.831 796.1 1497 0.65 150.1 39.8
C33289zr06 41.6 3.92 508.0 274.6 0.541 1022.3 573 0.73 4426 75.0
Victoria Island (Cambrian)
C524504zr02 59.6 5.27 116.5 2951 2532 597.6 186 0.79 713.0 49.9
C5245042r03 56.3 6.59 168.6 430.2 2.552 1631.1 270 0.78 1302.0 91.1
C524504zr04 36.3 149 2596.8 2814.1 1.084 28411 3258 0.67 236.2 16.5
C524504zr05 57.6 6.06 4479 4323 0.965 1898.6 549 079 7591 53.1
C524504zr06 66.9 6.85 2311 4523 1.957 13427 337 082 8465 59.3
C524504zr07 46.4 2.60 233.0 370.6 1.590 13405 320 074 9713 68.0
C457858zr01 37.2 2.69 450.6 599.3 1.330 475.8 591 0.70 211.8 45.0
C4578582r02 44.2 3.90 2236 4140 1.851 1037.3 321 074 7781 97.4
C457858zr04 36.1 230 1660.7 3750.7 2.258 427.8 2542 0.68 455 9.9
C457858zr05 313 1.53 12246 2589.7 2115  257.2 1833 0.64 40.4 1.5
C4578582r06 445 3.84 29527 5456.6 1.848 77.3 4235 0.74 4.6 0.5
C457858zr07 34.0 1.95 696.7 11948 1.715 5014 978 0.67 1412 35.1
C457858zr08 36.0 1.95 966.3 11711 1.212 690.5 1242 0.69 148.8 28.1
Brock Inlier (Cambrian)
Brock.zr01 36.3 1.25 42519 3293.6 0.775 21055 5026 0.67 1143 8.0
Brock.zr03 35.2 1.36 2659.7 1691.9 0.636 1187.2 3057 0.66 107.2 75
Brock.zr04 35.7 1.10 749.3 209.8 0.280 2247.6 799 067 7247 50.7
Brock.zr06 45.3 233 360.5 159.8 0.443 11147 398 0.74 661.8 46.3
Brock.zr08 42.6 2.24 196.7 2155 1.095 11421 247 0.72 1085.2 76.0
Brock Inlier (Neoproterozoic)
14RAT514zr01 34.9 135 1896.3 1359.1 0.717 13420 2216 0.66 1674 1.7
14RAT5142r02 32.0 0.76  2405.5 1396.5 0.581 72.5 2734 0.63 7.8 0.6
14RAT5142r03 34.8 1.05 416.8 340.0 0.816 2181.1 497 0.66 1118.1 78.3
14RAT5142r04 43.2 1.88 7346 4158 0.566 1879.1 832 0.73 5495 61.1
14RAT514zr05 38.4 1.84 6967.7 43522 0.625 2038.1 7990 0.69 67.9 11.5
14RAT514zr06 36.5 1.14 691.3 11339 1.640 2337.3 958 0.67 6428 45.0
14RAT5142r07 314 0.91 1772 2227 1257 5952 230 064 7033 56.3
14RAT518C1zr01 46.9 6.11 1710.0 5423 0.317 5221 1837 0.76 69.3 9.0

14RAT518C1zr02  42.2 3.75 276.7 2034 0.735 859.7 324 0.73 6465 100.8
14RAT518C1zr04  43.2 1.88 2355 2815 1195 11783 302 0.72 9283 65.0
14RAT518C1zr05 38.4 1.84 386.8 237.0 0.613 1686.5 443 0.69 937.7 65.6
14RAT518C1zr06 32.0 1.89 1121.7 3579 0.319 3109 1206 0.66 72.5 21.2
14RAT518C1zr07  46.3 4.75 748.3 2594 0.347 7727 809 0.75 2314 27.0
14RAT518C1zr08  43.8 448 1987.8 1819.9 0.916 139.9 2415 0.74 14.5 2.1
14RATA1004B1zr01 454 270 11433 1071.6 0.937 5167.6 1395 0.74 865.6 87.2
14RATA1004B1zr03 45.9 3.98 13749 14822 1.078 8723 1723 0.75 1238 16.1
14RATA1004B1zr04 38.8 2.23 359.6 430.1 1.196 1228.8 461 0.71 661.7 128.7
14RATA1004B1zr05 55.1 4.48 2834 4131 1.458 16929 380 0.78 976.9 69.0
14RATA1004B1zr06 59.1 4.69 4171 370.8 0.889 1590.6 504 0.80 6917 48.9
14RATA1004B1zr07 47.1 2.68 3828.1 4531.3 1.184 11319 4893 0.74 57.3 5.0
14RATA1004B1zr09 59.4 6.75 339.7 297.7 0876 1701.4 410 0.80 892.8 62.5

' Abbreviations as followed: ESR - equivalent spherical radius; Ft - alpha ejection correction, calculated using the method of
Farley (2002); Cor. Age - corrected age; Full Unc. - uncertainty including the estimate for the uncertainty in the alpha
ejection correction
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ZHe dates are older than the depositional ages of the sampled units indicating the zircon have not
been thermally reset.

The two different thermal histories are tested with three forward models produced for
each scenario: heating from the Devonian to Triassic with subsequent rapid cooling from
Jurassic rifting (Fig. 3.5A), and rapid heating in the Devonian followed by protracted cooling
until the Cretaceous (Fig. 3.5B). The time of deposition is chosen at 380 Ma. Subsequent to a
post-200 Ma cooling episode inferred from the initiation of rifting in the proto-Amerasia Basin
(Midwinter et al., 2016), reheating is assumed to have commenced in the Early Cretaceous rather
than the Middle Jurassic due to the sample’s location outside of the Jurassic graben. Additional
assumptions are that maximum reheating occurs at 55 Ma, which coincides with the youngest
part of the Eurekan Sound Formation in this area (Miall, 1979). Cretaceous to Cenozoic
temperatures are constrained to 80°C on the basis of preserved Cretaceous stratigraphy (Miall et
al., 1979). In Figure 3.5, we present t-T models defined by maximum heating at 100°C, 140°C,
and 180°C (paths 1, 2, 3, respectively), with each forward model showing inheritance date-eU
curves for 380 Ma (zero-inheritance), 700 Ma, 900 Ma and 2100 Ma to highlight the difference
in date-eU trends for the end-members of the detrital zircon U-Pb age sub-populations. The ZHe
models fail to explain the analytical data at 180°C for both scenarios, but it cannot resolve
between the two candidate t-T paths at 100°C and 140°C (paths 1, 2: Fig. 3.5).

To further constrain the t-T paths, vitrinite reflectance and RockEval Tmax data for
Muskox D-87 exploration well (Fig. 3.6A) on NE Banks Island are used to corroborate the
thermal histories from the ZHe forward modelling. Data from Muskox D-87 indicate a vitrinite
reflectance value (%Ro0) of about 0.7% at the top of the preserved Weatherall Formation
(Frasnian, Upper Devonian in this area; Embry and Klovan, 1976). Vitrinite reflectance

measures the amount of light returned from woody organic particles in the rock (e.g., Hartkopf-
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Froder et al., 2015). Rock-Eval pyrolysis experiments produce a thermal maturity parameter
(Tmax) that can be converted to a vitrinite reflectance equivalent (Behar et al. 2001). These
parameters record the maximum thermal stress of the rock, and are non-retrograde.

The ZHe forward models were then checked against 1D burial history models of the
Muskox D-87 well using Basin Mod 5.4 software (published by Platte River Associates). Model
input data were formation thickness, lithology and age of the formations. Crustal heat flow
through time and the amount of section that was deposited and subsequently eroded were
estimated and entered into the model. Using these input parameters, a depth versus thermal
maturity curve was produced by the model (Fig. 3.6A). These modeled depth versus maturity
curves were compared to the measured thermal maturity values. The crustal heat flow over time
and the amount of sediment deposition and subsequent erosion were varied until a reasonable fit
was generated by the software between the modeled maturity and the measured maturity values.
Model output is a t-T curve that can be compared to those used in the ZHe forward models (Fig.
3.6B and C). While the modeled solutions are not unique, the models presented are the best fits
to the data that we could obtain for the two burial scenarios and are representative of the family
of solutions. Model input data are included in the supplemental data to this paper.

The model using maximum burial at 200 Ma obtained a fit between the model and the
measured thermal maturity values using: 1) heat flow of 45 mW/m? up to 210 Ma, rising to 60
mW/m? at time of rifting (200 Ma), then decreasing to 45 mW/m? at 140 Ma; 2) deposition of
2000 m of Late Devonian strata on top of the existing 1800 m of Devonian strata, erosion of 300
m during earliest Carboniferous time, followed by deposition of 1700 m of upper Paleozoic and
Mesozoic strata (using the relative stratigraphic thicknesses preserved in the Jameson Bay C-31
well on Prince Patrick Island), erosion of 2300 m between 200-132 Ma, 1650 m of Cretaceous

burial and 2750 m of Tertiary erosion. The resulting t-T curve (Fig. 3.6B) shows a maximum
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Figure 3.5: Forward thermal history models from Devonian strata of Banks Island using zircon (U-
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temperature of 106°C at around 210 Ma, similar to ZHe forward model shown in path 1 (Fig.
3.5A). Acceptable fits could not be obtained for higher temperature curves shown in paths 2 or 3
(Fig. 3.5A); therefore, path 1 is the favourable thermal history.

The model using maximum burial at the end of Devonian clastic wedge deposition (360
Ma) obtained a fit between the model and the measured thermal maturity values using: 1) heat
flow of 55 mW/m? up to 210 Ma, rising to 60 mW/m? at time of rifting (200 Ma), then
decreasing to 45 mW/m? at 140 Ma; 2) deposition of 4500 m of Late Devonian sandstone above
the 1.4 km of existing Devonian clastic wedge (total Devonian clastic wedge thickness of 6.3
km), 3.5 km of erosion between 355-132 Ma, deposition of 1.7 km of Cretaceous strata and 2.7
km of Tertiary erosion. The resulting t-T curve (Fig. 3.6C) shows a maximum temperature of
107°C at about 355 Ma, similar to zircon forward model shown in path 1 (Fig. 3.5B). Acceptable

fits could not be obtained for higher temperature curves shown in paths 2 or 3 (Fig. 3.5B).

3.5.3 Victoria Island

The two Victoria Island samples were collected from Cambrian sandstone near Minto
Inlet (Quyuk Formation; Durbano et al., 2015). The sandstone contains trilobites belonging to the
late Early Cambrian (or Late Cambrian series 2; Hadlari et al., 2012). The majority of the
detrital-zircon U-Pb ages are from a range of 2100-1500 Ma. The passive margin of the Arctic
Platform developed an approximately 2 km thick succession from the Cambrian to Silurian
(Dewing et al., 2013). Subsequent deposition of the Devonian clastic wedge placed another ~2
km (Patchett et al., 2004) of sediment over the region. The only comparable temperature data are
%Ro values from the Victoria Island F-36 well, which has ~1.2% Ro (~150°C) in Silurian strata
(Dewing et al., 2007) and Rock-Eval Tmax of 477°C (~170°C) from Lower Devonian shale from
the northern part of the island (unpublished Geological Survey of Canada data). The %Ro at the

base of the Lower Cretaceous-Eocene Eureka Sound Group is nearly consistent across the Arctic
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to produce a ~0.4% Ro indicative of a uniform sedimentary blanket across the central and
western Canadian Arctic Islands (Bustin, 1986), so it is assumed there was reheating during the
Cretaceous-Cenozoic boundary near our sample locations, but less than that on Banks Island.

The two samples yielded twelve single ZHe zircon dates with significant dispersion,
ranging from 1302 + 91 Ma to 40 £ 12 Ma. Six of the ZHe ages retain an age older than that of
deposition. The date-eU comparison exhibits a strongly negative correlation. The Victoria Island
sample has bimodal population of ZHe ages, with dates in the Neoproterozoic and in the
Mesozoic; however, there is variance within these broad groupings. There are two sub-
populations of grain dimensions identified, (Fig. 3.4) displaying a positive correlation in ZHe
date-ESR diagram. The zircon from the two samples have an average ESR of 45 um.

The burial history of Victoria Island is assumed to reflect that of Banks Island; however,
with the absence of post-Devonian strata on Victoria Island, the Mesozoic burial history is more
challenging to elucidate. Three t-T models assess the thermal history for both continued
Carboniferous to Triassic heating (Fig. 3.7A), or maximum burial in the Devonian with
protracted cooling until the Cretaceous (Fig. 3.7B). The depositional age is assumed to be 520
Ma. Using a cooler paleo-thermal gradient of 25°C/km with the Cambrian-Silurian passive
margin succession, heating is to 50°C, compared to 60°C in the Devonian using a 30°C/km
paleo-thermal gradient with the convergent margin succession. Because our ZHe data are unable
to resolve the lower temperature history from Jurassic to present, forward models follow
stratigraphic constraints that suggest Jurassic cooling to 40°C, and Cretaceous reheating to 60°C.
Each forward model shows inheritance date-eU curves for 520 Ma (non-inheritance), 900 Ma,
1500 Ma, 2100 Ma and 3000 Ma to demonstrate the difference in date-eU trends for the
predominant detrital zircon U-Pb sub-populations. In Figure 3.7, the models reach maximum

heating at 110°C, 140°C, and 170°C (paths 1, 2, 3) with acceptable t-T paths when heating of
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Figure 3.7: Forward thermal history models from Cambrian strata of Victoria Island using zircon (U-Th)/He
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Ma; thermal model B has peak burial ca. 355 Ma. Time-temperature plot shows thermal pathways 1-3; passive
margin sedimentation of 2 km based on Dewing et al. (2013); Devonian clastic thickness of 2 km based on
Patchett et al. (2004); Cretaceous burial is interpreted. Forward models illustrate the expected ZHe inheritance
date-eU curves for: (1) maximum temperature at 110°C; (2) maximum temperature at 140°C; (3) maximum
temperature at 170°C. Inheritance curves correspond to date-eU trends for zircon between 31-67 um ESR, and
describe the effect of the pre-depositional history and accumulated damage on ZHe dates. The solid line in
each inheritance curve represents the projected date-eU trend for a zircon with a 45 um ESR (mean value).
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less than or equal to 30°C is invoked. Paths 1 and 2 (Fig. 3.7) are favoured due to the analytical
data in agreement with the 2100-1500 Ma inheritance curves. The 170°C model (path 3) fails to

explain half of the data.

3.5.4 Brock Inlier

Three samples were collected from Neoproterozoic strata of the Brock Inlier. Two
samples are from the Nelson Head Formation, while the third sample is from the lower part of
the overlying Boot Inlet Formation. The Brock Inlier preserves about ~1 km of Neoproterozoic
strata above the Nelson Head Formation (Rainbird et al., 2016), whereas elsewhere in the
Amundsen Basin another ~2-3 km of younger Neoproterozoic strata is preserved on Victoria
Island (Rainbird et al., 1994). Above the Neoproterozoic strata is the unconformity with
Cambrian strata of the Arctic Platform. The predominant zircon provenance ages for the Nelson
Head Formation are between 1500-1000 Ma, which defines >90% of the data. The Brock Inlier
preserves ~0.3 km of Cambrian-Ordovician strata (Rainbird et al., 2016), but possesses minimal
Devonian strata even though 2 km of Devonian siliciclastics were interpreted to have blanketed
the region (Patchett et al., 2004). Above the regional Devonian-Cretaceous unconformity, at the
base of the Lower Cretaceous Langton Bay Formation, Yorath and Cook (1981) identified
incised valleys, and interpreted the valley fill to be Jurassic in age; there are, however, no
paleontological reports confirming this. The earliest deposition over the region is assumed to
have commenced with the early Albian Langton Bay Formation (ca. 110 Ma) and terminated
with the late Albian Horton Bay Formation (ca. 100 Ma), confirmed by paleontological data
(Jeletzky, 1966). Cretaceous sediment has been measured as up to 0.6 km thick on the Brock
Inlier (Jones et al., 1992), and 2 km on the Anderson Plain (Issler et al., 2012). Furthermore, the
Slave Craton has an estimated Cretaceous burial of <1.4 km from vitrinite reflectance of

sedimentary xenoliths (Stasiuk et al., 2006), or <1.6 km from thermochronometry modelling
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(Ault et al., 2013). Thermal models from the Anderson Plain (Issler et al., 2012) and the Slave
craton (Ault et al., 2009, 2013), suggest minimal Late Cretaceous reheating from ~20-80°C.

Three samples from the Brock Inlier yielded 24 ZHe dates from Neoproterozoic to
Cambrian strata. The Cambrian sandstone is assumed to be of similar age and detrital zircon
provenance as the Early Cambrian samples collected from Victoria Island, with five single ZHe
dates ranging from 1085 + 76 Ma to 107 + 8 Ma. The Neoproterozoic samples, from the Nelson
Head and Boot Inlet formations, yielded 19 ages with significant dispersion, ranging from 1118
+ 78 Ma to 57 + 5 Ma with four of the ages greater than the assumed depositional age of 900 Ma
(Fig. 3.8). Similar to the Victoria Island samples, there is a negative date-eU correlation. While
no correlation exists between ZHe date and ESR, there are two sub-populations of grain
dimensions identified (Fig. 3.4). The zircon from the three Neoproterozoic samples have an
average ESR of 43 um.

Three t-T models are used for each of the two thermal models in order to evaluate our
data against proposed heating of the Neoproterozoic strata during the Devonian to Triassic (Fig.
3.8A), or maximum burial in the Devonian with protracted cooling until the Cretaceous (Fig.
3.8B). The depositional age is presumed to be 900 Ma (van Acken et al., 2013). The forward
models assume maximum burial of 3 km by 720 Ma, when rifting of Rodinia resulted in cooling,
preserving 1 km of Neoproterozoic strata prior to Cambrian deposition. We invoke limited
(10°C) Cambrian-Ordovician heating, with 60°C of heating occurring from deposition of the
Devonian clastic wedge. Forward models reach 40°C during Jurassic cooling and 60°C during
Cretaceous reheating. Figure 3.8 shows the three modeled t-T paths (1, 2, 3) reaching maximum
heating at 100°C, 120°C, and 160°C for the two burial histories. If temperatures reach 160°C at
maximum burial (path 3, Fig. 3.8), the model fails to explain our data. Similar to Victoria Island,

when we invoke heating equal to or less than 20°C during the Carboniferous-Triassic, the models
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Figure 3.8: Forward thermal history models from Neoproterozoic strata of the Brock Inlier using zircon (U-
Th)/He data. Single zircon date and eU shown on each graph as square with associated error. The timing of the
inheritance curves is derived from the U-Pb detrital-zircon studies (Fig. 3). Thermal model A has peak burial
ca. 200 Ma; thermal model B has peak burial ca. 355 Ma. Time-temperature plot shows thermal pathways 1-3;
Amundsen Basin accumulation (3 km) and preservation (1 km), and passive margin sedimentation of 0.3 km
based on Rainbird et al. (2016); Devonian clastic thickness of 2 km based on Patchett et al. (2004); Cretaceous
burial is based on Jones et al. (1992). Forward models illustrate the expected ZHe inheritance date-eU curves
for: (1) maximum temperature at 100°C; (2) maximum temperature at 120°C; (3) maximum temperature at
160°C. Inheritance curves correspond to date-eU trends for zircon between 31-59 um ESR, and describe the
effect of the pre-depositional history and accumulated damage on ZHe dates. The solid line in each inheritance
curve represents the projected date-eU trend for a zircon with a 43 ym ESR (mean value).
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are acceptable. Each forward model shows inheritance date-eU curves for 1000 Ma (youngest U-
Pb age), 1500 Ma, 2100 Ma and 3000 Ma to highlight the difference in date-eU trends for the
predominant detrital zircon U-Pb age sub-populations. Paths 1 and 2 (Fig. 3.8) both represent

acceptable thermal histories.

3.6 Discussion

The ZHe dates examined in this investigation exhibit a significant degree of dispersion
with eU concentrations varying by 1000s ppm, which likely is a consequence of protracted
thermal histories. The date-eU plots (Fig. 3.4) reveal a strongly negative correlation for all the
samples that may be a result of a reheating episode or a sustained period through the zircon PRZ
(Guenthner et al., 2014, 2015). The candidate t-T paths from the forward models (path 1: Fig.
3.5; paths 1-2: Fig. 3.7, 3.8) illustrate that the maximum burial temperatures from Banks Island
to Brock Inlier do not exceed 140°C. Temperatures higher than this are not supported by our
analytical data as the inheritance curves match nearly none of the data points. Burial history
models of one well from Banks Island also support the lower end of the time-temperature
models, with maximum temperature of about 105-110°C (Fig. 3.6). There are two notable
grouping in the date-eU trends: 1) zircon with relatively low eU values (100s ppm) and a ZHe
date often greater than the age of deposition, possibly due to low radiation damage and higher
closure temperatures, and 2) younger ZHe ages with generally higher eU values (1000s ppm),
probably due to increased radiation damage and increased diffusivity. These two groups reflect
the broad range of pre-depositional histories and associated radiation damage within each
sample, contributing to significant dispersion in ZHe dates and eU concentrations.

The t-T paths based on ZHe forward models and VRo inverse models assess the

magnitude of burial and uplift between the Devonian-Cretaceous unconformity for either of the
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two end-member thermal histories: (A) protracted heating continuing from the Devonian to the
Triassic, with rapid cooling as a result of Jurassic rifting, or (B) rapid heating in the latest
Devonian with protracted cooling until the Cretaceous.

The models from Banks Island identify either 3.7 km (2.0 km in the latest Devonian and
1.7 km in the Carboniferous-Triassic) or 4.5 km (latest Devonian) of missing thickness with a
thermal maximum of 105-110°C. The model for continued burial into the Triassic suggests a
thinner stratigraphic package due to high heat flow as a result of rifting in the proto-Amerasia
Basin. On both Victoria Island and Brock Inlier, the modeled maximum temperatures are 130°C
and 120°C, respectively, which represents less than 1 km of additional burial between the
Devonian-Cretaceous unconformity.

These thickness results are similar to previous studies that quantify the preserved
thickness of late Paleozoic-early Mesozoic strata in the Canadian Arctic and Arctic Alaska.
North of Banks Island is Prince Patrick Island (Fig. 3.2) where preserved Carboniferous to
Triassic strata of the Sverdrup Basin is estimated to be ~4.5 km thick, determined from field
mapping, well data and seismic profiles from the SW to NE of the island (Harrison and Brent,
2005). This is in marked contrast to the 9 km of Mississippian to Lower Jurassic strata in the axis
of the Sverdrup Basin (5 km of upper Paleozoic strata and up to 4 km of Triassic siliciclastic
sediments; (Embry and Beauchamp, 2008). The Mississippian to Early Jurassic sequence in
Arctic Alaska has a typical thickness of 2 km (Moore et al., 1994) and reaches up to 6 km in
parts of the Arctic Alaska Basin axis (Hubbard et al., 1987). Along the Alaska (Beaufort) Rift
shoulder, this sequence is ~1 km in the Kuparuk 3-11-11 well (Fig. 3.2). Towards the axis of the
Hanna Trough, this sequence thickens dramatically to 9.5 km (6 km of Upper Devonian-Permian
and 3.5 km of Permian-Early Jurassic; Sherwood et al., 2002). Previous investigations of the

thickness of missing strata between the Devonian and Cretaceous unconformity in the
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southwestern Canadian Arctic provide a range of values. Data from the Mackenzie Delta
suggests up to 4 km of missing Permian to Jurassic strata (Issler et al., 2012). Embry (1988)
suggested that Banks Island was missing up to 5 km of post-Devonian strata, whereas Anfinson
et al. (2013) interpret that their Franklinian Basin Devonian samples were not buried to depths
greater than 7 km.

One of the goals of this study was to assess how plausible both hypotheses are with
regards to the new ZHe data. The t-T thermal models cannot discount either maximum burial in
the Triassic or the Devonian. The scenario with the maximum burial in the Devonian is the
generally accepted thermal history followed by gradual uplift, erosion and recycling of material
into the Sverdrup Basin (e.g. Embry and Beauchamp, 2008), but there is support for the
alternative thermal history of continued deposition into the early Mesozoic (Lerand, 1973; Miall,
1976). Since the ZHe data cannot resolve between the two, we will review the evidence of
continued deposition into the Triassic to test the plausibility of this thermal history (Fig. 3.9).
Burial from southerly-derived sediment in the late Paleozoic-early Mesozoic is consistent with
further inboard unroofing to the south over the Mackenzie Platform (Powell et al., 2016) and
Slave craton (Ault et al., 2013) which had migrating western unroofing from ca. 340-225 Ma.
Miall (1976) provided indirect evidence to postulate that upper Paleozoic and Mesozoic rocks
may have been deposited over Banks Island, specifically a wedge of possible upper Paleozoic
strata imaged on seismic data from offshore Banks Island (Lerand, 1973) and the observation
that sandstone of the Lower Cretaceous lIsachsen Formation is coarser than the Devonian
siliciclastics in the region indicating that the Isachsen Formation was derived from another
source. Furthermore, sandstone from the Upper Cretaceous Kanguk Formation on northern

Banks Island contains pebble-sized coral fragments of Early Permian age (Miall, 1979).
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Figure 3.9: Synoptic north-south cross section of southwestern Canadian Arctic for the scenario of
maximum burial at 200 Ma showing (B) Triassic pre-rift and (C) Jurassic syn-rift phase of the Amerasia
Basin, with subsequent uplift until deposition commenced in the Cretaceous (ca. 135 Ma). Location of
cross section on Figure 2, and note vertical scale change between (B) and (C). Thickness constraints for
cross section sourced from Bird and Houseknecht (2011) for Kugparuk 3-11-11 well; from Hubbard et
al. (1987) for Dinkum Graben; from Dewing and Embry (2007) for E-76, C-68, D-16, F-36 wells; from
Ault et al. (2013) for the Slave craton. For discussion on other Victoria Island and Brock Inlier
constraints, see Results section.

The Early Jurassic extensional period, marked by the rift onset unconformity of the
Sverdrup Basin (ca. 200-190 Ma; Hadlari et al., 2016; Midwinter et al., 2016) provides a
mechanism for uplift and exhumation on the rift shoulders from the Jurassic to Early Cretaceous,
the syn-rift phase of the Amerasia Basin. It was not until after the breakup unconformity (ca. 130
Ma; cf. Embry and Beauchamp, 2008), which marks the end of uplift prior to Cretaceous
deposition (Fig. 3.9B), that seafloor spreading and the creation of oceanic crust allowed for the
counterclockwise rotation of the AACM from northern Laurentia (Embry, 1990, 200). Outside of
the Sverdrup and Arctic Alaska basins, the syn-rift strata are only preserved in these extensional
features.

On central Banks Island, ~0.4 km of Lower Jurassic (?) to Lower Cretaceous strata was

intersected by a well (Castel Bay C-68) that are inferred to have been deposited in a narrow
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graben (Miall, 1979), and the small grabens and half-grabens on Prince Patrick Island preserve
Lower Jurassic strata (Harrison and Brent, 2005). The Mackenzie-Beaufort Basin preserves ~1
km of Jurassic-Lower Cretaceous syn-rift sediment (Issler et al., 2012), whereas in Arctic
Alaska, the Dinkum Graben and related half grabens contain more than 3 km of Jurassic-Lower
Cretaceous strata (Hubbard et al., 1987). While Carboniferous-Triassic pre-rift strata are clearly
not preserved in the southwestern Canadian Arctic, recent analysis of seismic data from the
Alaska, the Dinkum Graben and related half grabens contain more than 3 km of Jurassic-Lower
Cretaceous strata (Hubbard et al., 1987). While Carboniferous-Triassic pre-rift strata are clearly
not preserved in the southwestern Canadian Arctic, recent analysis of seismic data from the
Dinkum Graben (Houseknecht and Connors, 2016) identified a thin Mississippian-Triassic
succession overlying Devonian strata. From these lines of evidence, it is challenging to
conclusively determine whether Banks Island had continued deposition into the Mesozoic. It is
less likely that the regions of Victoria Island and Brock Inlier had burial into the Triassic given
the low amount of additional heating after the Devonian from the ZHe models and the late
Paleozoic-early Mesozoic unroofing in the cratonic interior. Yet on Banks Island, proximal to the
rifted margin, the ZHe and VRo models, the comparison of syn-rift strata preserved or missing in
the southwestern Arctic, and the geologic evidence from Miall (1976, 1979), it remains plausible
for deposition to have persisted after the Late Devonian with Jurassic-Cretaceous uplift linked to
the opening of the Amerasia Basin. If there was continued sedimentation into the Triassic, Banks
Island could represent a continuation of the margins of either the Sverdrup or Arctic Alaska

basins.

3.7 Conclusion

The intra-sample zircon (U-Th)/He age dispersion from Banks Island, Victoria Island and

the Brock Inlier and strongly negative date-eU correlations indicate a protracted residence in the
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shallow crust. Using ZHe date, eU values, and grain size, we are able to evaluate several
temperature-time models of late Paleozoic-Mesozoic basin evolution in order to resolve the
thermal maximum and magnitude of burial and exhumation. The models also assess two
different thermal histories, a scenario of continued late Paleozoic-early Mesozoic deposition with
the thermal maximum prior to Jurassic rifting, and a scenario of maximum burial in the
Devonian. Whereas the ZHe and VRo models can constrain the maximum temperature, the
models cannot resolve the timing of maximum burial; therefore, the data cannot exclude either
scenario. When evaluating the magnitude of burial between the Devonian-Cretaceous
unconformity, the north-south transect of our study reveals variable amounts of missing strata,
decreasing south towards the craton (<1 km), with substantial sedimentary accumulation on
Banks Island (~3.7-4.5 km). The amount of exhumation along the transect is less variable with a
similar amount on Banks Island (2.3-3.5 km), Victoria Island (2.0-2.7 km) and Brock Inlier (2.3-
3.3 km) indicative of potentially more uniform uplift. ZHe thermochronology, in conjunction
with VRo modeling, is able to discern the thermal maximum of each sampled region with its
broad pre-depositional history of the detrital zircons, but in this case is unable to resolve the

timing of the thermal maximum.
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Chapter 4 : Thesis Conclusions and Areas for Future Research

4.1 Conclusions

The primary conclusions reached in this study are:

(1) Triassic strata in the Sverdrup Basin exhibit two distinct detrital zircon signatures (Fig.
4.1A). The northerly-derived detritus consists of abundant near-syndepositional Permian-
Triassic zircon that contrasts with the mostly southerly-derived source consisting of
detritus sourced from the Devonian clastic wedge. The near-syndepositional age of the
northern zircon assemblage suggests that magmatism in the northern area was more or
less coincident with sedimentation in the Sverdrup Basin. This sediment source, along
with the ‘recycled’ southern source, is remarkably similar to the dual detrital zircon
assemblage reported from Arctic Alaska, and also the Triassic foreland basin in the
Yukon Tanana terrane on the western margin of Laurentia.

(2) With the combination of complementary Hf data and the discovery of volcanic ash beds,
the previous interpretations of the Uralian/Siberian source for Permian-Triassic zircons
can be discounted in favour of a new paleogeographic model that extends the
northwestern convergent margin of Laurentia to the outboard margin of the Arctic
Alaska—Chukotka microcontinent (Fig. 4.1B).

(3) The onset of rifting and initiation of the Amerasia Basin has previously been interpreted
to be during the Middle Jurassic. New U-Pb ages from the Early Jurassic King Christian
Formation suggest rifting commenced sometime in the earliest Jurassic (200-190 Ma).
The sample, from the northern region of the Sverdrup Basin lacks the distinctive near-
syndepositional Permian-Triassic zircon age-fraction. This, therefore, is interpreted to
indicate that the northern provenance region had became disconnected from the Sverdrup

Basin as AACM
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began to separate from northern Laurentia because of early rifting in the proto-Amerasia
Basin (Fig. 4.1C).

(4) In the southwestern Canadian Arctic the late Paleozoic-early Mesozoic thermal history in
the interval between the regional Devonian to Cretaceous unconformity has been a
source of much debate. New ZHe models, with complementary Ro data, suggest that
there could have been deposition that continued into the Triassic with rapid cooling as a
result of uplift associated with Early Jurassic rifting of the Amerasia Basin (Fig. 4.2).

(5) The amount of missing strata between the Devonian-Cretaceous unconformity, regardless
of the timing of maximum burial, is thicker close to the rifted margin (Fig. 4.2B) than
towards the craton interior, with an estimated ~4 km of strata missing on Banks Island

compared to <1 km on Victoria Island and the Brock Inlier (Fig. 4.2A).

4.2 Areas for Future Research

- Use U-Pb zircon geochronology to date the volcanic ash beds samples from Bunde Fiord. This

work is essential to constrain the age(s) of magmatic activity

- Sandstone samples were collected from a stratigraphic section through the Heiberg Formation
on Ellesmere Island and have yet to be processed for detrital zircons. It would be beneficial to
have detrital-zircon signatures from each member to further pinpoint when the northern source

became eliminated.

- There are no Hf data from the Blind Fiord or Pat Bay formations, both of which have Permian-
Triassic zircon. It would be interesting if these samples displayed the same broad array of eHf

values observed in this study, or if the range is reduced.
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- The thermochronology data would benefit from additional ages on Banks Island. Due to the
small zircon sample size in this study, the thermal models along the Canadian rifted margin
could be expanded by including data from Prince Patrick Island. Further benefit would be
obtained from the construction of lower-temperature models with the recovery of apatite, as

apatite can provide better resolution for lower-temperature thermal histories.
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Appendix A: Detrital-Zircon Sample Information

Region Formation/Unit Sample No. Age Reference Latitude Longitude
Canadian Arctic

Sverdrup Basin  Isachsen Formation C-82218 late Barremian Rohr et al., 2010 79.950 -85.167
Sverdrup Basin  Isachsen Formation C-86116 Barremian Rohr et al., 2010 79.950 -85.167
Sverdrup Basin  Isachsen Formation C-072382 late Barremian - early Aptian Rohr et al., 2010 80.883 -70.833
Sverdrup Basin  Isachsen Formation C-100614 Hauterivian Rohr et al., 2010 78.617 -89.767
Sverdrup Basin  Isachsen Formation C-100629 Barremian Rohr et al., 2010 78.617 -89.767
Sverdrup Basin  Sandy Point Formation C403747 Aalenian Ommaetal., 2011 80.883 -95.017
Sverdrup Basin  Deer Bay Formation C403685 Tithonian Omma et al., 2011 80.467 -95.750
Sverdrup Basin  Blind Fiord Formation C403730 Early Triassic Ommaetal., 2011 80.950 -92.567
Sverdrup Basin ~ Pat Bay Formation C403503 Carnian Omma et al., 2011 80.817 -94.583
Sverdrup Basin  Sandy Point Formation C403747 Aalenian Omma et al., 2011 80.883 -95.017
Sverdrup Basin  Deer Bay Formation C403685 Tithonian Omma et al., 2011 80.467 -95.750
Sverdrup Basin ~ Pat Bay Formation AE2 Carnian Miller et al., 2006 80.583 -95.950
Sverdrup Basin  Bjorne Formation AE1 Olenekian Miller et al., 2006 79.567 -83.333
Sverdrup Basin  King Christian Formation 11270 Pliensbachian this study 78.996 -104.570
Sverdrup Basin  Romulus Member 11242 Norian this study 79.449 -85.561
Sverdrup Basin  Bjorne Formation 11243 Olenekian this study 79.564 -83.317
D.C.W Kennedy Channel Formation =~ C-246356 Neoproterozoic Anfinson et al., 2012 80.14 -74.758
D.C.W Archer Fiord Formation C-412024 Neoproterozoic Anfinson et al., 2012 80.848 -68.775
D.CW Danish River Formation C-033516 Silurian-Devonian Anfinson et al., 2012 79.934 -81.02
D.C.W Bird Fiord Formation C-198555 Middle Devonian Anfinson et al., 2012 76.734 -93.501
D.CW Strathcona Fiord Formation C-245720 Middle Devonian Anfinson et al., 2012 78.468 -82.333
D.C.W Strathcona Fiord Formation C-174904 Middle Devonian Anfinson et al., 2012 77.464 -83.666
D.C.W Hecla Bay Formation C-245739 Mid-Late Devonian Anfinson et al., 2012 78.451 -82.449
D.C.W Hecla Bay Formation C-246257 Mid-Late Devonian Anfinson et al., 2012 76.436 -103.088
D.C.W Hecla Bay Formation C-133818 Mid-Late Devonian Anfinson et al., 2012 76.022 -112.56
D.CW Hecla Bay Formation C-128665 Mid-Late Devonian Anfinson et al., 2012 75.186 -115.11
D.CW Fram Formation C-245747 Late Devonian Anfinson et al., 2012 78.434 -82.566
D.C.W Fram Formation C-245760 Late Devonian Anfinson et al., 2012 78.434 -82.566
D.CW Fram Formation C-140199 Late Devonian Anfinson et al., 2012 76.626 -90.834
D.C.W Beverley Inlet Formation C-128790 Late Devonian Anfinson et al., 2012 74.89 -109.146
D.C.W Beverley Inlet Formation C-133862 Late Devonian Anfinson et al., 2012 75.247 -117.636
D.C.W Beverley Inlet Formation C-198959 Late Devonian Anfinson et al., 2012 76.269 -119.438
D.C.W Parry Islands Formation C-245984 Late Devonian Anfinson et al., 2012 76.684 -100.801
D.C.W Parry Islands Formation C-246260 Late Devonian Anfinson et al., 2012 76.436 -103.088
D.C.W Parry Islands Formation C-134039 Late Devonian Anfinson et al., 2012 75.577 -106.081
D.CW Parry Islands Formation C-207286 Late Devonian Anfinson et al., 2012 76.267 -119.92
Russia

Chukotka Carnian T3k CH3.1B Carnian Miller et al., 2006 67.868 166.290
Chukotka Carnian T3k CH2.6 Carnian Miller et al., 2006 68.062 166.412
Chukotka Norian T3n CH26.5 Norian Miller et al., 2006 69.157 165.038
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Chukotka
Chukotka

Carnian T3k

Lower Triassic T2?
Wrangel Island ~ Triassic Sandstone
Wrangel Island  Triassic Sandstone

Wrangel Island ~ Triassic Sandstone

Alaska

Lisburne Hills Otuk Formation
Lisburne Hills Otuk Formation

North Slope Karen Creek Sandstone
North Slope Karen Creek Sandstone
North Slope Sag River Formation
Yukon

YTT Platform
YTT Platform
YTT Platform
YTT Platform
YTT Platform
YTT Platform
YTT Platform
YTT Platform
YTT Platform

Jones Lake Formation
Jones Lake Formation
Jones Lake Formation
Jones Lake Formation
Jones Lake Formation
Jones Lake Formation
Jones Lake Formation
Hoole Formation

Toad Formation

YTT Overlap marine strata

YTT Overlap marine strata

YTT Overlap marine strata

YTT Overlap Ross River Area

YTT Overlap McNeil Lake Area

YTT Overlap McNeil Lake Area

YTT Overlap Table Mountain Formation
YTT Overlap Table Mountain Formation
YTT Overlap Table Mountain Formation
YTT Overlap Table Mountain Formation
YTT Overlap Northern Finlayson Lake belt
YTT Overlap Northern Finlayson Lake belt
YTT Overlap Northern Finlayson Lake belt
YTT Overlap Northern Finlayson Lake belt
YTT Overlap American Creek

YTT Overlap Clinton Creek complex

YTT Overlap Clinton Creek complex

YTT Overlap Clinton Creek complex

YTT Overlap Clinton Creek complex

YTT Overlap Tummel Fault Zone

09/321

09/358

ELMO06 WR8
ELMO06 WR46B
ELMO06 WR51B

94CL10
94CL53
EB-KC
WE-KC
ES-SR

JL1 - 17LB05
JL2 - 29LB05
OG1 - 10LB06
0G2 - 15B06
0G3 - 18LB06
0G4 - 19LB06
SL - 11LB07
HL - 09LBO7
TF - 2002LHA10-1C
11

2-1

31

41

51

5-2

6-1

6-2

6-3

6-4

71

72

73

8-1
9-1
9-2
9-3
9-4
10-1

Upper Triassic
Lower-Middle Triassic
Triassic

Triassic

Triassic

Upper Triassic
Upper Triassic
Late-Triassic-Early Jurassic
Late-Triassic-Early Jurassic

Late-Triassic-Early Jurassic

Early Triassic

Early Triassic

Early - Late Triassic
Early - Late Triassic
Early - Late Triassic
Early - Late Triassic
Late Triassic

Late Triassic

Early Triassic

Late Ladinian

Late Ladinian

Late Ladinian

late Ladinian-early Carnian
Norian

Norian

Carnian to Rhaetian
Carnian to Rhaetian
Carnian to Rhaetian
Carnian to Rhaetian
base of pre-Norian
base of pre-Norian
overlying pre-Norian
overlying pre-Norian
Carnian to Norian
Early to Middle Norian
Early to Middle Norian
Early to Middle Norian
Early to Middle Norian

Anisian to Carnian

Tuchkova et al., 2011
Tuchkova et al., 2011
Miller et al., 2010
Miller et al., 2010
Miller et al., 2010

Miller et al., 2006
Miller et al., 2006
Gottlieb et al., 2014
Gottlieb et al., 2014
Gottlieb et al., 2014

Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek et al., 2010
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011
Beranek & Mortensen, 2011

66.698
67.158
71.025
70.984
71.015

68.869
68.861
69.348
69.488
70.918

62.816
62.817
64.424
64.419
64.416
64.411
62.297
61.882
60.727
61.304
61.304
60.457
61.761
61.223
61.231
59.211
59.187
59.200
59.200
61.893
61.878
61.856
61.858
64.481
64.451
64.442
64.442
64.442
62.300

176.728
178.142
179.208
179.545
179.513

166.060
166.015
-139.634
-143.134
-154.618

-129.697
-129.689
-138.136
-138.146
-138.149
-138.153
-131.910
-132.865
-124.845
-129.600
-129.600
-128.939
-126.436
-131.616
-131.625
-129.645
-129.675
-129.653
-129.653
-130.656
-130.895
-130.886
-130.885
-141.212
-140.721
-140.729
-140.729
-140.729
-134.808

Note: D.C.W = Devonian clastic wedge
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Appendix B: U-Pb Geochronology



11t

Isotope Ratios Model Age (Ma) Bestage t Used in
Analysis u Th Th 206Pb* 204Pb *204Pb 208*Pb +208Pb 207*Pb *207Pb 206*Pb *206Pb Corr 207*Pb +207Pb 206Pb +206Pb 207Pb +207Pb Disc. study
ppm ppm U_ (ppm) 206Pb _206Pb  f(206)204 206*Pb 206Pb 235U 235U 238U 238U Coeff 206*Pb 206Pb 238U 238U  206Pb  206Pb (%) Prob Ma) Ma)
King Christian Formation, Pliensbachian, 78.996, -104.570
11270-001.1 392.50 12542 032 82.88 0.00 0.00 -0.04 0.10 0.00 3.04 0.04 0.25 0.00 0.94 0.09 0.00 1416.88 15.56 1417.12 8.63 0.02 0.98 1417.07 3.8 0 Used
11270-002.1 63.54 15.39 0.24 10.57 0.00 0.00 0.03 0.07 0.01 213 0.04 0.19 0.00 0.77 0.08 0.00 1141.51 13.27 1192.72 20.62 468 0.00 1156.01 5.6 0 Used
11270-005.1 43219 22142 051 8809 0.00 0.00 0.03 0.16 0.00 2.90 0.03 0.24 0.00 095 0.09 0.00 1372.54 13.02 1393.21 6.69 1.65 0.00 1388.94 3.0 0 Used
11270-006.1 133.55 47.46 036 2633 0.00 0.00 0.19 0.13 0.00 3.48 0.07 0.23 0.00 0.69 0.11 0.00 1332.17 16.18 1800.56 25.71 28.76 0.00 1407.64 7.6 100 Not-used
11270-007.1 26439  87.95 033 8249 0.00 0.00 0.16 0.09 0.00 6.07 0.08 0.36 0.00 093 0.12 0.00 1997.46 22.34 1973.34 9.13 -1.42 0.05 1976.83 4.3 0 Used
11270-008.1 325.95 304.93 094 69.69 0.00 0.00 0.11 0.30 0.00 3.24 0.04 0.25 0.00 0.92 0.09 0.00 143291 15.80 1516.90 9.53 6.17 0.00 1495.18 4.0 100 Not-used
11270-009.1 273.75 229.27 0.84 86.64 0.00 0.00 0.01 0.26 0.01 6.37 0.08 0.37 0.00 0.90 0.13 0.00 2022.06 18.58 2034.89 9.26 073 022 203235 4.1 0 Used
11270-010.1 350.70 128.39 0.37 75.35 0.00 0.00 0.21 0.11 0.00 3.49 0.06 0.25 0.00 0.84 0.10 0.00 1439.06 19.51 1644.09 17.97 1391 0.00 154839 6.8 100 Not-used
11270-011.1 184.38  68.07 0.37 4425 0.00 0.00 0.08 0.12 0.00 3.92 0.05 0.28 0.00 0.92 0.10 0.00 1588.31 17.78 1654.82 9.96 453 0.00 163934 43 0 Used
11270-012.1 170.44 149.73 0.88 4332 0.00 0.00 0.11 0.28 0.00 4.14 0.05 0.30 0.00 0.91 0.10 0.00 1670.78 16.41 1649.25 9.60 -1.48 0.02 1654.78 4.2 0 Used
11270-013.1 216.92 3547 0.16 66.36 0.00 0.00 0.04 0.05 0.00 6.09 0.08 0.36 0.00 0.94 0.12 0.00 1963.93 21.62 2013.43 7.97 2.85 0.00 2007.67 3.7 O Used
11270-014.1 42573 160.56 0.38 25.15 0.00 0.00 0.21 0.13 0.00 0.52 0.01 0.07 0.00 0.66 0.06 0.00 428.71 5.06 413.12 31.37 -390 0.32 42830 2.5 0 Used
11270-015.1 259.80 79.23 030 37.55 0.00 0.00 0.09 0.10 0.00 170 0.02 0.17 0.00 0.86 0.07 0.00 1002.52 10.07 1019.13 13.29 176 0.05 1008.54 4.0 0 Used
11270-016.1 115.65 84.24 073 2892 0.00 0.00 0.03 0.22 0.00 413 0.05 0.29 0.00 0.90 0.10 0.00 1647.28 16.67 1678.17 10.01 2.09 0.00 1670.05 4.3 0 Used
11270-017.1 29545 164.38 0.56 7559 0.00 0.00 0.20 0.17 0.00 4.50 0.12 0.30 0.01 0.99 0.11 0.00 1680.51 39.12 1793.88 7.80 7.18 0.00 1789.99 3.6 100 Not-used
11270-018.1 249.92 211.71 0.85 54.76 0.00 0.00 0.17 0.25 0.01 3.42 0.05 0.26 0.00 0.92 0.10 0.00 1464.60 16.10 1572.43 9.73 7.66 0.00 154470 4.1 100 Not-used
11270-019.1 393.52 219.22 056 71.22 0.00 0.00 -0.01 0.17 0.00 2.38 0.03 0.21 0.00 093 0.08 0.00 1232.51 11.89 1246.15 7.94 120 0.06 124196 33 0 Used
11270-020.1 304.30 209.87 0.69 84.87 0.00 0.00 0.05 0.20 0.01 5.60 0.07 0.32 0.00 0.96 0.13 0.00 1812.59 19.26 2030.47 5.90 12.30 0.00 201449 2.6 100 Not-used
11270-021.1 286.32 11524 0.40 16.03 0.00 0.00 0.21 0.13 0.01 0.52 0.01 0.07 0.00 0.61 0.06 0.00 407.09 6.60 509.45 47.92 20.73 0.00 408.38 3.3 100 Not-used
11270-022.1 513.11 245.80 0.48 145.78 0.00 0.00 0.06 0.15 0.00 5.41 0.07 0.33 0.00 0.98 0.12 0.00 1841.96 19.21 1934.13 4.70 5.48 0.00 1929.29 2.2 100 Not-used
11270-024.1 197.86  50.13 0.25 43.13 0.00 0.00 0.14 0.07 0.00 3925 0.05 0.25 0.00 0.87 0.09 0.00 1457.97 17.08 1486.47 13.93 2.14 0.01 147511 5.4 0 Used
11270-025.1 400.74 220.24 0.55 69.07 0.00 0.00 0.02 0.18 0.00 2.26 0.04 0.20 0.00 0.97 0.08 0.00 1178.82 17.67 1234.19 7.63 491 0.00 122591 34 0 Used
11270-027.1 209.34 31490 1.50 52.81 0.00 0.00 0.07 0.48 0.01 4.07 0.05 0.29 0.00 093 0.10 0.00 1659.85 15.96 1634.23 8.05 -1.78 0.00 1639.48 3.6 0 Used
11270-028.1 586.33 300.74 0.51 168.69 0.00 0.00 0.15 0.16 0.00 5.58 0.09 0.33 0.01 0.97 0.12 0.00 1862.26 26.44 1967.62 6.89 6.16 0.00 1961.45 3.2 100 Not-used
11270-029.1 298.36 101.44 034 71.83 0.00 0.00 0.04 0.11 0.00 BY/5 0.04 0.28 0.00 0.95 0.10 0.00 1592.71 15.34 1566.09 6.97 -1.92 0.00 1570.71 3.2 0 Used
11270-030.1 311.13 162.45 0.52 98.91 0.00 0.00 0.08 0.16 0.00 6.39 0.07 0.37 0.00 0.96 0.13 0.00 2029.84 18.70 2031.16 5.46 0.08 0.89 2031.06 2.6 0 Used
11270-031.1 205.95 11564 0.56 47.67 0.00 0.00 0.11 0.18 0.00 3.82 0.06 0.27 0.00 0.90 0.10 0.00 1538.09 17.87 1677.55 12.02 9.34 0.00 163539 4.9 100 Not-used
11270-033.1 226.42 68.81 0.30 29.67 0.00 0.00 0.52 0.08 0.01 1.82 0.03 0.15 0.00 0.71 0.09 0.00 915.10 11.29 1351.08 24.98 3459 0.00 942.89 5.5 100 Not-used
11270-034.1 273.10 21512 0.79 3599 0.00 0.00 0.11 0.26 0.00 1.47 0.02 0.15 0.00 0.84 0.07 0.00 920.16 921 917.01 14.04 -0.37 071 91921 3.8 0 Used
11270-035.1 215.65 61.02 0.28 5520 0.00 0.00 0.05 0.10 0.00 4.80 0.06 0.30 0.00 0.94 0.12 0.00 1681.28 16.28 1908.43 7.47 13.51 0.00 1873.46 3.2 100 Not-used
11270-038.1 159.67 130.96 0.82 3436 0.00 0.00 0.40 0.26 0.01 3.18 0.05 0.25 0.00 0.79 0.09 0.00 1441.28 17.41 1466.74 19.71 194 0.05 145237 6.6 0 Used
11270-040.1 223.26 237.77 1.06 9.52 0.00 0.00 0.37 0.34 0.02 0.37 0.02 0.05 0.00 0.49 0.05 0.00 31222 6.32 348.67 83.97 1071 039 31239 3.2 0 Used
11270-041.1 239.60 75.80 032 66.34 0.00 0.00 0.13 0.10 0.00 5.36 0.10 0.32 0.01 0.94 0.12 0.00 1800.97 26.45 1964.80 11.08 9.55 0.00 194243 4.8 100 Not-used
11270-042.1 383.71 127.50 0.33 88.16 0.00 0.00 0.40 0.08 0.00 4.20 0.06 0.27 0.00 0.96 0.11 0.00 1528.00 18.86 1860.59 7.45 20.06 0.00 1825.35 3.0 100 Not-used
11270-044.1 191.59  21.89 011 3272 0.00 0.00 0.09 0.03 0.00 2.19 0.05 0.20 0.00 0.87 0.08 0.00 1169.10 22.10 1193.38 22.70 222 012 1180.89 7.9 0 Used
11270-045.1 237.22 91.78 0.39 104.98 0.00 0.00 0.04 0.11 0.00 13.95 0.24 0.52 0.01 0.97 0.20 0.00 2678.72 37.17 2796.33 6.77 514 0.00 2792.81 3.2 100 Not-used
11270-046.1 314.48 22546 0.72 77.60 0.00 0.00 0.07 0.22 0.00 3.96 0.07 0.29 0.00 0.94 0.10 0.00 1627.77 23.97 1623.36 11.42 -0.31 074 162418 5.2 0 Used
11270-047.1 86.72 32.98 0.38 12.84 0.00 0.00 0.44 0.13 0.01 7772 0.06 0.17 0.00 0.57 0.07 0.00 1025.07 17.47 1001.25 53.41 -2.57 0.39 1022.68 8.3 0 Used
11270-050.1 111321 706.37 0.63 4232 0.00 0.00 2.55 0.17 0.02 0.36 0.05 0.04 0.00 0.14 0.06 0.01 279.15 5.08 563.77 288.66 5158 0.07 279.14 25 0 Used
11270-051.1 50.24 28.63 0.57 8.73 0.00 0.00 0.24 0.18 0.01 2.20 0.04 0.20 0.00 0.66 0.08 0.00 1187.36 14.55 1166.72 30.20 -1.94 0.22 1183.39 6.5 0 Used
11270-052.1 297.80 161.60 0.54 18.00 0.00 0.00 0.24 0.18 0.00 0.53 0.01 0.07 0.00 051 0.05 0.00 438.31 453 38239 4048 -15.13 0.01 43749 22 0 Used
11270-053.1 221.58 124.38 0.56 38.09 0.00 0.00 0.10 0.18 0.00 215 0.03 0.20 0.00 0.86 0.08 0.00 1176.03 11.91 1149.09 13.12 -2.56 0.00 1163.81 4.4 0 Used
11270-055.1 247.66  78.16 032 93.84 0.00 0.00 0.04 0.09 0.00 1021 0.11 0.44 0.00 097 0.17 0.00 2355.44 21.40 2536.97 4.53 8.53 0.00 2530.04 2.1 100 Not-used
11270-056.1 74.86 22.99 031 18.03 0.00 0.00 0.15 0.09 0.00 3.90 0.06 0.28 0.00 0.83 0.10 0.00 1593.01 17.63 1638.71 15.42 3.15 0.00 161887 5.8 0 Used
11270-059.1 31574 168.08 0.53 97.57 0.00 0.00 0.03 0.16 0.00 5.99 0.08 0.36 0.00 0.83 0.12 0.00 1980.87 18.19 1968.21 12.85 -0.75 0.26 197243 5.2 0 Used
11270-061.1 480.91 253.33 0.53 128.65 0.00 0.00 0.05 0.16 0.00 4.72 0.06 0.31 0.00 0.96 0.11 0.00 1747.68 18.53 1798.22 5B 3.21 0.00 179361 2.8 0 Used
11270-063.1 157.61  90.50 0.57 44.82 0.00 0.00 0.16 0.16 0.00 G455 0.07 0.33 0.00 093 0.12 0.00 1843.48 17.79 1980.68 7.91 7.96 0.00 1959.49 3.5 100 Not-used
11270-064.1 94.51 65.05 0.69 23.52 0.00 0.00 0.09 0.22 0.00 4.01 0.05 0.29 0.00 0.88 0.10 0.00 1640.32 16.96 1632.57 11.95 -0.54 0.46 163514 4.9 0 Used
11270-068.1 255.07 269.72 1.06 64.84 0.00 0.00 0.01 0.33 0.00 4.13 0.05 0.30 0.00 095 0.10 0.00 1671.02 15.70 1645.73 6.25 -1.74 0.00 1649.25 2.9 0 Used
11270-069.1 198.48 92.86 0.47 34.07 0.00 0.00 0.15 0.14 0.00 215 0.03 0.20 0.00 0.84 0.08 0.00 1174.53 11.88 1148.16 14.02 -2.51 0.00 1163.44 4.5 0 Used
11270-071.1 877.71 248.04 0.28 140.99 0.00 0.00 0.43 0.09 0.01 2.38 0.12 0.19 0.00 0.46 0.09 0.00 1105.09 23.69 1476.20 86.31 27.33 0.00 1116.85 11.7 100 Not-used
11270-072.1 417.51 267.09 0.64 13843 0.00 0.00 0.02 0.19 0.01 6.83 0.08 0.39 0.00 0.96 0.13 0.00 2104.11 19.23 2076.06 5.14 -1.58 0.00 2077.97 2.5 0 Used
11270-074.1 28475 159.02 0.56 17.30 0.00 0.00 0.26 0.18 0.01 0.54 0.01 0.07 0.00 0.54 0.06 0.00 440.65 478 43381 39.35 -1.63 073 44055 24 0 Used
11270-091.1 141.09 9532 0.68 36.22 0.00 0.00 0.07 0.21 0.01 4.34 0.08 0.30 0.01 0.92 0.11 0.00 1685.58 25.31 1718.24 13.69 216 0.02 171094 6.0 0 Used
11270-092.2 328.08 131.10 0.40 11.67 0.00 0.00 0.50 0.12 0.01 0.29 0.01 0.04 0.00 0.52 0.05 0.00 261.62 532 24943 7828 -499 076 26157 2.7 0 Used
11270-093.1 159.53 280.71 1.76 4556 0.00 0.00 0.03 0.54 0.01 57 0.10 0.33 0.01 0.94 0.12 0.00 1850.40 27.34 1884.81 11.55 210 0.02 1879.69 5.3 0 Used
11270-095.1 661.82 186.58 0.28 37.00 0.00 0.00 0.77 0.07 0.01 0.50 0.03 0.07 0.00 0.23 0.06 0.00 406.50 4.82 45329 114.55 10.65 0.42 406.57 2.4 0 Used
11270-097.1 106.46 38.16 0.36 20.41 0.00 0.00 0.07 0.12 0.01 2.70 0.06 0.22 0.00 0.84 0.09 0.00 1298.93 20.57 1374.11 21.53 6.04 0.00 133439 7.5 100 Not-used
11270-098.1 149.18 56.20 0.38 33.58 0.00 0.00 0.51 0.10 0.01 3.36 0.10 0.26 0.00 0.62 0.09 0.00 1500.10 23.82 1486.22 42.93 -1.05 0.57 1496.80 104 0 Used
11270-099.1 353.47 91.72 0.26 8139 0.00 0.00 0.36 0.08 0.00 4.10 0.08 0.27 0.00 0.93 0.11 0.00 1530.86 24.89 1816.88 12.78 17.67 0.00 1765.32 5.2 100 Not-used
11270-104.1 23528 6248 0.27 63.08 0.00 0.00 -0.02 0.08 0.00 4.70 0.08 0.31 0.01 095 0.11 0.00 1751.04 25.71 1787.32 10.31 232 0.01 178241 4.7 0 Used
11270-105.1 203.49 153.69 0.76 4834 0.00 0.00 0.09 0.24 0.01 3.87 0.07 0.28 0.00 0.92 0.10 0.00 1573.92 23.56 1651.64 13.06 530 0.00 1633.93 5.6 100 Not-used
11270-106.1 24541  30.69 013 3177 0.00 0.00 0.31 0.03 0.00 145 0.03 0.15 0.00 0.76 0.07 0.00 904.83 14.21 92490 29.34 233 022 90856 64 0 Used
11270-107.1 189.76 80.37 0.42 4511 0.00 0.00 0.03 0.13 0.00 3.86 0.07 0.28 0.00 0.92 0.10 0.00 1575.01 23.60 1644.32 13.07 475 0.00 162851 5.6 0 Used
11270-108.1 98.09  48.02 0.49 5.68 0.00 0.00 0.14 0.18 0.01 0.54 0.02 0.07 0.00 0.49 0.06 0.00 420.64 7.26 517.90 6877 19.40 0.01 42139 3.6 0 Used

11270-109.1 150.50 144.99 0.96 45.13 0.00 0.00 0.19 0.29 0.01 5.78 0.12 0.35 0.01 0.94 0.12 0.00 1930.35 31.61 1957.29 12.69 1.59 0.11 1953.60 5.8 0 Used
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Isotope Ratios Model Age (Ma) Bestage t Used in
Analysis u Th Th 206Pb* 204Pb *204Pb 208*Pb +208Pb 207*Pb *207Pb 206*Pb *206Pb Corr 207*Pb +207Pb 206Pb +206Pb 207Pb +207Pb Disc. study
ppm ppm U (ppm) 206Pb_206Pb  f(206)204 206*Pb 206Pb 235U 235U 238U 238U Coeff 206*Pb 206Pb 238U 238U  206Pb  206Pb (%) Prob Ma) Ma)
Romulus Member, Heiberg Formation, Norian, 79.449, -85.561
11242-001.1 399.01 8247 021 52,63 0.00 0.00 0.13 0.07 0.00 148 0.02 0.15 0.00 0.82 0.07 0.00 920.84 10.77 924.13 17.93 0.38 0.75 922 46 0 Used
11242-002.1 246.02 49.62 0.20 11.99 0.00 0.00 118 0.08 0.01 0.42 0.02 0.06 0.00 0.34 0.05 0.00 355.70 5.82 368.76 105.07 3.64 0.80 356 29 0 Used
11242-003.1 553.94 12857 0.23 59.32 0.00 0.00 0.01 0.07 0.00 111 0.02 0.12 0.00 0.86 0.06 0.00 757.41 880 76251 1539 0.71 0.56 759 3.8 0 Used
11242-004.1 146.06 114.95 0.79 1143 0.00 0.00 0.20 0.24 0.01 0.72 0.02 0.09 0.00 0.51 0.06 0.00 561.97 7.61 50243 53.06 -12.38 0.02 561 3.8 0 Used
11242-005.1 149.37 140.36 0.94 60.20 0.00 0.00 0.08 0.29 0.01 1072 0.16 0.47 0.01 0.94 0.17 0.00 2480.10 28.79 2513.92 8.34 1.62 0.02 2511 4.0 0 Used
11242-007.1 381.08 248.97 0.65 11.95 0.00 0.00 1.35 0.21 0.01 0.23 0.01 0.04 0.00 0.30 0.05 0.00 231.15 4.05 1.04 135.87 -22483.13 0.00 231 2.0 100 Not-used
11242-008.1 336.24 25841 0.77 39.65 0.00 0.00 0.25 0.25 0.01 118 0.02 0.14 0.00 0.66 0.06 0.00 829.15 10.10 692.16 31.25 -21.10 0.00 813 4.7 100 Not-used
11242-009.1 130.46 100.11 0.77 48.89 0.00 0.00 0.05 0.26 0.01 10.78 0.16 0.44 0.01 0.94 0.18 0.00 2333.78 28.03 2645.31 8.75 14.02 0.00 2622 3.8 100 Not-used
11242-010.1 214.87 124.83 0.58 13.76 0.00 0.00 0.40 0.18 0.01 0.57 0.02 0.07 0.00 0.40 0.05 0.00 463.52 7.51 41122 84.80 -13.18 0.21 463 3.7 0 Used
11242-011.2 119.75 105.19 0.88 5.13  0.00 0.00 1.00 0.30 0.02 0.36 0.02 0.05 0.00 0.24 0.05 0.00 31391 4.27 283.50 130.35 -10.99 0.64 314 21 0 Used
11242-012.2 38.06 9838 259 10.14 0.00 0.00 0.29 0.81 0.02 4.83 0.11 0.31 0.01 0.77 0.11 0.00 1742.25 26.05 1845.25 25.18 6.37 0.00 1795 9.2 100 Not-used
11242-013.2 920.77 812.86 0.88 35.53 0.00 0.00 0.13 0.30 0.01 033 0.01 0.04 0.00 0.74 0.05 0.00 283.26 329 317.57 24.40 11.04 0.01 284 1.6 0 Used
11242-014.1 131.63 187.40 1.42 411 0.00 0.00 1.92 0.49 0.04 0.23 0.02 0.04 0.00 0.14 0.05 0.00 230.19 321 -53.80 236.51 537.43 0.01 230 1.6 0 Used
11242-015.2 103.09 88.14 0.86 3.89 0.00 0.00 0.70 0.30 0.02 0.30 0.02 0.04 0.00 0.43 0.05 0.00 277.21 7.67 19439 139.76 -43.53 0.23 277 3.8 0 Used
11242-016.1 7219 3516 049 3125 0.00 0.00 0.45 0.14 0.00 11.88 0.19 0.50 001 091 0.17 0.00 2630.48 31.94 2566.84 11.37 -3.02 0.00 2574 54 0 Used
11242-017.1 108.02 81.07 0.75 30.05 0.00 0.00 0.13 0.22 0.01 4.73 0.09 0.32 0.00 0.82 0.11 0.00 1808.42 23.41 1729.80 19.36 -5.21 0.00 1762 7.4 100 Not-used
11242-019.1 1008.56  44.88 0.04 532.64 0.00 0.00 0.04 0.01 0.00 2535 0.39 0.61 0.01 093 0.30 0.00 3089.19 34.87 3465.01 8.43 13.62 0.00 3447 3.6 100 Not-used
11242-023.2 240.13 149.78 0.62 29.22 0.00 0.00 0.20 0.19 0.00 134 0.02 0.14 0.00 0.76 0.07 0.00 853.97 10.09 88832 2245 4.13 0.01 859 46 0 Used
11242-026.2 13597 180.53 133 56.34 0.00 0.00 0.03 0.39 0.01 1218 0.18 0.48 0.01 0.89 0.18 0.00 2537.71 28.20 2681.41 11.53 6.48 0.00 2662 5.2 100 Not-used
11242-027.2 212.03 275.25 1.30 89.86 0.00 0.00 0.05 0.38 0.00 13.00 0.17 0.49 0.01 0.97 0.19 0.00 2585.37 27.20 2751.76 5B 7.33 0.00 2746 2.5 100 Not-used
11242-029.2 467.84 15846 034 3930 0.00 0.00 0.13 0.16 0.00 0.89 0.02 0.10 0.00 093 0.07 0.00 601.50 13.06 808.78 18.37 26.84 0.00 660 5.7 100 Not-used
11242-030.1 591.79 318.53 0.54 20.52 0.00 0.00 0.22 0.18 0.01 0.28 0.01 0.04 0.00 0.52 0.05 0.00 255.09 3.07 176.95 47.04 -45.04 0.00 255 1.5 100 Not-used
11242-031.2 63.79  49.45 0.78 2,52 0.00 0.00 0.41 0.29 0.02 0.39 0.02 0.05 0.00 0.30 0.06 0.00 290.32 435 629.99 106.66 55.13 0.00 290 2.2 100 Not-used
11242-034.1 89.49 48.42 0.54 6.11 0.00 0.00 0.13 0.19 0.01 0.62 0.02 0.08 0.00 0.46 0.06 0.00 493.07 7.32 47352 6547 -4.29 0.55 493 36 0 Used
11242-035.1 450.25 160.12 0.36 13838 0.00 0.00 0.04 0.12 0.00 6.45 0.09 0.36 0.00 0.96 0.13 0.00 1971.65 21.80 2108.41 6.13 7.52 0.00 2099 2.8 100 Not-used
11242-037.2 184.22 74.66 0.41 6.19 0.00 0.00 0.53 0.13 0.01 0.26 0.01 0.04 0.00 0.41 0.05 0.00 247.16 445 109.51 96.04 -128.13 0.00 247 2.2 0 Used
11242-038.1 438.07 27299 0.62 19.75 0.00 0.00 0.52 0.22 0.01 0.37 0.01 0.05 0.00 0.54 0.05 0.00 329.72 527 22544 5867 -47.46 0.00 329 2.6 100 Not-used
11242-040.1 916.18 439.60 0.48 34.49 0.00 0.00 0.11 0.16 0.00 0.31 0.01 0.04 0.00 0.69 0.05 0.00 276.50 3.25 25045 29.21 -10.62 0.07 276 1.6 0 Used
11242-041.2 33032 6543 020 1163 0.00 0.00 0.12 0.06 0.00 0.28 0.01 0.04 0.00 0.56 0.05 0.00 259.04 3.13 19649 42.69 -32.48 0.00 259 1.6 0 Used
11242-046.1 130.42 63.48 0.49 4.73  0.00 0.00 279 0.16 0.02 0.32 0.08 0.04 0.00 0.09 0.05 0.01 266.71 6.22 398.16 584.58 33.70 0.67 267 3.1 0 Used
11242-047.1 208.65 69.10 033 27.12 0.00 0.00 0.08 0.10 0.00 1.47 0.02 0.15 0.00 0.81 0.07 0.00 908.27 10.83 937.79 19.23 3.37 0.01 915 4.8 0 Used
11242-048.1 213.84 23511 1.10 11.98 0.00 0.00 0.39 0.35 0.01 0.50 0.01 0.07 0.00 0.58 0.06 0.00 407.16 6.83 44490 54.16 8.75 017 408 34 0 Used
11242-049.1 376.03 121.19 032 1091 0.00 0.00 0.19 0.11 0.01 0.25 0.01 0.03 0.00 0.54 0.05 0.00 214.15 2.92 327.39 49.00 35.17 0.00 214 1.5 100 Not-used
11242-050.1 179.44 111.59 0.62 4575 0.00 0.00 0.11 0.19 0.00 4.31 0.06 0.30 0.00 0.91 0.11 0.00 1675.53 19.11 1720.54 11.15 2.97 0.00 1709 4.8 0 Used
11242-051.1 198.88  99.19 050 12.10 0.00 0.00 0.34 0.16 0.01 0.54 0.01 0.07 0.00 049 0.06 0.00 441.24 551 41594 5179 -6.29 0.33 441 27 0 Used
11242-052.1 189.71 229.96 1.21 6.75 0.00 0.00 0.12 0.39 0.02 0.32 0.01 0.04 0.00 0.56 0.06 0.00 261.59 5.02 45523 63.76 43.40 0.00 262 2.5 100 Not-used
11242-053.1 173.92 7895 045 3513 0.00 0.00 0.11 0.15 0.00 3.02 0.06 0.24 0.00 0.88 0.09 0.00 1361.42 21.21 1492.32 17.24 9.73 0.00 1441 6.7 100 Not-used
11242-054.1 124.11 72.19 0.58 520 0.00 0.00 0.98 0.19 0.02 0.36 0.03 0.05 0.00 0.25 0.05 0.00 307.08 5.40 369.86 157.43 17.38 0.43 307 2.7 0 Used
11242-055.1 21412 201.72 0.94 79.23 0.00 0.00 0.08 0.28 0.00 9.12 0.13 0.43 0.01 0.89 0.15 0.00 2309.20 24.67 2385.14 11.36 3.79 0.00 2372 51 0 Used
11242-056.1 30.77 24.69 0.80 8.54 0.00 0.00 -0.06 0.27 0.01 4.92 0.11 0.32 0.01 0.81 0.11 0.00 1804.69 29.00 1807.63 24.38 0.19 0.88 1806 9.3 0 Used
11242-059.1 170.02 142.29 0.84 52.26 0.00 0.00 0.06 0.26 0.01 6.09 0.09 0.36 0.00 093 0.12 0.00 1971.98 22.15 2005.82 8.89 1.96 0.00 2001 4.1 0 Used
11242-060.1 55.72 3592 0.64 18.14 0.00 0.00 0.12 0.21 0.01 6.86 0.12 0.38 0.01 0.88 0.13 0.00 2071.16 27.96 2116.67 15.20 2.51 0.00 2106 6.6 0 Used
11242-061.1 69.19 4252 061 27.86 0.00 0.00 0.14 0.19 0.00 10.69 0.17 0.47 0.01 092 0.17 0.00 2478.12 30.55 2512.11 10.43 1.63 0.03 2509 4.9 0 Used
11242-062.1 126.99 47.59 037 3257 0.00 0.00 0.05 0.11 0.00 4.27 0.06 0.30 0.00 0.89 0.10 0.00 1684.43 19.96 1693.28 12.54 0.59 0.45 1691 53 0 Used
11242-066.1 402.12 187.64 047 23.74 0.00 0.00 0.04 0.16 0.00 0.52 0.01 0.07 0.00 0.75 0.06 0.00 428.57 5.07 417.87 2433 -2.65 0.39 428 25 0 Used
11242-067.1 70.62 186.01 2.63 19.81 0.00 0.00 0.05 0.80 0.01 5.04 0.09 0.33 0.00 0.87 0.11 0.00 1821.98 23.71 1831.25 15.61 0.58 0.51 1828 6.5 0 Used
11242-068.1 178.41  80.21 045 1159 0.00 0.00 0.09 0.15 0.01 0.60 0.01 0.08 0.00 0.61 0.06 0.00 470.00 5.89 503.64 36.70 6.93 0.07 471 29 0 Used
11242-070.1 515.20 191.09 0.37 175.61 0.00 0.00 0.02 0.11 0.00 7.56 0.10 0.40 0.01 0.98 0.14 0.00 2154.29 24.43 2204.69 4.45 2.69 0.00 2203 2.1 0 Used
11242-071.1 554.77 166.79 030 16.17 0.00 0.00 0.31 0.09 0.00 0.23 0.01 0.03 0.00 049 0.05 0.00 215.12 2.55 13456 50.34 -60.87 0.00 215 13 0 Used
11242-072.1 487.73 265.48 0.54 135.93 0.00 0.00 0.11 0.17 0.00 5.42 0.10 0.32 0.01 0.98 0.12 0.00 1811.37 28.26 1972.86 6.81 9.38 0.00 1965 3.1 100 Not-used
11242-074.1 250.57 209.81 0.84 12.79 0.00 0.00 0.62 0.28 0.01 0.42 0.01 0.06 0.00 049 0.05 0.00 372.23 630 22559 70.72 -66.91 0.00 370 3.1 100 Not-used
11242-076.1 284.65 125.73 0.44 10.56 0.00 0.00 0.15 0.15 0.01 0.32 0.01 0.04 0.00 0.53 0.05 0.00 27251 3.33 363.70 45.03 25.61 0.00 273 1.7 100 Not-used
11242-077.1 482.82 69295 144 1539 0.00 0.00 0.41 0.48 0.01 0.25 0.01 0.04 0.00 048 0.05 0.00 234.92 3.13 93.88 5887 -152.99 0.00 234 1.6 100 Not-used
11242-078.1 246.11 79.30 0.32 9.74 0.00 0.00 0.90 0.08 0.01 0.30 0.01 0.05 0.00 0.32 0.05 0.00 290.24 4.11 46.60 103.83 -534.73 0.00 289 2.0 100 Not-used
11242-079.1 372.25 311.39 0.84 21.73 0.00 0.00 0.55 0.26 0.01 0.49 0.01 0.07 0.00 0.8 0.05 0.00 423.75 722 29311 56.18 -46.06 0.00 421 3.6 100 Not-used
11242-081.1 781.95 411.07 0.53 2332 0.00 0.00 0.09 0.18 0.01 0.25 0.00 0.03 0.00 0.71 0.05 0.00 219.98 2.70 260.67 28.36 15.88 0.00 220 13 0 Used
11242-082.1 120.16 89.61 0.75 13.96 0.00 0.00 0.04 0.22 0.01 1.26 0.02 0.14 0.00 0.74 0.07 0.00 817.61 10.41 859.07 25.89 5.14 0.00 823 49 0 Used
11242-083.1 256.19 148.78 0.58 18.17 0.00 0.00 0.59 0.17 0.01 0.65 0.02 0.08 0.00 0.54 0.06 0.00 511.47 821 484.77 58.08 -5.73 0.36 511 4.1 0 Used
11242-084.1 239.61 247.59 1.03 1415 0.00 0.00 -0.19 0.35 0.01 0.57 0.01 0.07 0.00 0.73 0.06 0.00 428.68 749 607.88 36.72 30.47 0.00 432 3.7 100 Not-used
11242-085.1 600.65 162.49 0.27 24.76 0.00 0.00 0.03 0.10 0.00 0.36 0.01 0.05 0.00 0.80 0.05 0.00 302.12 4.83 39039 27.10 23.14 0.00 304 2.4 100 Not-used
11242-086.1 250.75 224.43 0.90 13.20 0.00 0.00 -0.08 0.30 0.01 0.46 0.01 0.06 0.00 0.63 0.05 0.00 383.33 4.67 39652 34.90 3.43 0.46 384 23 0 Used
11242-090.1 34497 292.62 0.85 12.44 0.00 0.00 0.21 0.29 0.01 0.31 0.01 0.04 0.00 0.56 0.05 0.00 265.19 3.59 325.04 46.44 18.80 0.01 265 1.8 0 Used
11242-091.1 262.67 156.04 0.59 112.18 0.00 0.00 0.17 0.17 0.00 11.08 0.21 0.50 0.01 098 0.16 0.00 2601.74 39.57 2472.56 6.42 -6.35 0.00 2476 3.3 100 Not-used
11242-092.1 338.68 292.25 0.86 30.65 0.00 0.00 0.35 0.29 0.01 0.91 0.02 0.11 0.00 0.75 0.06 0.00 645.77 11.03 706.48 34.16 9.03 0.00 651 5.3 100 Not-used
11242-093.1 335.05 264.53 0.79 12.96 0.00 0.00 0.44 0.25 0.01 0.32 0.01 0.05 0.00 041 0.05 0.00 284.01 3.47 246.73  63.40 -15.44 0.24 284 1.7 0 Used
11242-094.1 428.15 34439 0.80 16.86 0.00 0.00 031 0.27 0.01 0.33 0.01 0.05 0.00 0.63 0.05 0.00 288.92 4.56 298.61 45.44 332 067 289 23 0 Used
11242-095.1 158.13  63.72 0.40 8.98 0.00 0.00 0.87 0.12 0.01 0.47 0.02 0.07 0.00 031 0.05 0.00 412.57 534 26633 93.87 -56.69 0.00 412 27 0 Used
11242-096.1 248.54 57.01 0.23 10.55 0.00 0.00 0.84 0.09 0.01 0.33 0.02 0.05 0.00 0.30 0.05 0.00 311.07 5.75 135.03 141.28 -133.55 0.01 311 29 0 Used
11242-097.1 101.05  69.98 0.69 7.69 0.00 0.00 0.13 0.23 0.01 0.73 0.02 0.09 0.00 0.63 0.06 0.00 547.51 899 60250 45.90 9.52 0.02 549 44 0 Used
11242-098.1 215.06 82.73 038 11.74 0.00 0.00 0.18 0.13 0.01 0.50 0.01 0.06 0.00 0.55 0.06 0.00 397.22 492 48254 4244 18.23 0.00 398 2.5 100 Not-used
11242-099.1 31563 124.69 0.40 106.81 0.00 0.00 0.03 0.13 0.00 7.49 0.26 0.39 0.00 036 0.14 0.00 2141.09 22.97 2200.34 56.70 3.16 0.06 2149 10.7 0 Used
11242-101.1 116.18 98.79 0.85 835 0.00 0.00 0.13 0.29 0.01 0.68 0.02 0.08 0.00 0.64 0.06 0.00 517.70 8.62 558.00 45.92 7.52 0.09 519 4.2 0 Used
11242-102.1 139.58  49.97 0.36 6.38  0.00 0.00 0.52 0.10 0.01 0.37 0.02 0.05 0.00 031 0.05 0.00 334.11 442 22038 9555 -52.96 0.01 334 22 0 Used
11242-104.1 21.52 15.43 0.72 5.78 0.00 0.00 0.88 0.22 0.01 4.63 0.15 0.31 0.01 0.62 0.11 0.00 1753.65 31.68 1755.74 47.30 0.14 0.94 1754 13.2 0 Used

11242-105.1 21541 176.01 0.82 8.76  0.00 0.00 0.36 0.29 0.01 0.34 0.01 0.05 0.00 0.46 0.05 0.00 298.02 4.41 32365 6553 8.10 0.44 298 2.2 0 Used
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Isotope Ratios Model Age (Ma) Bestage + Used in

Analysis u Th Th 206Pb* 204Pb % 204Pb 208*Pb +208Pb 207*Pb +207Pb 206*Pb +206Pb Corr 207*Pb #207Pb 206Pb £206Pb 207Pb +207Pb Disc. study
*

*

Cape O'Brien Member, Bjorne Formation, Olenekian, 79.564, -83.317

11243-001.1 7853 5690 072 1210 000  0.00 054 023 001 180 005 018 000 057 007 000 106323 1431 100856 42.93 5.88 001 1057.33 67 0 Used
11243-002.1 1837 1257 068 283 000  0.00 175 017 002 18 013 018 000 031 007 001 106320 2172 1041.09 139.00 230 075 1062.65 10.7 O Used
112430031 3227 1843 057 519 000  0.00 091 019 001 203 010 019 001 062 008 000 110537 29.47 116809 73.56 584 012 111336 138 0 Used
11243-004.1 7827 6120 078 2015 0.00  0.00 023 023 001 432 008 030 000 08 010 000 1689.62 21.63 170617 1851 110 024 169917 7.0 0 Used
112430051 38413 2670 0.07 2255 0.00  0.00 025 002 000 051 001 007 000 068 005 000 42619 589 389.00 34.36 9.88 003 42501 29 0 Used
112430061 8023 57.98 0.72 474 000  0.00 110 022 003 050 003 007 000 024 005 000 42878 620 32000 13991  -35.14 0.1 42848 3.1 0 Used
11243-007.1  329.11 15507 047 1956 0.00  0.00 037 016 001 052 001 007 000 055 005 000 43124 517 40673 42.36 6.23 025 43086 26 O Used
112430081 14732 5266 036 3188 0.00  0.00 018 010 000 323 006 025 000 074 009 000 144835 17.25 148810 23.13 298 001 146231 7.0 0 Used
11243-009.1  521.68 4541 0.09 4633 000  0.00 008 004 000 092 002 010 000 095 006 000 63417 1448 75588 15.80 1690 000 689.46 5.5 100 Not-used
112430101  407.17 154.03 038 7042 0.00  0.00 011 013 000 213 003 020 000 090 008 000 118253 14.96 111690 13.21 6.43 000 114573 4.9 100 Not-used
11243-011.1 1909 2365 124 461 000  0.00 067 040 005 349 023 028 001 034 009 001 159656 32.60 1427.79 120.67  -13.35 0.00 1582.28 155 0 Used
112430121 22751 7305 032 3367 000  0.00 000 011 000 175 003 017 000 087 007 000 102471 12.00 1029.67 14.57 052 060 102671 4.6 0 Used
112430131 29235 9025 031 4421 000  0.00 027 011 000 177 003 018 000 081 007 000 104529 12.01 101531 1827 320 001 103608 50 0 Used
112430141 18480 5071 0.27 29.48 0.00  0.00 009 009 000 199 003 019 000 083 008 000 1098.03 13.02 113686 17.02 371 000 111214 52 0 Used
112430151  42.63 4548 107 1901 000  0.00 024 030 001 1313 024 052 001 091 018 000 2695.16 36.43 2684.86 12.30 0.47 059 268592 5.8 O Used
112430161  123.07 4512 037 2071 0.00  0.00 000 012 000 215 003 020 000 084 008 000 1153.04 1421 118815 17.25 323 000 1167.08 55 0 Used
112430171 5137 3490 0.68 800 0.00  0.00 060 020 001 184 006 018 000 052 007 000 1073.40 1559 1027.76 52.88 482 009 1069.49 7.4 0 Used
112430181  487.90 132624 2.72 21215 0.00  0.00 002 080 001 1272 016 051 001 099 018 000 264038 26.16 2673.03  3.37 149 001 267251 1.6 0 Used
112430201 41569 10451 025 5675 0.00  0.00 009 008 000 155 002 016 000 088 007 000 95082 1077 950.08 13.51 008 093 950.53 42 0 Used
112430211  137.89 5657 041 824 000  0.00 019 012 001 055 001 007 000 051 006 000 43351 561 51110 50.08 1570 000 43424 2.8 0 Used
11243-023.1 1994 4233 212 508 000  0.00 087 066 002 411 015 030 001 057 010 000 1672.83 31.68 1636.89 56.86 249 027 1664.08 13.8 0 Used
11243-024.1 1691 891 053 534 000  0.00 079 015 001 642 021 037 001 070 013 000 201669 38.99 205351 40.71 209 019 203417 142 0 Used
112430251 9828 5122 0.52 2163 0.00  0.00 020 016 001 327 006 026 000 081 009 000 147033 1838 148159 19.51 085 040 147561 67 0 Used
112430261  186.02 80.46 043 29.87 0.00  0.00 009 013 000 198 003 019 000 083 008 000 110484 13.07 111218 17.02 072 049 110756 52 0 Used
112430271 12122 12311 102 5019 0.00  0.00 008 030 000 1125 016 048 001 095 017 000 253590 28.60 2550.91  7.79 071 031 2549.88 3.7 0 Used
112430281 14052 5899 042 2095 0.00  0.00 020 013 001 176 003 017 000 074 007 000 103162 12.66 1023.56 24.56 0.85 056 1029.92 5.6 0 Used
112430291  943.81 28801 031 16231 0.00  0.00 000 010 000 218 003 020 000 096 008 000 117638 1273 1169.57 637 0.64 034 117095 29 0 Used
112430301 5097 27.83 0.55  7.87 0.00  0.00 020 021 001 201 005 018 000 065 008 000 106568 15.60 1219.02 36.56 13.64 000 1084.74 7.4 100 Not-used
112430311 21878  60.05 0.27 3819 0.00  0.00 015 009 000 223 003 020 000 084 008 000 119261 13.85 118684 16.22 053 059 1190.18 53 0 Used
112430321  540.86 316.84 0.59 149.00 0.00  0.00 006 018 000 48 006 032 000 097 011 000 179324 2024 1781.03  5.60 0.79 025 178191 27 0 Used
11243-033.1 7081 3050 043 1456 000  0.00 010 014 001 298 006 024 000 080 009 000 1383.86 18.75 142808 2166 3.44 000 140258 7.1 0 Used
112430341 12046 10454 0.87 6025 0.00  0.00 015 025 000 1723 024 058 001 096 021 000 2957.91 32.01 2941.05 6.08 071 030 2941.64 3.0 0 Used
112430351 9449 7120 0.75 2538 0.00  0.00 025 024 001 456 008 031 000 084 011 000 175374 21.60 1727.34 1672 -1.75 005 1737.24 66 0 Used
112430361  387.99 139.08 0.36 8301 0.00  0.00 011 011 000 310 004 025 000 093 009 000 143361 1570 1429.79  9.38 030 068 1430.80 4.0 0 Used
112430371 88.83 11166 126 1811 0.00  0.00 047 037 001 281 006 024 000 070 009 000 137293 1752 133302 27.95 332 002 136139 7.4 0 Used
112430381 32809 9740 030 1979 0.00  0.00 019 009 000 053 001 007 000 062 005 000 43751 523 397.08 3489  -1053 002 43651 26 0 Used
11243-039.1  428.75 14674 034 7948 000  0.00 001 011 000 246 003 022 000 094 008 000 125960 13.90 1261.90  8.90 020 078 126123 3.7 0 Used
112430401  158.75 109.03 0.69  9.55 0.0  0.00 043 024 001 054 002 007 000 032 006 000 43639 557 44911 8639 293 077 43644 28 0 Used
112430411 24970 7072 0.28 37.93 0.00  0.00 000 009 000 179 003 018 000 088 007 000 1049.75 12.13 1029.69 13.69 211 003 1040.89 45 0 Used
112430421 20433 9405 046 4219 0.00  0.00 005 014 000 294 004 024 000 089 009 000 138864 1591 139692 12.18 066 041 1393.86 4.8 0 Used
112430431  422.87 21558 051 7431 0.00  0.00 005 016 000 229 003 020 000 092 008 000 1199.79 1336 122603 10.22 235 000 121640 4.1 0 Used
112430441 5885 4204 071 27.68 0.00  0.00 022 020 001 1485 025 055 001 093 020 000 281459 3520 279895 10.18 0.69 039 280016 49 0 Used
112430451 17822 13519 0.76 5327 0.00  0.00 009 024 001 562 009 035 001 095 012 000 192499 25.40 191204 915 0.78 034 191354 43 0 Used
112430461  299.94 9107 030 6800 0.00  0.00 005 009 000 337 004 026 000 093 009 000 1509.96 16.64 1481.62  9.31 215 000 148846 4.1 0 Used
11243-047.1 12450 47.05 038 3439 000  0.00 000 011 000 487 009 032 001 094 011 000 1797.43 25.81 179693 1135 0.03 097 179701 52 0 Used
112430481 25149 30118 120 6359 0.00  0.00 005 037 000 413 006 029 000 093 010 000 166331 18.40 165654  9.00 046 051 1657.86 4.1 0 Used
11243-049.1 10445 59.82 0.57 647 0.00  0.00 000 019 001 062 002 007 000 074 006 000 44895 850 679.82 38.49 3515 0.00 45298 4.2 100 Not-used
112430501 49251 31043 0.63 12427 0.00  0.00 004 020 000 405 005 029 000 096 010 000 166023 17.64 162600  6.38 239 000 163005 3.0 0 Used
112430511  144.84 14072 0.97 3351 0.00  0.00 008 030 001 348 005 027 000 088 009 000 1537.42 17.99 150433 13.52 247 000 151631 54 0 Used
112430521 177.12 5975 034 3039 0.00  0.00 014 011 000 218 003 020 000 082 008 000 1173.86 13.86 117518 17.65 012 091 117437 55 0 Used
112430531 32637 5955 0.18 69.89 0.00  0.00 015 006 000 329 019 025 000 035 010 001 1434.87 2524 154314 100.09 7.82 004 144032 123 0 Used
112430541 15524 4608 030 2509 0.00  0.00 040 009 000 193 004 019 000 070 007 000 1111.16 13.40 105657 26.66 5.63 0.00 1099.59 59 100 Not-used
112430551  100.69 4316 043 2299 0.00  0.00 009 013 001 343 006 027 000 084 009 000 151966 18.73 150092 16.56 -1.40 014 1509.14 62 O Used
112430561  328.86 12848 039 7094 0.00  0.00 005 013 000 312 004 025 000 093 009 000 144417 1599 142873  9.55 121 010 143281 41 0 Used
11243-057.1 13952 8402 0.60 3577 0.00  0.00 009 018 000 421 006 030 000 089 010 000 168352 19.72 166805 12.45 -1.05 019 167248 53 0 Used
112430581  175.86 5879 033 37.54 0.00  0.00 016 011 000 310 006 025 000 092 009 000 143069 2328 143531 14.32 036 074 143405 61 0 Used
11243-059.1  280.83 9553 034 4504 0.00  0.00 016 011 000 196 003 019 000 085 008 000 110358 12.61 1093.65 1542 099 032 1099.59 49 0 Used
11243-060.1 22111 150.84 0.68 1292 0.00  0.00 041 022 001 051 001 007 000 046 005 000 42419 524 38277 5506  -11.18 013 42376 26 0 Used
112430611 9031 4014 044 1442 000  0.00 048 014 001 187 004 019 000 060 007 000 1099.11 14.43 1013.76 38.66 -9.16 0.00 1087.51 6.7 100 Not-used
112430621 99.88 37.97 038 1991 0.00  0.00 023 012 000 280 005 023 000 075 009 000 134508 16.92 1370.67 23.54 207 008 1353.69 69 O Used
112430631 31974 4389 014 4862 000  0.00 012 004 000 178 003 018 000 087 007 000 105059 12.16 1009.59 14.72 -4.40 000 103379 47 0 Used
112430641  150.26 148.84 0.99 3637 0.00  0.00 015 031 001 395 006 028 000 088 010 000 160028 18.62 165527 13.15 375 000 1637.12 54 0 Used
112430651 5130 1030 020 1405 0.00  0.00 040 005 000 477 010 032 001 077 011 000 178412 24.62 177508 23.96 0.58 0.60 1779.47 86 0 Used
11243.067.1 35327 10635 030 4697 0.00  0.00 015 009 000 149 002 015 000 084 007 000 92762 1076 92353 1627 048 068 92637 45 0 Used
112430681 12067 8361 0.69 3010 0.00  0.00 018 022 001 402 006 029 000 086 010 000 164327 1952 1632.76 14.94 0.73 039 1636.64 59 0 Used
11243-069.1  261.65 130.94 0.50 40.78 0.0  0.00 004 017 000 190 003 018 000 088 008 000 107494 1239 1090.29 13.78 153 010 108178 4.6 0 Used
112430701 10114 4256 042 1595 0.00  0.00 052 012 001 190 004 018 000 062 008 000 1086.64 13.82 107164 34.96 152 042 108458 6.4 0 Used
112430711  387.02 7675 020 10441 0.00  0.00 000 007 000 516 007 031 000 097 012 000 176073 18.86 194340 591 10.73 000 19292 2.6 100 Not-used
11243-072.1 7594 5269 0.69 2202 000  0.00 036 021 001 536 009 034 000 083 012 000 1875.16 23.53 188381 17.43 053 055 1880.74 7.0 0 Used
112430731 6879 7221 105 1675 0.00  0.00 021 032 001 398 007 028 000 081 010 000 1608.66 20.93 1657.29 19.86 332 000 163413 7.2 0 Used
11243-074.1 77.76 3818 049 1136 0.00  0.00 023 016 001 176 004 017 000 066 007 000 101294 13.57 106846 33.54 561 000 102019 63 0 Used
112430751 8471 4303 051 1842 000  0.00 013 016 001 326 006 025 000 081 009 000 1455.02 18.44 149549 19.08 3.02 000 147444 67 0 Used
112430761 23490 89.89 038 1379 0.00  0.00 046 013 001 049 001 007 000 046 005 000 42627 520 30620 5567  -40.53 0.00 42480 2.6 100 Not-used
112430771 90.04 5001 0.56 1508 0.00  0.00 029 019 001 212 004 019 000 070 008 000 1148.15 14.81 117213 28.80 223 014 115305 66 0 Used
11243-078.1 1481 1299 088 225 000  0.00 330 027 003 147 019 018 000 019 006 001 104895 23.83 609.71 27696  -78.13 0.00 1042.27 118 100 Not-used
112430791 29121 9977 034 5269 0.00  0.00 005 011 000 240 003 021 000 091 008 000 1232.18 13.88 1262.24 1134 262 000 125024 44 0 Used
112430801 3494 1350 039 867 000  0.00 081 010 001 391 011 029 001 062 010 000 1636.64 25.11 1589.98 4118 332 005 1623.60 106 O Used
112430811 13722 5108 037 1975 0.00  0.00 025 011 000 170 003 047 000 072 007 000 99859 1225 102492 26.06 277 007 100321 56 0 Used
112430821 4557 264 0.06 1086 0.00  0.00 058 001 000 372 010 028 000 058 010 000 1578.03 22.48 1574.02 42.47 029 087 157715 99 0 Used
112430831  59.80 2501 042 2809 0.00  0.00 012 012 000 1575 025 055 001 094 021 000 281233 3422 289642 871 358 000 289150 4.1 0 Used
112430841 27854 13596 049 72.88 0.00  0.00 009 015 000 456 006 030 000 094 011 000 171407 1873 177614 833 3.98 000 176622 3.7 0 Used
112430851 8292 6367 0.77 1294 0.00  0.00 029 026 001 185 003 018 000 066 007 000 107634 12.11 103518 27.97 432 001 1069.54 55 0 Used
112430861  133.99 8460 0.63 7.98 000  0.00 021 022 001 055 001 007 000 051 006 000 43203 480 499.64 42.87 13.99 000 43269 2.4 0 Used
11243-087.1 7004 5515 079 2819 0.00  0.00 011 024 000 1055 014 047 001 093 016 000 247720 25.47 248936  8.24 059 036 248821 39 0 Used
112430881  89.08 10002 112 2614 0.00  0.00 025 033 001 524 007 034 000 08 011 000 189461 1970 1819.83 12.65 474 000 184191 53 0 Used
11243-089.1  160.67 5517 034 7276 0.00  0.00 008 010 000 1390 026 053 001 091 019 000 272957 37.74 2752.23 13.01 101 026 2749.85 6.1 0 Used
11243-090.1  489.46 280.75 0.57 2869 0.00  0.00 003 020 001 053 001 007 000 081 006 000 42558 675 47841 2595 11.41 000 42844 3.3 100 Not-used
11243-091.1  217.99 137.98 0.63 29.09 0.00  0.00 018 019 001 151 003 016 000 078 007 000 93101 1466 937.96 27.47 080 0.66 93254 65 0 Used
112430921 12361 5857 047 57.50 0.00  0.00 010 014 000 1440 026 054 001 097 019 000 2789.60 38.98 2767.30  7.65 099 026 276814 3.8 0 Used
112430931 16415 11477 0.70 4105 0.00  0.00 020 021 001 401 008 029 000 088 010 000 1647.05 24.88 162229 16.85 <173 010 163010 7.0 O Used
112430941 9040 9171 101 2523 0.00  0.00 007 030 001 524 011 032 001 088 012 000 1813.81 2848 1910.76 17.06 5.82 0.00 1885.76 7.2 100 Not-used
112430951  237.75 12405 0.52 5167 0.00  0.00 013 016 000 331 006 025 000 091 009 000 1454.02 21.87 152387 14.72 512 000 1502.45 6.1 100 Not-used
11243-096.1 7067 3447 049 1562 0.00  0.00 027 014 001 330 008 026 000 076 009 000 1475.77 24.45 149115 30.39 115 043 148178 9.6 0 Used
11243-097.1 49221 18657 038 9620 0.00  0.00 005 012 000 268 005 023 000 096 009 000 1321.48 19.43 132500 888 029 074 132439 40 0 Used
112430981  47.62 2447 051 868 000  0.00 048 015 001 239 008 021 000 058 008 000 124043 22.42 124046 54.95 000 1.00 1240.44 104 0 Used
11243-099.1 2860 2533 0.89 862 000  0.00 071 027 001 560 018 035 001 067 012 000 1938.15 36.93 1892.30 44.01 281 011 191893 140 O Used
112431001 9579 11958 125 2580 0.00  0.00 032 037 001 473 010 031 001 084 011 000 175806 27.66 1791.40 21.21 213 005 177907 84 0 Used
112431011  65.41 17603 269 29.08 0.00  0.00 015 079 001 1346 027 052 001 093 019 000 2689.04 4124 273011 12.36 184 006 272679 58 0 Used
112431031 70038 6596 0.09 327.55 0.00  0.00 002 003 000 1488 024 054 001 099 020 000 2802.02 3691 281157 3.16 042 061 281150 16 0 Used
112431032 227.69 8211 036 14247 0.00  0.00 005 010 000 3389 058 073 001 098 034 000 3527.60 4573 365118  4.59 439 000 365002 22 O Used
112431041 12508 9863 0.79 50.82 0.00  0.00 002 025 001 1072 020 047 001 095 016 000 2496.80 3632 250173  9.67 024 079 2501.40 4.7 0 Used
112431051 11529 4634 040  7.30 000  0.00 106 010 001 059 004 007 000 026 006 000 45856 7.96 52071 145.16 1236 040 45871 4.0 O Used
112431061 28170 4698 0.7 3801 0.00  0.00 019 005 000 153 003 016 000 081 007 000 94063 1466 947.81 24.95 081 0.62 94246 63 0 Used
112431071 55.17 1309 0.24  7.82 0.00  0.00 114 006 001 150 008 016 000 036 007 000 98436 1803 80252 10722  -2444 000 97752 8.8 100 Not-used
112431081 10758 6522 0.61 29.87 0.00  0.00 003 019 001 548 011 032 001 091 012 000 180576 27.52 2000.38 14.06 11.15 000 196307 6.0 100 Not-used
11243-109.1 22354 11061 049 1335 000  0.00 047 017 001 053 003 007 000 031 006 000 43341 7.3 43385 114.64 011 099 43341 36 0 Used
11243-110.1 2691 084 003 763 000  0.00 033 002 001 541 016 033 001 073 012 000 1838.42 3566 1941.29 37.06 6.09 0.00 1886.82 13.0 100 Not-used
112431111 45153 24321 054 117.23 000  0.00 006 016 000 453 008 030 000 097 011 000 1702.46 2439 177639  7.06 473 000 177101 33 0 Used
112431121 3022 4643 154 1062 000  0.00 065 043 004 853 024 041 001 078 015 000 221161 4058 2359.04 29.35 738 0.00 230840 119 100 Not-used
112431131 17822 10111 0.57 8048 0.00  0.00 013 017 000 1446 026 053 001 097 020 000 272339 37.99 282213  7.27 429 000 281883 3.4 0 Used
112431141 73.05 2571 035 1440 000  0.00 046 011 001 267 008 023 000 065 008 000 1332.08 2259 1299.06 42.95 281 017 132472 99 0 Used
112431161 4036 3492 0.87 7.89 000  0.00 012 028 001 279 008 023 000 069 009 000 1321.95 24.86 1400.68 42.27 622 000 134095 10.9 0 Used
11243-117.1  246.85 9498 038 4262 0.00  0.00 002 011 000 220 004 020 000 089 008 000 1180.71 1821 1182.81 17.39 019 087 1181.81 63 0 Used

11243-118.1 162.26  42.98 0.26 22.48 0.00 0.00 0.20 0.09 0.01 1.58 0.04 0.16 0.00 0.74 0.07 0.00 964.05 1545 959.08 32.28 -0.56 0.78 963.12 7.0 0 Used
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Appendix C: Zircon Hf Isotopic Data
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Table DR3: Zircon Hf isotopic data

176Hf/ 176Hf/177THf 176Lu/ Detrital- 176Yb/ 176Hf/ Model Age

Sample 177Hf +2SE bias corrected +2SE 177Hf zircon Age 1o 177Hf  177Hf(t) cHf cHf(t) + (Ma)
Sverdrup Basin: this study
11242-071_all 0.28231 3.80E-05 0.282352 3.80E-05  8.90E-04 215 3 0.00089 0.2823488 -15.30 -10.65 135 1490
11242-081_all 0.28260 3.60E-05 0.282640 3.60E-05  2.37E-03 220 3 0.00237 0.2826306  -5.11 -056  1.27 990
11242-014_all 0.28279 6.40E-05 0.282824 6.40E-05  2.20E-03 230 3 0.00220 0.2828149 1.39 6.18 2.26 661
11242-077_all 0.28274 5.80E-05 0.282781 5.80E-05  1.88E-03 234 3 0.00188 0.2827732  -0.13 479 2.05 734
11242-037.2 0.28262 5.36E-05 0.282659 5.36E-05  1.21E-03 247 4 0.00121 0.2826533  -4.46 0.83 1.90 942
11242-030.1 0.28262 3.53E-05 0.282658 3.53E-05  2.02E-03 255 3 0.00202 0.282648  -4.50 082 125 949
11270-092.2 0.28268 4.62E-05 0.282721 4.62E-05  1.34E-03 262 5 000134 0.2827143  -2.27 332 163 830
11242-052_all 0.28270 2.90E-05 0.282740 2.90E-05  1.25E-03 262 5 0.00125 0.2827343  -1.58 403 1.20 795
11242-090_all 0.32435 7.87E-04 0.282793 3.40E-05  1.35E-03 265 4 0.00135 0.2827863 0.28 595 1.20 702
11242-046.1 0.28241 4.69E-05 0.282450 4.69E-05  1.45E-03 267 6 0.00145 0.2824432 -11.83 -6.16  1.66 1308
11242-076.1 0.28227 3.18E-05 0.282314 3.18E-05  6.83E-04 273 3 0.00068 0.2823109 -16.64 -10.70 120 1541
11242-040.1 0.28242 2.72E-05 0.282463 2.72E-05  1.37E-03 276 3 0.00137 0.2824562 -11.38 -549 1.20 1283
11242-015.2 0.28227 5.37E-05 0.282307 5.37E-05  1.13E-03 277 8 0.00113 0.2823009 -16.91 -10.97  1.90 1557
11270-050.1 0.28212 8.10E-05 0.282162 8.10E-05  6.44E-03 279 5 0.00644 0.2821284 -22.03 -17.02  2.87 1862
11242-013.2 0.28263 3.25E-05 0.282673 3.25E-05  3.13E-03 284 3 0.00313 0.2826565  -3.96 177 115 926
11242-093.1 0.28256 4.40E-05 0.282601 4.40E-05  1.25E-03 284 3 0.00125 0.2825943  -6.51 -043  1.56 1036
11242-094.1 0.28248 6.22E-05 0.282524 6.22E-05  2.41E-03 289 5 0.00241 0.2825105  -9.25 -328 220 1183
11242-078.1 0.28242 3.84E-05 0.282457 3.84E-05  1.44E-03 289 4 0.00144 0.2824492 -11.60 -544  1.36 1291
11242-031_all 0.28208 3.60E-05 0.282123 3.60E-05  6.30E-04 290 4 0.00063 0.28212  -23.40 -17.07 128 1873
11242-105.1 0.28285 5.32E-05 0.282892 5.32E-05  1.05E-03 298 4 0.00105 0.2828858 3.77 10.20 1.88 516
11242-085.1 0.28257 5.87E-05 0.282605 5.87E-05  1.47E-03 304 5 0.00147 0.2825965  -6.37 0.10 2.08 1026
11242-096.1 0.28268 5.83E-05 0.282720 5.83E-05  2.05E-03 311 6 0.00205 0.2827078  -2.31 418 2.06 828
11242-38_all 0.28275 5.52E-05 0.282788 5.52E-05  3.10E-03 329 5 0.00310 0.282769 0.12 6.76  1.95 714
11242-102_all 0.28290 3.80E-05 0.282943 3.80E-05  2.79E-03 334 4 0.00279 0.282926 5.60 1242 134 435
Siberian craton: Malitch et al., 2010
844-1 7.1 0.282907 8.20E-05 2.99E-03 229 0.1347 0.282894 9 14 520
844-6_28.2 0.282777 4.40E-04 2.51E-03 233 0.0973 0.282766 45 7.8 700
844-1 22.1 0.283007 9.20E-05 2.23E-03 235 0.1111 0.282997 12.7 1.6 360
844-1 26.1 0.282983 6.40E-05 2.82E-03 237 0.1154 0.282971 118 11 400
844-1 24.1 0.282917 6.20E-05 1.70E-03 240 0.0787 0.282909 9.7 11 480
844-1 6.1 0.282956 6.80E-05 3.64E-03 242 0.1709  0.28294 10.8 1.2 450
844-6_33.1 0.283066 8.20E-05 2.25E-03 243 0.0877 0.283056 15 14 270
844-1 3.1 0.282832 6.40E-05 2.21E-03 245 0.0956 0.282822 6.7 11 620
844-1 12.1 0.282869 8.60E-05 3.61E-03 246 0.1676 0.282852 7.8 15 580
844-6_35.1 0.282856 9.80E-05 1.54E-03 248 0.0658 0.282849 7.8 17 570
844-1 14.1 0.282913 8.60E-05 1.90E-03 249 0.0868 0.282904 9.7 15 490
844-1 20.1 0.282962 1.62E-04 2.05E-03 249 0.0742 0.282952 115 2.9 420
844-10,11_40.1 0.282825 4.00E-05 2.71E-03 249 0.1209 0.282812 6.5 0.7 630
844-10,11_41.1 0.283078 1.06E-04 2.46E-03 249 0.1103 0.283067 155 1.9 260
844-1 2.1 0.283073 1.12E-04 3.23E-03 250 0.1898 0.283058 15.2 2 270
844-1 15.1 0.282992 7.60E-05 3.22E-03 253 0.1311 0.282977 12.4 13 390
844-6_36.1 0.283101 1.30E-04 3.37E-03 255 0.1308 0.283085 16.3 2.3 230
844-1 13.1 0.282887 9.80E-05 3.04E-03 255 0.1162 0.282873 8.8 17 550
844-1 16.1 0.282825 8.80E-05 3.10E-03 256 0.1132  0.28281 6.6 1.6 640
844-6_28.1 0.282767 2.20E-04 1.91E-03 257 0.0687 0.282758 4.8 3.9 710
844-1 10.2 0.282765 8.80E-05 2.33E-03 265 0.0697 0.282753 4.8 1.6 720
844-7_37.2 0.282692 2.40E-04 2.38E-03 270 0.0739  0.28268 2.3 4.2 820
844-1 10.1 0.28282 5.20E-05 2.14E-03 338 0.0766 0.282806 8.3 0.9 630
844-7_37.1 0.282796 1.92E-04 2.34E-03 355 0.0666  0.28278 7.7 3.4 670
Devonian Clastic Wedge: Anfinson et al. 2012b
PArry_71b 0.282706 5.70E-05 1.08E-03 383 0.04551 -2.78 548  2.02 823
Parryl_82 0.282777 4.20E-05 5.08E-04 383 0.0189 -0.29 811 149 692
Parryl_58 0.28277 5.20E-05 1.05E-03 404 0.042 -0.52 82 184 705
Parry2_30 0.282683 6.90E-05 2.22E-04 422 0.00777 -3.6 575 244 842
Parryl 67 0.282625 6.70E-05 7.76E-04 427 0.03334 -5.64 3.65 2.36 951
Parry2_27 0.282536 8.30E-05 3.37E-04 428 0.0108 -8.8 0.64 295 1103
Parryl_38 0.282608 5.70E-05 1.06E-03 438 0.04342 -6.28 318 2.02 984
Parryl_47 0.282459 5.30E-05 9.52E-04 439 0.03785 -11.52 -202 188 1245
Parry2_109 0.282704 6.30E-05 4.21E-03 441 0.18129 -2.88 572 222 859
Parry2_10 0.282602 4.90E-05 6.80E-04 450 0.0283 -6.48 33 174 985
Parryl_29 0.282417 6.60E-05 7.04E-04 519 0.03261 -13.02 -1.7 234 1295
Parry2_63 0.282634 5.50E-05 2.75E-04 523 0.00984 -5.32 6.25 1.93 901
Parryl 96 0.282577 4.30E-05 1.64E-03 526 0.07175 -7.34 382 152 1025
Parryl_27 0.282589 5.20E-05 9.60E-04 527 0.04128 -6.94 448 1.86 993
Parryl_75 0.282572 5.20E-05 1.20E-03 530 0.05057 -7.52 388 184 1026
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Parry2_71 0.282566 5.20E-05 6.03E-04 533 0.02607 -7.73 394 183 1025
Parryl_73 0.282624 6.10E-05 9.55E-04 535 0.03373 -5.69 59 216 929
Parryl_62 0.282469 4.00E-05 6.53E-04 536 0.02702 -11.18 053 141 1198
Parryl_48 0.282526 4.90E-05 4.72E-04 541 0.02019 -9.16 274 172 1092
Parryl_106 0.28256 4.90E-05 6.47E-04 541 0.02781 -7.95 388 172 1035
Parryl_64 0.282572 4.90E-05 1.31E-03 549 0.05332 -7.52 425 173 1023
Parryl_103 0.282604 3.80E-05 8.60E-04 651 0.03254 -6.41 776 134 932
Parry2_88 0.28271 5.00E-05 3.59E-04 651 0.01463 -2.66 11.73 175 734
Parryl_102 0.282756 4.20E-05 4.13E-04 653 0.01671 -1.01 134 149 652
Parryl_49 0.282532 6.20E-05 4.96E-04 656 0.02071 -8.94 55 2.2 1050
Parryl_51 0.282725 5.00E-05 4.92E-04 656 0.01963 -2.13 1232 178 709
Parry2_104 0.28267 3.90E-05 3.22E-04 656 0.01236 -4.07 10.45 1.4 802
Parry3_10 0.282853 5.70E-05 1.99E-03 664 0.08354 242 16.39 2.01 512
Parry3_41(05) 0.282651 6.40E-05 7.34E-04 674 0.03263 -4.74 999 227 840
Parry3_13 0.282602 4.50E-05 1.80E-03 678 0.07718 -6.49 785 161 950
Parry2_24 0.282348 6.00E-05 7.00E-05 683 0.00371 -15.47 -0.25 212 1360
Parryl_69 0.282329 7.80E-05 4.87E-04 706 0.01909 -16.14 -0.61 275 1397
New Siberian Islands: AKkinin et al, 2015
ZH13 1 0.282658 0.2827  3.0E-05 613 0.282687 -4.5 10.2 11 723
ZH38_3 0.282712 0.282754  3.0E-05 622 0.28273 -2.6 12 11 723
ZH38_ 8 0.282667 0.282709  5.1E-05 629 0.282668 -4.2 9.9 18 688
ZH38_4 0.282735 0.282777  2.8E-05 631 0.282741 -1.8 125 1 728
ZH38_ 1 0.282716 0.282758  2.5E-05 633 0.282739 -24 125 0.9 733
ZH13_7 0.282634 0.282676  4.1E-05 634 0.282653 -5.3 9.5 15 703
ZH38 9 0.282721 0.282763  2.6E-05 637 0.282738 -2.3 12.6 0.9 733
ZH25_5 0.282494 0.282536  4.0E-05 638 0.28253  -10.3 5.2 1.4 708
ZH38 5 0.282697 0.282739  2.3E-05 662 0.282724 -3.1 12.6 0.8 738
ZH13_6 0.282618 0.28266  2.7E-05 724 0.282637 -5.9 11 1 728
ZH1 1 0.282225 0.282267  5.7E-05 931 0.282257  -19.8 2.2 2 678
ZH29_9 0.282086 0.282128  3.7E-05 1010 0.28212  -24.7 -0.9 1.3 713
ZH29 7 0.282047 0.282089  4.8E-05 1163 0.282079  -26.1 11 17 693
ZH29_8 0.282192 0.282234  2.9E-05 1169 0.282218 -21 6.2 1 728
ZH29 4 0.2821 0.282142  2.6E-05 1205 0.282126  -24.2 37 0.9 733
ZH25_9 0.281787 0.281829  4.4E-05 1431 0.281803  -35.3 -2.6 1.6 698
ZH1_7 0.281887 0.281929  4.1E-05 1511 0.281916  -31.8 33 15 703
ZH13_2 0.281575 0.281617  4.1E-05 1880 0.281585  -42.8 0 15 703
Detrital- ¢Hf (Nd Model Age
Converted from eNd zircon Age eNd(t) conversion) (Ma)
Arctic Alaska: Amato et al., 2009
BM4 390 -0.38 2.4332 840
91G-43 565 -2.73 -0.7628 1360
92.2A-44 565 -2.16 0.0124 1870
92.2A-51 565 -0.98 1.6172 1100
KM4 565 -0.86 1.7804 1230
87SB69-1 565 -0.76 1.9164 1240
92.4A-132A 565 -0.35 2474 1120
92.2A-38 565 -0.30 2.542 1160
90P12-5 565 -0.23 2.6372 1100
91G-42 565 0.3 3.358 990
92.2A-39¢ 565 1.43 4.8948 950
KM2b 680 -2.66 -0.6676 1370
CN1 680 -2.57 -0.5452 1470
KM1b 687 -3.95 -2.422 1390
BM1 870 0.14 3.1404 1380
Sverdrup Basin: Morris, 2013
NM 2-5 276 -4.046 -2.5526 1716
NM 4-9 276 -5.87 -5.0332 2240
NM 5-13 276 -4.421 -3.0626 2052
NM 5-15 276 -3.991 -2.4778 1473
NM 10-4 276 -5.05 -3.918 1428
NM 11-7 276 -5.369 -4.3518 1692

Note: From this study, a Lu-Hf correction of 0.6222425 was used; each study area sorted by detrital-zircon age
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Appendix D: Detrital-Zircon Spot Images
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